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Abstract

To determine the distribution and causes of extinction threat across functional groups of
terrestrial vertebrates, we assembled an ecological trait data set for 18,016 species of terres-
trial vertebrates and utilized phylogenetic comparative methods to test which categories of
habitat association, mode of locomotion, and feeding mode best predicted extinction risk.
We also examined the individual categories of the International Union for Conservation of
Nature Red List extinction drivers (e.g, agriculture and logging) threatening each species
and determined the greatest threats for each of the four terrestrial vertebrate groups. We
then quantified the sum of extinction drivers threatening each species to provide a multi-
stressor perspective on threat. Cave dwelling amphibians (p < 0.01), arboreal quadrupedal
mammals (all of which are primates) (p < 0.01), aerial and scavenging birds (p < 0.01),
and pedal (i.e., walking) squamates (p < 0.01) were all disproportionately threatened with
extinction in comparison with the other assessed ecological traits. Across all threatened
vertebrate species in the study, the most common risk factors were agriculture, threatening
4491 species, followed by logging, threatening 3187 species, and then invasive species and
disease, threatening 2053 species. Species at higher risk of extinction were simultaneously
at risk from a greater number of threat types. If left unabated, the disproportionate loss
of species with certain functional traits and increasing anthropogenic pressures are likely
to disrupt ecosystem functions globally. A shift in focus from species- to trait-centric con-
servation practices will allow for protection of at-risk functional diversity from regional to
global scales.

KEYWORDS
extinction drivers, feeding mode, habitat, locomotion, risk level

Una Sefial Ecolégica Mundial del Riesgo de Extinciéon de los Vertebrados Terrestres

Resumen: Construimos un conjunto de datos de atributos ecologicos de 18,016 especies
de vertebrados terrestres y utilizamos métodos de comparacion filogenética para analizar
cudles categorias de asociacién de habitat, modo de locomocién y modo de alimentacion
predicen de mejor manera el riesgo de extinciéon. Lo anterior lo hicimos para determinar
la distribucion y las causas de las amenazas de extincién a lo largo de los grupos fun-
cionales de vertebrados terrestres. También examinamos las categorias individuales de los
factores de extincion (p. ej.: agricultura, tala de arboles) de la Lista Roja de la Union Interna-
cional para la Conservacion de la Naturaleza que amenazan a cada especie y determinamos
las principales amenazas para cada uno de los cuatro grupos de vertebrados terrestres.
Después cuantificamos la suma de los factores de extinciéon que amenazan a cada especie
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para proporcionar una perspectiva de estresores multiples sobre la amenaza. Los anfibios
cavernicolas (p < 0.01), mamiferos arb6reos cuadrupedos (todos son primates) (p < 0.01),
aves aéreas y carrofieras (p < 0.01) y los escamados caminantes (p < 0.01) tuvieron una
amenaza de extincion desproporcionada en comparacion con los otros atributos ecoldgi-
cos analizados. En todas las especies de vertebrados que estudiamos, los factores de riesgo
mas comunes fueron la agricultura, que amenaza a 4,491 especies, y la deforestacion, que
amenaza a 3,187 especies; le siguen las especies invasoras y las enfermedades, que jun-
tas amenazan a 2,053 especies. Las especies con el mayor riesgo de extincion también se
encontraban simultineamente en riesgo por un mayor nimero de tipos de amenazas. Si
esto se mantiene constante, la pérdida desproporcionada de especies con ciertos atributos
funcionales y la creciente presién antropogénica probablemente alteren las funciones eco-
sistémicas a nivel mundial. Un cambio en el enfoque de las pricticas de conservacion, de
estar centradas en la especie a estar centradas en los atributos, permitira la proteccion de la

PALABRAS CLAVE

INTRODUCTION

Terrestrial vertebrates are highly threatened by the sixth mass
extinction crisis and have estimated extinction rates consider-
ably higher than background rates known from the fossil record
(Alroy, 2015; Ceballos et al., 2017). Beyond the intrinsic loss
associated with these widespread reductions in terrestrial ver-
tebrate biodiversity, species extinctions will affect ecosystem
structure and function, such as the loss of pollination services
and seed dispersal (Biesmeijer et al., 2000), reduction of pest
control (Karp et al., 2013), changes in nutrient cycling and
movement (Young et al., 2010), and reduction of water qual-
ity and stream respiration (Whiles et al., 2013). These cascading
ecosystem-level effects are also projected to have serious eco-
nomic, social, and health consequences for humans (Cardinale
etal., 2012; Ratto et al., 2018).

Although the rate and projected magnitude of the current
loss of terrestrial vertebrates is increasingly well quantified
(Barnosky et al., 2011; Ceballos et al., 2020), the distribution
of extinction threat across ecological functional groups is only
just coming into focus (e.g, Chichorro et al., 2019; Atwood
et al., 2020; Carmona et al., 2021). Quantifying loss in terms
of ecological function is as critical as quantifying taxonomic
magnitude for determining the long-term effect of extinction
on the biosphere (Bush et al., 2020). Assessing the effect of
extinctions on ecosystem services similarly requires a focus on
trait-specific consequences, patticulatly as extinction risk relates
to broad categories of habitat use, locomotion, and feeding
specialization, for which species-level data are increasingly
robust (e.g,, Dirzo et al., 2014).

We used a broad suite of ecological traits to test which traits
and combinations of anthropogenic risk factors are shaping the
modern extinction crisis. This integrative analytical approach
provides a useful perspective for conservation practitioners
to assess extinction risk at the functional trait level and, in
turn, design management strategies to mitigate the worst
consequences of functional loss. Terrestrial vertebrates are
extensively studied with respect to extinction threat (Chichorro

diversidad funcional en riesgo desde la escala regional hasta la global.

factores de extincion, habitat, locomocion, modo de alimentacion, nivel de riesgo

etal., 2019). Yet, relatively few researchers have conducted anal-
yses within a robust phylogenetic framework, despite Purvis
etal. (2000) having shown that nonphylogenetic tests can lead to
erroneous results. Those who did use a phylogenetic framework
conducted studies of a relatively limited taxonomic scope (e.g.,
Gonzilez-Suarez et al., 2013; Gonzilez del Pleigo et al., 2019).
Previous research indicates that both large and small body size,
herbivory, slow life history, low fecundity, and certain habitat
preferences are associated with elevated extinction threat in ver-
tebrates (Ripple et al., 2017; Atwood et al., 2020; Carmona et al.,
2021). However, the link between anthropogenic risk factors
and species’ functional ecological traits is less well explored,
and newly available, species-level, molecular phylogenies for the
majority of terrestrial vertebrates provide an improved oppot-
tunity to conduct trait-based risk analyses. We aimed to address
three hypotheses: extinction risk and the ecological traits of
terrestrial vertebrates are associated; different groups of terres-
trial vertebrates are affected by different extinction threats; and
when a species simultaneously faces a large number of different
threats, it is more likely to be at high risk of extinction.

METHODS
Summary of approach

To assess how the ecological selectivity of extinction risk varies
among terrestrial vertebrates (amphibians, reptiles, mammals,
and birds), we used the published literature to assign three
core ecological trait axes (habitat association, mode of locomo-
tion, and feeding mode) for each of 18,016 species of terres-
trial vertebrates and then matched them to their International
Union for the Conservation of Nature (IUCN) Red List cat-
egory of extinction risk (IUCN, 2020). Across all four verte-
brate groups, species in each ecological category had variable,
and often high, threat categories (Figure 1). We then applied
large-scale, species-level molecular phylogenies for amphib-
ians (Jetz & Pyron, 2018), squamates (Tonini et al., 2010),
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FIGURE 1 Percentage of threatened (red) and nonthreatened (yellow) species for all terrestrial vertebrate species in the study together and separately by

terrestrial vertebrate group and ecological niche (order is descending) (*, ecological trait in each ecological niche with the lowest percentage of threatened species set

as the reference level in the phyloglm analysis)

mammals (Upham et al.,, 2019), and birds (Jetz et al., 2012) in
logistic regression analyses. The binary red-list extinction risk
status (threatened or nonthreatened) was the response variable
and the ecological traits were categorical predictor variables.
Therefore, the associations between the likelihood of extinction
and the ecological traits were tested while accounting for shared
evolutionary history within each clade.

Taxon sampling

A neatly comprehensive list of 34,194 species names of tet-
restrial vertebrates (10,499 reptiles, 7628 amphibians, 10,548
birds, and 5519 mammals) was manually compiled and
curated from the following sources: AmphibiaWeb (Amphib-
iaWeb, 2020); Reptile Database (Uetz et al, 2020); Mam-
mal Species of the World checklist (Wilson & Reeder, 2005);
and Clements Checklist from the Cornell Lab of Ornithology

(Clements et al., 2016). The IUCN Red List is based on the
BirdLife International Checklist (BirdLife International, 2020).
Therefore, when we encountered a species with multiple syn-
onyms, we used the IUCN Red List as the final determining
name.

Ecological traits

Our ecological framework was modeled after the ecospace
framework developed by Bambach et al. (2007) to classify
marine animals and adapted for terrestrial vertebrates (Table 1).
We assigned habitat association, mode of locomotion, and feed-
ing mode to each terrestrial vertebrate species. Mozility refers
to the mode of locomotion (e.g, arboreal quadrupedal, slith-
ering, etc.), rather than the level of motility in the frame-
work outlined in Bambach et al. (2007) (e.g, nonmotile
attached, fully motile fast, etc.) (Table 1). Because the func-
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TABLE 1 Ecological categories in habitat association, locomotion, and feeding mode axes applied in a study of associations between extinction risk and

ecological traits in terrestrial vertebrate species®

Habitat Association

Ecological trait Description Example

1) aerial living within the atmosphere a significant proportion of time seabirds

2) arboreal living on above ground vegetation a majority of time primates

3) ground dwelling living on ground surface majority of time giraffes

4) semifossorial living part above and part below ground level gophers

5) fossorial living almost exclusively below ground moles

6) cave dwelling living almost exclusively in caves bats

Locomotion

1) pedal regularly moving from slow to fast pace; lifting and setting down ostriches
feet in turn

2) arboreal quadrupedal progtession on small supports (tree branches) using all four gibbons
limbs

3) jumping or hopping pushing off a surface into the air and landing frogs

4) slithering limbless movement by twisting or sliding rattlesnakes

5) peristalsis
muscular structure

6) flying
Feeding mode
1) predatory
2) scavenging

3) foraging, browsing, or
grazing

4) mining

movement caused by constriction and relaxation of a hollow

primary movement by flying

searches for and captures mobile prey

searches for and capture immobile aboveground prey

searches for and captures immobile subterranean prey

worm lizards

hummingbirds

some snakes

searches for and eats prey that is no longer alive condor

sparrow, deer,
and rabbits

gophers

*In the data sets available from https://doi.org/10.5061/dryad.4b8gthtcq, metadata explain each of the ecological trait codes.

tional morphology of foragers, browsers, and grazers is gen-
erally similar at a coarse scale of resolution, species with
these feeding modes were grouped into a single category
(Table 1).

Ecological assignments were based on the single category in
which the species spends the majority of its adult life stage. We
excluded all species that spend the majority of their adult life in
aquatic environments (e.g,, some ducks and many amphibians).
Seabirds were included and consideted aetial for their habitat
association. Species that exist primarily in human-made struc-
tures (e.g., house mice [Mus musculus]) were considered ground
dwelling for their habitat association. All primates were cate-
gorized as using arboreal quadrupedal locomotion, including
those that also use brachiation (Rose, 1973; Schmidt, 2010). Our
ecological categories followed established groupings in animal
functional ecology (e.g;, Nordell & Valone, 2013). Due to lack
of data in the literature, some species could not be coded in this
scheme and were excluded from the analysis. In total, we con-
sulted 321 published references (peer-reviewed articles, entries
in animal life encyclopedias, and field guides) for this novel data
compilation, including 171 references for amphibians, 110 for
reptiles, 21 for mammals, and 19 for birds (complete reference
list available from https://doi.org/10.5061/dryad.4b8gthtcq).

Extinction threat assessment

Presently, 86% of described terrestrial vertebrate species (31,771
species) have been assessed by IUCN (IUCN, 2020). However,
these risk assessments have a taxonomically biased distribution.
All described bird species have been assessed, whereas 91% of
mammals, 84% of amphibians, and 70% of reptiles have been
assessed (IUCN, 2020). We included all species in the risk anal-
yses that had an IUCN threat category, were coded for all three
ecological niche categories, and were sampled in the phyloge-
netic trees (see below), which amounted to a total of 18,016
species of terrestrial vertebrates (57% of all documented species
with an IUCN Red List category): 3531 species of amphibians
(51%), 4113 reptiles (53%), 2718 mammals (46%), and 7582
birds (68%). The remaining 43% of terrestrial vertebrate species
were not included because species were listed as data deficient
by the IUCN, ecological data were unavailable, available data
were ambiguous, or species were unsampled in the phylogenetic
trees. Tables for each of the four vertebrate groups with species
present in the global list, present on the IUCN Red List (exclud-
ing data-deficient species), present in the phylogenies, with
full ecological assignments, and present across all data types
are available from https://doi.org/10.5061/dryad.4b8gthtcq.
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Categories containing fewer than 10 species were removed from
the analysis to avoid statistical artifacts due to small sample size.

The TUCN Red List (version 2020—2) categories for each
terrestrial vertebrate species were used as the response vari-
able to represent extinction risk. Species were assigned to one
of eight categories: least concern (LC), near threatened (NT),
vulnerable (VU), endangered (EN), critically endangered (CR),
extinct in the wild (EW), and extinct (EX). The data defi-
cient (DD) category denotes species where sufficient data have
yet to be gathered to make a confident assessment (IUCN,
2012). Red-list categories are an ordinal index, also commonly
dichotomized into threatened and nonthreatened categories
(e.g.,, Ripple et al., 2017; Atwood et al., 2020). Species listed as
VU, EN, CR, EW, or EX were assigned to the threatened cate-
gory and species listed as LC or N'T were assigned to the non-
threatened category (IUCN, 2012).

Phylogenetic regression model selection
analyses

We built a phylogenetic generalized linear model with habitat
association, locomotion, and feeding mode as predictor vari-
ables and binary extinction risk (threatened or nonthreatened)
as a response variable. All analyses were conducted in R ver-
sion 4.0.3 (R Core Team, 2019), and we used the phyloglm
function from the phylolm package (Ho & Ané, 2014). This
approach allowed us to fit phylogenetic generalized linear mod-
els to the ecological data while accounting for the expected
covariance due to shared evolutionary history. The VertLife
phylogenetic trees (Jetz et al., 2012; Tonini et al., 2016; Jetz &
Pyron, 2018; Upham et al., 2019) were built with a backbone-
and-patch approach resulting in credible sets of 10,000 trees,
which allowed us to propagate phylogenetic uncertainty (in tree
topologies and node ages) into the extinction risk analyses. We
used DNA-only trees because DNA-unsampled species, which
are taxonomically imputed, differ in position within the taxo-
nomic constraints. We used the phytools R package to match
the node tips of the phylogenetic trees to the species in the
ecological data set and to drop the remaining unmatched node
tips (Revell, 2012). From a set of 100 randomly drawn trees
from each credible set of 10,000 trees, we conducted phyloglm
model selection analyses for each terrestrial vertebrate group.
First, we conducted ecological model selection for all possible
variable combinations across the 100 trees, then the change in
corrected Akaike information criterion (AAICc) model weights
(Burnham & Anderson, 2004) were determined for all models
across the 100 trees (resulting in 100 AAICc values per eco-
logical model). In the phylogenetic logistic regression analy-
ses, we used AICc model weights across the 100 phylogenetic
trees for model selection. The model with the highest median
AAICc weight (across the 100 values) was considered the best-
fit model (AICc weight ranges in Figure 2). In all cases, the
competing ecological models were not statistically supported
(Figure 2). The package matrixStats (Bengtsson, 2020) was used
to determine the AAICc, model weight, and R*-values. The
ecological coefficients from the best-fit model were plotted
(Figure 3) using the vioplots package (Adler & Kelly, 2020).

In phyloglm analyses, reference categories were set to the
ecological category with the lowest percentage of threatened
species (Figure 1) because the percentage of species in the ref-
erence categories that were VU or worse (i.e., threatened) was
generally quite high, as described below. This provides a base-
line for each niche axis with which to compare other taxa with
different ecological traits to the reference. For amphibians, the
fossorial habitat association and the slithering mode of loco-
motion were set as the reference categories; 26% of fossorial
and 18% of slithering amphibian species in these categories
were listed as threatened (Figure 1). For squamates, the fosso-
rial habitat association (16% threatened), the slithering mode of
locomotion (16% threatened), and the predatory feeding mode
(19% threatened) were set as the reference categories (Figure 1).
For mammals, the semifossorial habitat association (15% threat-
ened), the flying mode of locomotion (19% threatened), and the
mining feeding mode (17% threatened) were set as the refer-
ence categories (Figure 1). Finally, for birds, the semifossorial
(living partly above and partly below ground) habitat associa-
tion (6% threatened), the jumping mode of locomotion (12%
threatened), and the predatory feeding mode (14% threatened)
were set as the reference categories (Figure 1). In addition to
extinction risk varying across ecological traits, the percentage
of data-deficient species also varied: 19% in amphibians, 15%
in reptiles, 14% in mammals, and 0.5% in birds (Appendix S1).
The coefficients from the best-fit phylogenetic logistic regres-
sion model for the individual ecological trait categories (across
the 100 trees) indicated which ecological categories were at sig-
nificantly elevated threat levels, relative to the reference.

Risk factors of extinction

We used two methods to examine patterns relating to the risk
factors of extinction. First, we examined the individual cate-
gories of extinction drivers threatening each species and deter-
mined the greatest threat for each of the four terrestrial ver-
tebrate groups. Second, we quantified the sum of risk factors
threatening each species to provide a multistressor perspective
on threat.

Primary risk factors were from IUCN (2020). Risk factors
were recorded for all TUCN-assessed species and consisted
of the following 16 categories (in rank order from the most
common threat to the least): agriculture and aquaculture, log-
ging, invasive and native species and diseases, residential and
industrial development, hunting and pet trade, fire, energy, and
mining, pollution, climate change, other threats, transportation,
direct human disturbance, dams and natural-system modifica-
tions, geologic events, and fishing (detailed descriptions are
at https://www.iucnredlist.org/resources/threat-classification-
scheme).

In the second approach, we determined the total number of
risk factors because threatened species often have more than
one primary risk factor. We used a Mann—Whitney—Wilcoxon
rank sum test with continuity correction to test the null hypoth-
esis that the distributions of the total number of threat types
are not significantly different between species categorized as
NT or VU and species categorized as EN or CR. In a separate
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analysis, species categorized as EW or EX were added to the EN
or CR group and compared again with the NT or VU group.
All analyses were also conducted separately for each of the four
taxonomic groups. Finally, a Kruskal-Wallis test with post hoc
pairwise comparison Dunn test was used to determine whether
there was a significant difference in the sum of threats between
each of the IUCN Red List threat categories (NT, VU, EN, and
CR).

RESULTS

Phylogenetic structuring of ecological traits and
extinction risk

The best-fit model for amphibians (median AICc weight = 0.98)
and mammals (median AICc weight = 0.73) included habi-
tat association and mode of locomotion. Feeding mode was
excluded in amphibians because all assessed amphibians were
predators (Figures 2a & c). The best-fit model for squamates
(median AICc weight = 0.82) included mode of locomotion and
feeding mode (Figure 2b). The best-fit model for birds (median
AICc weight = 0.84) included all three ecological niche axes
(Figure 2d).

Ecological categories with all 100 coefficient values >0 (i.e.,
the reference threat category) were interpreted to be associ-
ated with a significantly (p < 0.01) elevated risk of extinction
(Figure 3). Amphibians with the arboreal, semifossorial, ground
dwelling, and cave dwelling habitat associations (reference: fos-
sorial) and the jumping and pedal modes of locomotion (ref-
erence: slithering) were at elevated risk relative to the refer-
ence categories (Figure 3a). Squamates with the peristalsis and
pedal modes of locomotion (reference: slithering) and the for-
aging, browsing, or grazing feeding mode (reference: preda-
tory) were at elevated risk (Figure 3b). Mammals with fossorial,
cave dwelling, arboreal, and ground dwelling habitat associa-
tions (reference: semifossorial) and pedal, jumping, and arboreal
quadrupedal modes of locomotion (reference: flying) were at
elevated risk (Figure 3c). Finally, birds with aerial habitat associ-
ation (reference: semifossorial), pedal mode of locomotion (ref-
erence: jumping), and foraging, browsing, or grazing and scav-
enging feeding modes (reference: predatory) were at elevated
risk (Figure 3d).

Primary risk factors of extinction

Across all assessed terrestrial vertebrate species, agriculture
was the most common cause of extinction threat, followed by
logging, invasive species and disease, and development (Fig-
ure 4a). When each of the four terrestrial vertebrate groups was
assessed independently, agriculture was again the most prevalent
extinction driver (Figures 4a—c). By contrast, the relative impor-
tance of other extinction drivers differed among groups. In
amphibians and reptiles, after agriculture, logging was followed
by development, then invasive and native species and disease

(Figures 4b & c). In mammals, agriculture was followed by hunt-
ing and trade, logging, then invasive species and disease (Fig-
ure 4d). In birds, agriculture was followed by logging, invasive
species and disease, and hunting (Figure 4e¢).

Ecological groups at an elevated risk of extinction
(Figure 3) had a different set of threats compared with all
terrestrial vertebrates assessed together. For example, agricul-
ture threatened the greatest number of amphibian species that
were ground dwelling, jumping or hopping, or predatory, or
all three categories (Appendix S2); of reptile species that were
ground dwelling or predatory or both that had pedal locomotion
(Appendix S3); of mammal species that were arboreal, pedal, or
foraging, browsing, or grazing, or all three categories (Appendix
S4); and of bird species that were arboreal, flying, or predatory,
or all three categories (Appendix S5). In contrast, other high-
risk groups, such as cave dwelling amphibians and mammals and
scavenging birds, appeared to experience relatively little threat
from agriculture (Appendices S2, S4, & S5).

Additive multistressor perspective on threat

There were a greater number of extinction drivers for species
that were either EN or CR than for species that were NT or VU
(7= 3.00 X 10°, p < 0.001) (Figure 5a). This finding held when
EX or EW species were included with the EN or CR species in
comparison with the NT or VU species (7= 3.30 X 10°, p <
0.001). When each vertebrate group was assessed individually,
the number of extinction drivers threatening amphibian (W =
2.52 % 10%, p < 0.001) (Figure 5b), reptile (I'= 132 X 10°, p <
0.05) (Figure 5¢), and bird (W= 2.85 X 10°, p < 0.05) (Figure 5¢)
species that were either EN or CR was greater than the number
of drivers threatening species that were NT or VU. In mam-
mals, however, there was no significant difference in the number
of extinction drivers among these groupings (I = 8.52 X 10%,
p = 0.32) (Figure 5d). In addition, the total number of extinction
drivers that species typically faced was significantly different for
each individual red-list threat category (i.e., NT, VU, EN, and
CR) for all terrestrial vertebrates (¥ = 79.8, df = 3, p < 0.0001),
and the total number of extinction drivers that species typically
faced also increased in an expected step-wise pattern from low
to high threat categories (Appendix $6. Amphibians (y> = 40.2,
df = 3, p < 0.0001), mammals (y> = 8.2, df = 3, p = 0.04),
and birds (¢*> = 24.1, df = 3, p < 0.0001) showed similar pat-
terns. However, reptiles (x> = 7.1, df = 3, p = 0.07) displayed
only marginally significant differences in the number of extinc-
tion drivers among red-list categories (see Appendix S6 for all
pairwise comparisons).

DISCUSSION

The consequences of the current biodiversity crisis are typi-
cally discussed in terms of population loss, species extinction,
or loss of taxonomic diversity at higher levels (e.g, Dirzo &
Raven, 2003; Grelle, 2005; Ceballos et al., 2015). In contrast,
due to the differences in ecological and taxonomic diversity
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FIGURE 4

The primary extinction drivers and the sum of extinction drivers for (a) all 18,016 terrestrial vertebrate species together and separately by terrestrial

vertebrate group: (b) amphibians, (c) reptiles, (d) mammals, and (e) birds. The total number of species threatened by each extinction driver for those classified as near
threatened or worse by the International Union for the Conservation of Nature is shown in decreasing order for all terrestrial vertebrates. Threat order is the same

(from the all-species analysis) in all graphs to facilitate direct comparisons between groups (y-axes values vary in range based on the number of species)

(e.g., Cooke et al., 2019), out tresults highlight another, equally
important aspect of the biodiversity crisis: the ecological func-
tions that are at risk of being lost. Our study also emphasizes
the novel terrestrial ecospace concept, the varied importance of
ecological traits as extinction risk predictors, and the threat types
(and total number of threat types) associated with these traits in
each of the four terresttial vertebrate groups.

In our data, the ecological modes that best predicted extinc-
tion risk varied among the major taxonomic groupings. For
example, in squamates, mode of locomotion and feeding mode
best predicted extinction risk. In birds, however, habitat asso-
ciation, in addition to mode of locomotion, and feeding mode
were the best predictors. In amphibians and mammals, habitat
association and mode of locomotion were the best predictors.
Because, thus far, there has been relatively less effort devoted
to examining how these types of ecological traits shape extinc-
tion risk in extant lineages, there were fewer opportunities for
direct comparison between our findings and previous research
on extinction risk. However, Atwood et al. (2020) examined a
subset of mammals, birds, and reptiles and found that diet (in
particular herbivory) was an important determinant of extinc-
tion risk across these taxa. In contrast, we found that feeding
mode was not a top predictor of mammal extinction risk. This
difference may be due to differences between their categoriza-
tion of feeding as diet (i.e.,, what is eaten) versus our catego-
rization of a feeding mode (i.e., how feeding is performed). For
example, in our analysis, the mining feeding mode (i.e., seatches
for and captures immobile subterranean prey) was a mix of her-
bivorous and carnivorous feeding behavior. Overall, our find-
ing that extinction risk and ecological trait relationships varied
among taxonomic groups parallels findings made based on dif-

ferent trait types and analytical methods, which highlights the
diversity of pathways through which different taxa can become
endangered (Davidson et al., 2009; Young et al., 2010).

The assembly of this new ecological-trait database provides
insight into how habitat association, mode of locomotion, and
feeding mode can affect extinction risk in different lineages.
Results from this effort can usefully be compared with previ-
ous work examining relationships between extinction risk and
other classic species traits (e.g;, geographic range size and body
size [Young et al., 2010]). The association between small geo-
graphic range and elevated extinction risk (e.g, Purvis et al.,
2000; Manne & Pimm, 2001) may have some connection mech-
anistically (at least in certain groups) to some of the relation-
ships we documented. For example, perhaps the elevated risk
observed in cave dwelling or semifossorial amphibians drives
the relationship for certain species between small geographic
range size and extinction risk. However, because geographic
range size is one of the categories used to determine a species’
TUCN Red-list category (IUCN, 2020), some degree of circu-
larity is inherent in any analysis in which geographic range size
is used as a predictor when it is also an input to the response
variable. In addition to range size, body size has received a great
deal of attention as a predictor of extinction risk in extant and
extinct taxa (e.g, Payne et al., 2016; Smith et al., 2018; Payne
& Heim, 2020). Body size extinction selectivity in the current
marine biodiversity crisis, with larger species at greater risk,
appears unlike any prior mass extinction for marine vertebrates
and molluscs (Payne et al., 20106). Similarly, on land, hominins
appear to have imposed extreme size selectivity on the largest
species of mammals over the past ~40,000 years, unlike the 66-
million-year remainder of the Cenozoic (Smith et al., 2018). The

85U8017 SUOWILLOD BAe81D 3cfed!|dde ay) Aq pausenob a1e Sspile O @S JOSs|nl 10} ArIqiT 8UIIUO A1 UO (SUOTHPUD-PUE-SULBIWOD A8 | 1M A1 1BU1|UO//SANL) SUORIPUOD PUe SWe | 8U188S *[7202/20/2T] U0 AkeidiTauluo A8|1m ‘117 8qeod | 868|100 aiowypems Aq ZG8ET" 1000/ TTTT 0T/I0p/W0D A8 | imA1q 1 pUI|UO"0IqUOd//SANY WOl papeo|umod ‘€ ‘2202 ‘6ELTEZST



CONSERVATION BIOLOGY

‘“@:‘ 90f13

(a) all terrestrial vertebrates (b) amphibians

(c)reptiles
[W=1.32e5,p<0.05

- W = 3.00e6, p < 0.001 @ 1W=2.52e5, p <0.001
= .
i
o | ~
=
&
o - o]
_
o
—
i
e o
" -
© &
0 0 ]
<
o (d) mammals
© v {W=8524,p=0323
8 o
£ . | .
4
&
™ i
o
N - Sl
oyl
—
A
o~
o
.

NT + VU

NT + VU

EN + CR

(e) birds
é o | W=285e5 p <005

EN + CR EN + CR

NT + VU

IUCN Threat Levels

FIGURE 5 Number of nonthreatened (NT) and vulnerable (VU) and endangered (EN) and critically endangered (CR) terrestrial vertebrate species threatened
by various extinction drivers (e.g., agriculture, logging, invasive species native species and disease) (white dot, median; thick black line, interquartile range; thin black

line, 1.5 X interquartile range). The number of extinction drivers for each species is the total number of primary threat types as listed by the International Union for
the Conservation of Nature (IUCN) for taxa that are near threatened or worse. The sum of extinction drivers for near threatened and vulnerable species and for the

sum of extinction drivers for endangered and critically endangered species were grouped together

recent and ongoing selectivity against large-bodied marine ver-
tebrates and molluscs appears coupled to motility level, but not
habitat or feeding mode (Payne et al., 2016). Additionally, the
extreme size selectivity observed in the late Quaternary against
large mammals is consistent across trophic guilds (Smith et al.,
2019). In aggregate, these results highlight the need for fur-
ther study to identify both the possible interaction effects and
additional unmeasured variables contributing to endangerment.
Much of our effort herein was intended to broaden this evolving
dialogue on predictors of extinction risk to include a new type of
trait space for terrestrial animals that is closely aligned with the
increasingly well-studied ecospace concept for living and extinct
marine animals (Bambach et. al, 2007; Bush et al., 2007; Knope
et al,, 2015; Knope et al., 2020).

Several ecological traits were disproportionately associated
with elevated (or reduced) risk of extinction (Figure 3). The
loss of ecological functions associated with those traits has
the potential to widely disrupt ecosystem processes and set-
vices, potentially creating feedback loops that may exacerbate
the original drivers of extinction (Dirzo et al., 2014). For exam-

ple, because arboreal quadrupedal primates are at high risk of
extinction (Figures 1 & 3c) and are often responsible for the
gut transmission of large-seeded fruits, their loss can negatively
affect forest regeneration (Trolliet et al., 2016), thereby impair-
ing the capacity for regeneration after deforestation. Lemurs,
orangutans, and chimpanzees are examples of primates that are
at an elevated risk of extinction and are also gut seed dispersers
(Figures 1 & 3c). Scavenging bird species, such as vultures and
condors, are also at elevated risk of extinction (Figures 1 & 3d),
and the extinction of scavengers results in the loss of animal
debris removal and altered disease dynamics, which can lead to
trophic cascades and changes in nutrient cycling (Buechley &
Sekercioglu, 2016).

We also identified the rank order of threat types that are
contributing to endangerment across all species included
in the study (Figute 4a), across the four taxonomic groups
(Figures 4b—c), and by ecological trait categories (Appendices
S2-S85). Agriculture is now a dominant human influence on our
planet, having expanded to cover approximately 40% of the
world’s ice-free land surface (Foley et al., 2005) and was the
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single most common threat to terrestrial vertebrate species in
our study (Figures 4a—c). Agriculture has also previously been
identified as destabilizing genetic, taxonomic, and func-
tional diversity (Campbell et al., 2017; Zabel et al., 2019).
We found that agriculture is strongly and adversely
affecting all four terrestrial vertebrate groups and identi-
fied the specific ecological groups that ate more at risk
from, and more resilient to, agriculture and other threats
(Appendices S2-S5).

Understanding the connection between the high-risk eco-
logical categories and the primary extinction drivers can help
managers target specific extinction drivers for species that are
most vulnerable. For example, arboreal quadrupedal mammals
are forest dependent and at an elevated risk of extinction
(Figure 3c) due to agriculture and logging (Appendix S4), which
leads to a loss of high-quality forest habitat (Estrada et al.,
2017). Bushmeat hunting and wildlife trade are also associ-
ated with at-risk arboreal quadrupedal primates (Appendix S4)
and directly reduce primate populations (Estrada et al., 2017).
Ground dwelling amphibians were associated with an elevated
risk (Figure 3a) from invasive species and disease (Appendix
S2). For example, the chytrid fungus, which is classified under
invasive species and disease, threatens many ground dwelling
amphibian species (Kolby et al., 2015). Finally, scavenging birds
are also at an elevated risk of extinction (Figure 3d) and hunt-
ing is their primary extinction driver (Appendix S5). Scaveng-
ing birds may be at higher risk of extinction if they consume
carrion that contains lead bullets (Ogada et al., 2016) or other
poisons, such as nonsteroidal anti-inflammatory drugs (Naidoo
et al., 2010). Their feeding mode is likely directly contributing
to their endangerment due to human activities (Ogada et al,,
2016). Our ecological-threat driver analysis also highlights the
ecological groups that are less threatened. For example, fly-
ing birds are less threatened compatred with birds with jump-
ing and pedal modes of locomotion, which may be related to
their ability to move away from extinction drivers (Appendix
S5). The inverse relationship we found between risk and mobil-
ity is consistent with results of recent work with marine animals
in which fully motile species have lower extinction probabilities
than nonmotile species across the past 500 million years (Knope
etal., 2020).

Multiple primary extinction drivers may affect species in dif-
ferent ways, and these effects may interact with each other
(Brook et al., 2008). For example, logging and agriculture can
have immediate effects on both organisms and ecosystems, such
as decreasing numbers, population restructuring, and the loss
of genetic diversity (Estrada et al., 2017), whereas the biological
response to climate change may lag with changes to tempera-
ture, precipitation, and other variables (Kuussaati et al., 2009).
Climate change has been a dominant extinction driver in at least
three of the five previous mass extinctions (e.g., Harnik et al,,
2012), but it ranked low as an extinction driver in our analy-
ses. However, its relative role in the current biodiversity crisis is
expected to increase in the near future (e.g, Dirzo et al., 2014).
In addition, interactions among extinction drivers may amplify
their detrimental effects on species. For example, climate change
can act synergistically with other extinction drivers to accelerate
existing threats (Brook et al., 2008). Amphibians are susceptible

to dangerous synergies among chytrid fungus, climate change,
and land-use change (Hof et al., 2011) because temperature and
precipitation variability due to climate change in combination
with land-use practices can dictate the presence and range of
chytrid transmission (Rohrt et al., 2011). However, the additive
threats of chytrid, climate change, and land-use change affect
the three major groups of amphibians (frogs, salamanders, and
cacecilians) differently (Hof et al., 2011). Therefore, although cli-
mate change currently ranks low in terms of the total number
of species directly threatened by it (Figure 4), the detrimental
effects of climate change are likely poised to intensify due to
increasing climate change and interactions with other ongoing
threats.

In addition to investigating the possible synergistic relation-
ships between extinction drivers, we determined the total num-
ber of extinction drivers threatening each species. In agreement
with previous work (Ducatez & Shine, 2017), we found that,
within a given taxonomic group, species in higher threat cate-
gories were (on average) affected by a greater number of extinc-
tion drivers (Figure 5). This is a death-by-a-thousand-cuts sce-
nario, in which a species may tolerate one or two extinction
drivers, but as it is subjected to a greater number of threats,
its vulnerability to extinction increases. This scenario is unlikely
to be an artifact of greater attention to identifying the types
of threats that yield high levels of endangerment. Although
the TUCN initially focused attention on identifying extinction
drivers for well-known species (e.g;, charismatic megafauna) that
were already known to be threatened, as the number of species
on the IUCN Red-list has become more extensive over the
past five decades, both threatened and nonthreatened species
(including species of terrestrial vertebrates in the present study)
have received similar attention when determining the number
of associated threats (e.g., IUCN/SSC, 2004; BirdLife Interna-
tional, 2004; Baillie et al., 2004; Stuart et al., 2004; Rodrigues
et al., 2006). Therefore, for future management, it may be
important to account for the total number of extinction drivers
that threaten a species.

It is important to recognize that the ecological categories
associated with elevated risk are not necessarily direct causes
of species extinction threat levels. Rather, in most cases, they
more likely covary with other unidentified traits that may be
more directly responsible. For example, arboreal quadrupedal
primates are not necessarily at higher risk because of their
mode of locomotion; rather, they are most likely at higher
risk because they depend on forests that are often highly frag-
mented by agriculture and deforestation (Estrada et al., 2017).
Due to the coarse ecological categorization of species, unmea-
sured variables explained much of the variance in extinction
risk for terrestrial vertebrates in our analyses. In the best-
fit models, a median of 7-12% of the variance in extinction
risk was explained across the four terrestrial vertebrate groups.
Although the variance explained by these models was generally
low, because we tested relatively few ecological predictor vari-
ables, it was unlikely that a high proportion of the variance in
this complex real-world system would be explained.

Data-deficient species, as categorized by the IUCN Red-list,
were excluded from the analysis, but may provide vital additions
to future extinction-risk models. When a species lacks sufficient
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data on population size, geographic distribution, or threats, it
is categorized as data deficient. This process creates uncertainty
because the extinction threat is unknown (Nori & Loyola, 2015).
Some species that are difficult to detect or identify, such as arbo-
real, cave dwelling, or fossorial species, may be overrepresented
in the DD category and may be at a high risk of extinction
(Butchart & Bird, 2010). Indeed, we may have underestimated
extinction risk in these and other categories with high percent-
ages of data-deficient species. Future studies that prioritize data-
deficient species can elucidate uncertainties in determining the
true extinction-risk status.

Overall, the extinction-risk patterns we identified may have
particular applied value to conservation. With conservation
resources limited and levels of endangerment high, these find-
ings can help guide prioritization schemes for groups of vulner-
able species. For example, some species groups, such as cave
dwelling amphibians, arboreal quadrupedal mammals, and scav-
enging birds, appear to be experiencing disproportionate tisk
and warrant immediate attention and protection (Figure 1). Pri-
oritization and conservation triage programs must also remain
mindful that it is often complex interactions between ecological
traits that shape risk. For example, habitat and motility com-
bined to shape risk in amphibians (Figure 2), the most at-risk of
the terrestrial vertebrate groups we examined (Figure 1). Recog-
nition of these patterns of vulnerability may be especially impor-
tant in making informed a priori assessments of risk in data-
deficient species or understudied ecosystems. Recognition of
this landscape of risk in these ecological traits can also help
strategically direct applied research that can help identify the
mechanisms that are actually driving this risk. Finally, recogniz-
ing which ecological trait groups are threatened helps restora-
tion ecologists better assess how their actions may restore lost
function via a suite of available methods (e.g, Donlan et al.,
2006; Hansen & Galetti, 2009; McCauley et al., 2017) and more
proactively manage and mitigate the cascading effects (Estes
et al., 2011; Young et al., 2016) that may arise from these
losses of function. Certainly, a final takeaway for managers is
the cautionary observation that climate change appears to only
be beginning to shape extinction risk and affect ecological trait
vulnerability. Unfortunately, this may mean that many lessons
used to predict and manage threats in recent times may be
less instructive as climate impacts continue to accelerate (Rip-
ple et al., 2020).

With sharp declines in global terrestrial vertebrate biodi-
versity, this phylogenetically informed, broad-scale approach
demonstrates that threat categories are not uniformly dis-
tributed across ecological categories. Far beyond individ-
ual at-risk species, we find that whole suites of functional
ecologies are at elevated risk of extinction globally. The
preferential loss of groups of species associated with particu-
lar ecological traits and increasing human disruption of habi-
tats have the potential to have global consequences for ecosys-
tem structure and function. We identified the threat types
most strongly associated with endangerment of ecological traits,
which is a critical first step toward ameliorating these global
functional disruptions.
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