
 

 
 
 

 
 
 

THE GLOBAL ECOLOGICAL SIGNATURE OF EXTINCTION RISK IN TERRESTRIAL 
VERTEBRATES 

 
 

A THESIS SUBMITTED TO THE GRADUATE DIVISION OF THE UNIVERSITY OF 
HAWAI‘I AT HILO IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF  
 
 

MASTER OF SCIENCE 
 

 IN 
 

 TROPICAL CONSERVATION BIOLOGY AND ENVIRONMENTAL SCIENCE  
 
 

AUGUST 2019 
 
 

By  
 

Maya Jayne Munstermann  
 

Thesis Committee:  
 

Matthew Knope, Chairperson 
Jonathan Koch 

Rebecca Ostertag 
 
 

Keywords: extinction risk, terrestrial biodiversity, habitat, locomotion, feeding, geographic range 
 
 
 
 
 
 

 
 
 



 
 

ii 

ACKNOWLEDGEMENTS 
 
I thank my mother, Hwei-gene Heidi Wang, and my father, Leonard E. Munstermann, for their 

continued support and inspiration. I thank my 2017 cohort in the Tropical Conservation Biology 

and Environmental Science program for their friendship and shared passion for conservation 

over the past two years. I thank M. Takakusagi, L. Uehara, K. Wichimai, A. Romero, H. Tharp, 

E. Berg, N. Rodriguez for assistance in data collection. I also thank my committee members J. 

Koch and R. Ostertag for assistance with manuscript editing. I also thank the co-authors N. A. 

Heim, D. J. McCauley, J. L. Payne, S. C. Wang, and M. L. Knope for assistance with statistical 

analyses and manuscript editing. Funding: This material is based upon work supported by the 

U.S. National Science Foundation under Grant No. 1345247 to M.L.K. Support for this research 

was also provided by the U.S. National Science Foundation (EAR-1151022 to J.L.P.) and the 

School of Earth, Energy, and Environmental Sciences at Stanford University. Any opinions, 

findings, and conclusions or recommendations expressed in this material are those of the authors 

and do not necessarily reflect the views of the National Science Foundation; Data and materials 

availability: Raw data files used for all analyses are permanently archived in Dryad. 

 
 
  



 
 

iii 

ABSTRACT 
 
Selective survival of species through mass extinction events has been a fundamental filter that 

has largely shaped contemporary patterns of biodiversity. With the current global biodiversity 

crisis permanently altering the biosphere, 17,241 terrestrial vertebrate species were classified 

with respect to their geographic range size, habitat association, method of locomotion, and 

feeding mode and paired with their likelihood of extinction provided by the International Union 

for Conservation of Nature (IUCN) RedList. A model averaging approach using binary logistic 

regression models tested for an association between these species’ attributes and extinction threat 

status to better understand extinction selectivity. Results reveal diverse vulnerabilities: species 

with small geographic range size, aerial habitat, brachiating and jumping locomotion, or 

scavenging feeding are associated with significantly elevated risk of extinction. Agriculture and 

logging are the primary drivers of loss across all species with elevated risk. Additionally, species 

that are endangered or critically endangered face a significantly greater number of combined 

extinction drivers than species that are vulnerable or near threatened. Identification of the 

specific traits and drivers associated with extinction risk allows for a strategic approach to 

conservation in the current biodiversity crisis. 

  



 
 

iv 

TABLE OF CONTENTS 
 
Acknowledgements ..........................................................................................................................ii 

Abstract ..........................................................................................................................................iii 

Table of Contents ...........................................................................................................................iv 

List of tables.....................................................................................................................................v 

List of figures..................................................................................................................................vi 

Introduction......................................................................................................................................1 

Materials and methods.....................................................................................................................5 

 Taxon sampling....................................................................................................................5 

Extinction risk assessment...................................................................................................6 

Spatial data..........................................................................................................................6 

Generalized linear models...................................................................................................7 

Logistic regression models and model averaging...............................................................7 

Primary drivers of extinction...............................................................................................8 

Death by a Thousand Cuts Scenario...................................................................................8 

Results............................................................................................................................................10 

Geographic range size and extinction risk........................................................................10 

Ecological niche axes and extinction risk..........................................................................10 

Ecological modes of life and extinction risk......................................................................10 

Primary extinction drivers.................................................................................................11 

Death by a Thousand Cuts Scenario..................................................................................12 

Discussion......................................................................................................................................13 

Tables.............................................................................................................................................17 

Figures...........................................................................................................................................31 

References......................................................................................................................................40 

 

 
 
 
 
 
  



 
 

v 

LIST OF TABLES 
 

Table 1. Ecological categories within habitat association, locomotion, and feeding mode. 
Associated description and an example for each ecological category is provided..................17 

Table 2. Detailed list of each threat type............................................................................18-19 

Table 3. Logistic regression coefficients from model averaging analysis with extinction risk 
as a function of habitat association, locomotion, feeding mode, and geographic range size for 
terrestrial vertebrate species (n = 17,241 species)...................................................................20 

Table 4. Logistic regression coefficients from model averaging analysis with extinction risk 
as a function of habitat association, locomotion, and geographic range size for species in 
Class Amphibia (n = 3,644 species)........................................................................................21 

Table 5. Logistic regression coefficients from model averaging analysis with extinction risk 
as a function of habitat association, locomotion, feeding mode, and geographic range size for 
species in Class Reptilia (n = 3,219 species)...........................................................................22 

Table 6. Logistic regression coefficients from model averaging analysis with extinction risk 
as a function of habitat association, locomotion, feeding mode, and range size for species in 
Class Mammalia (n = 2,775 species).......................................................................................23 

Table 7. Logistic regression coefficients from model averaging analysis with extinction risk 
as a function of habitat association, locomotion, feeding mode, and range size for species in 
Class Aves (n = 7,596 species). ..............................................................................................24 

Table 8. Logistic regression results (implemented with a general linear model) for extinction 
risk as a function of mode of life for all terrestrial vertebrate species...............................25-26 

Table 9. Logistic regression results (implemented with a general linear model) for extinction 
risk as a function of mode of life for amphibians....................................................................27 

Table 10. Logistic regression results (implemented with a general linear model) for 
extinction risk as a function of mode of life for reptiles..........................................................28 

Table 11. Logistic regression results (implemented with a general linear model) for 
extinction risk as a function of mode of life for mammals......................................................29 

Table 12. Logistic regression results (implemented with a general linear model) for 
extinction risk as a function of mode of life for birds..............................................................30 

  



 
 

vi 

LIST OF FIGURES 
 

Figure 1. International Union for Conservation of Nature Red List categories for classifying 
species at high risk of global extinction...................................................................................31 

Figure 2. “Ecospace” three-dimensional model with habitat association, locomotion, and 
feeding mode as the three axes, showing the ecological space filled by terrestrial vertebrate 
species......................................................................................................................................32 

Figure 3. Percent of species in Not Threatened (least concern and near threatened) and 
Threatened (vulnerable, endangered, critically endangered, extinct in the wild, and extinct) 
categories.................................................................................................................................33 

Figure 4. Percent of species in Not Threatened (least concern and near threatened), 
Threatened (vulnerable, endangered, critically endangered, extinct in the wild, and extinct), 
and Data Deficient 
categories.................................................................................................................................34 

Figure 5. Extinction risk as a function of geographic range size.............................................35 

Figure 6. Plot of coefficients from model averaging binary logistic regression model with 
ecological predictors of extinction risk....................................................................................36 

Figure 7. Barplot of primary extinction drivers for all terrestrial vertebrates compared with 
the ecological traits associated with elevated risk of 
extinction..................................................................................................................................37 

Figure 8.  Barplot of primary extinction drivers separated by each taxonomic class for 
ecological traits associated with elevated risk of 
extinction..................................................................................................................................38 

Figure 9. Boxplot of the number of extinction drivers for species that are near threatened and 
vulnerable compared with species that are endangered and critically 
endangered...............................................................................................................................39



 
 

1 

INTRODUCTION 
 
The declining status of much of earth’s biodiversity has prompted many to refer to the modern 

biodiversity crisis as the “sixth extinction” (e.g., Leakey & Lewin, 1996; Barnosky et al., 2011; 

Payne et al., 2016), in reference to the well-documented previous five mass extinction events in 

the history of animal life (Raup and Sepkoski, 1982). Present-day extinction rates for terrestrial 

vertebrates are higher than fossil record background rates and are comparable to the previous 

“big five” mass extinctions (Alroy, 2015; Loehle & Eschenbach, 2012). The current biodiversity 

crisis has recently been characterized as a “biological annihilation” in reference to declines in 

modern species due to anthropogenic pressures (Ceballos et al., 2017). The widespread loss of 

terrestrial vertebrates has sweeping implications for ecosystem structure and function, including 

loss of pollination services and seed dispersal (Biesmeijer et al., 2011, Dirzo et al., 2014), 

reductions of pest control (Karp et al., 2013), changes in nutrient cycling and movement (Young 

et al., 2010), and reduction of water quality and stream respiration (Doughty et al., 2013; Whiles 

et al., 2013). These cascading ecosystem level effects (Dirzo et al., 2014, Ceballos et al., 2017) 

are projected to also have serious economic and social consequences for humanity (Smith et al., 

2006).  

 

Rate, magnitude, and selectivity are the three main components used when describing mass 

extinction events (e.g., Raup and Sepkoski, 1982; Barnosky et al., 2011; Payne et al., 2016). 

While the extinction rate for terrestrial vertebrates meets or exceeds those of the prior mass 

extinction events, the magnitude of species loss is not yet close to these previous events 

(Barnosky et al., 2011). While the rate and projected magnitude of the current loss of terrestrial 

vertebrates is increasingly quantified, the ecology of which types of species are likely to be lost 

and which types of species are likely to be spared, or what is known as ecological extinction 

selectivity (Kitchell et al., 1986; Payne et al., 2016) has yet to be adequately investigated in all 

terrestrial vertebrates. Modern ecological extinction selectivity can be measured using the 

ecological traits paired with their likelihood of extinction. Extinction in the past has been 

attributed to specific events, whereas in the current biodiversity crisis, extinction risk measures 

the threat for species that are highly likely to go extinct. Because extinction selectivity can 

describe the traits of organisms that have already gone extinct and those that are currently at risk 

of extinction, selectivity has been informative in characterizing previous mass extinctions and 
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the modern biodiversity crisis (Payne et al., 2016). Mass extinctions have typically been 

identified in terms of intensity (percent taxonomic loss, etc.), however the reshaping of 

ecosystems after extinction events is also determined by selectivity. Therefore, predicting the 

ecological consequences of the current biodiversity crisis and preventing its negative effects 

requires identification of the ecological covariates of extinction.  

 

Because it has recently been proposed that earth’s sixth mass extinction is currently underway 

(e.g., Ceballos et al., 2015), the assessment of selectivity can be used to gain important insights 

into trends in biodiversity loss.  For example, in the modern oceans, large and motile marine 

mollusks and vertebrate species are at the highest risk of extinction (Payne et al., 2016). In 

terrestrial habitats, modern-day mammals and birds are shifting towards fast-lived, smaller 

species and are disproportionately losing other ecological strategies (Cardillo et al., 2005; Cooke 

et al., 2019). However, amphibians, birds, reptiles, and bony fishes, extinction risk appears to be 

most acute for species both with small and large body mass (Ripple et al., 2017). An assessment 

of species’ ecological traits coupled with their extinction risk level determines which ecological 

traits are surviving through extinction boundaries due to direct and covarying extinction drivers 

varying across taxonomic groups. 

 

To further enrich our understanding of the ecological selectivity of extinction risk in living 

terrestrial vertebrates, ecological traits were assigned to 17,241 species of modern-day terrestrial 

vertebrates. Extinction risk in the modern biodiversity crisis refers to the potential of a species 

becoming extinct. This is quantified by the International Union for Conservation of Nature’s 

(IUCN) classification scheme which categorizes species into threat levels based off of the degree 

of vulnerability to extinction (Fig. 1). This information is compiled into a dataset called the 

IUCN Red List (IUCN 2017). Terrestrial vertebrates are an ideal study system, as they have been 

well assessed by the IUCN (~75% of terrestrial vertebrate species are Red List assessed), have 

generally well resolved taxonomy and well understood ecology, play key roles in terrestrial 

ecosystems, and have many species at high risk of extinction.  

 

The evaluation of ecological selectivity requires a comparison between the extinction risk level 

of the species and the ecological traits of a species. A model averaging approach with a binary 
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logistic regression model was used to test for an association with the likelihood of extinction 

based on species IUCN Red List status (IUCN, 2017) and their ecological traits for all species 

combined and separately by Linnaean taxonomic class. In addition, to further account for 

phylogenetic non-independence in ecological traits, a phylogenetic generalized linear model was 

conducted. In all cases, species were evaluated for geographic range size (km2), general habitat 

association (classified as aerial, arboreal, ground-dwelling, semi-fossorial, fossorial, or cave-

dwelling), mode of locomotion (classified as pedal (walking/running), brachiating, jumping, 

slithering, peristalsis, or flying), and mode of feeding (classified as predatory, scavenging, 

foraging/browsing/grazing, or miner) (Table 1, following Bush et al., 2007; Bambach et al., 

2007). An ecological mode is defined as the combination of the three ecological variables of 

habitat association, mode of locomotion, and mode of feeding. This is different from an 

ecological niche in that it is a much broader categorization, whereas an ecological niche is 

generally considered to be unique to a single species (e.g., Grinnell 1917; Elton, 1927; 

Hutchinson, 1957; Chase and Leibold, 2003). In contrast, many different types of species can fill 

the same ecological mode of life (sensu Bush et al., 2007; Bambach et al., 2007). For example, 

the southern brown kiwi (Class: Aves, Species: Apteryx australis) and the brown bear (Class: 

Mammlia, Species: Ursus arctos) both fill the same ecological mode by both existing as 

surficial, pedal, predatory species (Fig. 2). Previous work has investigated ecological traits in 

vertebrates (Dirzo et al., 2014; Cooke et al., 2019), however no studies have looked directly at 

habitat association, mode of locomotion, and feeding mode in terrestrial vertebrate species as an 

indicator of extinction risk.  

 
The original framework for this research was derived from Bush et al. (2007) in a study titled 

“Changes in theoretical ecospace utilization in marine fossil assemblages between the mid-

Paleozoic and late Cenozoic.” This study created a three-dimensional marine ecospace 

framework to classify marine animals based off a species vertical habitat tiering, type of motility, 

and feeding mode. The main finding of their study was the number of modes of life increased 

from the Paleozoic era (541-252 Mya) to the Cenozoic era (66 Mya to the present) and that the 

relative number of infaunal burrowers, facultatively motile animals, and predators increased. The 

theoretical ecospace was presented to provide a system for future analyses describing the 

utilization of ecological characteristics in other systems. Bambach et al. (2007) further published 
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a study titled “Autecology and the filling of ecospace: Key metazoan radiations.” This study 

found that the amount of realized ecological space filled by marine animals increased since the 

Ediacaran Period (635-541 Mya). Following these publications, a study published by Payne et al. 

(2016) titled “Ecological selectivity of the emerging mass extinction in the oceans” found that 

large bodied and pelagic modern marine animals are associated with an elevated risk of 

extinction. This signature of extinction risk was unlike any seen during background intervals or 

during mass extinction intervals in the fossil record. For the current study, ecological categories 

remained under the broad classifications of habitat association, mode of locomotion, and feeding 

mode (following Bush et al. 2007; Bambach et al., 2007), however the individual categories 

within each were modified to accommodate for the ecology of terrestrial vertebrate species.  

 
 
 
 
  



 
 

5 

MATERIALS AND METHODS 
 
Taxon sampling 

A comprehensive list of 34,194 species of terrestrial vertebrates (10,499 reptiles; 7,628 

amphibians; 10,548 birds; 5,519 mammals) was compiled from the following sources: (1) all 

known extant reptile species names were acquired from The Reptile Database (reptile-

database.org); (2) all known extant amphibian species names were acquired from AmphibiaWeb 

(amphibiaweb.org); (3) all known extant bird species names were acquired from the Clements 

Checklist from the Cornell Lab of Ornithology website (Clements et al., 2017); and (4) all 

known extant mammal species names were acquired from Smith et al. (2018) and supplemented 

with the Mammals Species of the World checklist published by the National Museum of Natural 

History, Smithsonian Institution. 

 
Species were classified into an ecological mode of life, which is the unique combination of the 

three niche axes each containing categorical states for habitat association, mode of locomotion, 

and feeding mode (Fig. 2; Table 1). A total of 288 unique combinations of habitat association (6 

categories), locomotion (8 categories), and feeding mode (6 categories) are possible (Fig. 2). 

However, portions of the “ecospace” will be empty because some mode of life combinations 

either do not exist in living species or are functionally impossible (Bambach et al., 2007).  

 

For the habitat association ecological axis, six categories were defined as follows: aerial, 

arboreal, ground-dwelling, semi-fossorial, fossorial, and cave-dwelling (Table 1). For the 

locomotion ecological axis, eight categories were defined as follows: pedal (walking/running), 

brachiating, jumping/hopping, slithering, peristalsis, flying, passive, and non-motile (Table 1). 

For the feeding ecological axis, six categories were defined as follows: predatory, scavenging, 

foraging/grazing/browsing (as the functional morphology of species is similar for this feeding 

mode), mining, deposit feeding, and parasitism (Table 1)). Each individual cube is defined by a 

unique combination of the categorical states in each of the three ecological niche axes and is a 

unique ecological mode of life, following the terminology of Bush et al. (2007) and Bambach et 

al. (2007). 
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Ecological assignments were based on the single category in which the species spends the 

majority of the adult life stage. The ecospace model developed here excludes all primarily 

aquatic species. Species that exist primarily within human-made structures were considered 

ground-dwelling for their habitat association. The ecological trait categories chosen here follow 

traditional groupings in animal functional ecology (e.g., Alcock, 2013; Dugatkin, 2014; 

Goodenough et al., 2010; Nordell and Valone, 2013).  

 

The full ecological mode of life was assigned to 17,241 species of terrestrial vertebrates (70% of 

all documented species with an IUCN Red List assignment), 3,644 species of amphibians (59%), 

3,220 species of reptiles (64%), 2,779 species of mammals (75%), and 7,598 species of birds 

(83%). 

 

Extinction risk assessment 

The available International Union for Conservation of Nature (IUCN) Red List (v. 2017-2) 

assignments of extinction risk levels for each terrestrial vertebrate species were used with the 

permission from the IUCN to test for the association between the extinction risk and the species’ 

ecological mode. The 2017 version of the IUCN Red List has 25,643 terrestrial vertebrate 

species assigned to a risk level assignment. The IUCN uses six categories to classify species 

from least threatened with extinction to already extinct: Least Concern (LC), Near Threatened 

(NT), Vulnerable (VU), Endangered (EN), Critically Endangered (CR), Extinct in the Wild 

(EW), and Extinct (EX) (Fig. 1). A Data Deficient (DD) category is also included in the modern 

threat assessments, for species where sufficient data has yet to be gathered to make a confident 

assessment (IUCN 2017). Threat assignments were matched to the respective taxonomic species 

lists and species listed as Vulnerable (VU), Endangered (EN), or Critically Endangered (CR), 

Extinct in the Wild (EW), and Extinct (EX) were assigned to the Threatened category and 

species listed as Least Concern (LC) or Near Threatened (NT) were assigned to the Not 

Threatened category (Fig. 1; IUCN 2012).  

 

Spatial data 

A map of threatened (vulnerable or worse) species (2,116 amphibians; 1,019 reptiles; 1,181 

mammals; 1,361 birds) geographic ranges was developed using ArcGIS geographic information 
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system software (Version 10.4.1). ArcGIS shapefiles for terrestrial mammals, amphibians, and 

reptiles were provided by the International Union for Conservation of Nature (IUCN, 2018) and 

shapefiles for birds were provided by Birdlife International. Shapefiles contain the known 

geographic range for extant species. Geographic range assessment can be supported by 

occurrence data (point locality of historical, present, or projected occurrence), polygon data, and 

basins. Shapefiles provided by the IUCN show the limits of the known geographic distribution, 

indicating taxa only occurring within the polygon but not necessarily equally distributed or 

occurring everywhere in the polygon. In ArcGIS, geographic range sizes used in the logistic 

analyses were downloaded from ‘shapefile attribute table.’ Terrestrial species and threatened 

species (vulnerable or worse) were selected from each Linnaean class to create a new layer. 

Within this new layer, a union of the overlapping shapefiles was computed, then a new feature 

class was created to contain singlepart features generated by separating multipart input features 

from the union. Lastly, a spatial join was conducted within the singlepart feature class and the 

map option was set to “ARE_IDENTICAL_TO” with all other settings set to default. The join 

count column in the attribute table denotes the number of species existing in overlap in any given 

area. 

 

Generalized linear models 

Generalized linear models (GLM) were used to determine the association between extinction risk 

as the response variable and ecological mode of life as the explanatory variable. The extinction 

risk variable was coded as a 0 or 1 for “not threatened” and “threatened”, respectively (Fig. 1). A 

GLM was performed for all vertebrates combined, as well as separately within the four terrestrial 

vertebrate Linnaean classes: Mammalia, Aves, Reptilia, and Amphibia. The baseline reference 

within the GLM analysis defaults to the first category in the spreadsheet, but the baseline 

reference was manually set to the ecological mode of life with approximately equal numbers of 

threatened and non-threatened species (median value) for each analysis. All statistical analyses 

were conducted in the R computer-programming environment Version 3.4.1 (R, 2018). 

 

Logistic regression models and model averaging 

A binary logistic regression model was used to determine the binary response of being threatened 

or not threatened explained by habitat association, locomotion, feeding mode, and geographic 
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range size. An AICc-based model averaging analysis using the AICcmodavg package (Mazerolle, 

2015) in R (R, 2018) was run using sixteen candidate models with all possible combinations of 

variables, including a null model. The regression coefficients for each given parameter were 

averaged and implemented into the model (Mazerolle, 2015). Logistic regression analyses were 

performed for all vertebrates combined, as well as separately within the four terrestrial vertebrate 

Linnaean classes: Amphibia, Reptilia, Mammalia, and Aves. Additionally, a separate binary 

logistic regression analysis was conducted with geographic range size as the only explanatory 

variable. The R package popbio was used to plot graphs for logistic regressions to visualize 

frequency of species with histograms (Stubben et al., 2018).  

 

Primary drivers of extinction 

Primary drivers of extinction for each species were also obtained from the IUCN Red List. Only 

species in Near Threatened (NT), Vulnerable (VU), Endangered (EN), Critically Endangered 

(CR), Extinct in the Wild (EW), and Extinct (EX) categories have been assessed by the IUCN for 

their primary drivers of extinction. Extinction drivers were recorded for all 25,643 species with 

an IUCN Red List extinction risk assessment. The 16 categories of primary threats are: 

agriculture and aquaculture, logging, residential and industrial development, invasive and native 

species and diseases, hunting and pet trade, fire, energy and mining, dams, pollution, 

transportation, climate change, natural system modifications, direct human disturbance, fishing, 

geologic events, and other (detailed descriptions of each extinction driver are available in Table 

2). To investigate the specific threats encountered by the species within the ecological modes of 

life and ecological niche axis categories significantly associated with an elevated risk, the 

primary extinction drivers were identified and quantified.  

 

Death by a Thousand Cuts Scenario 

The total number of extinction drivers were quantified for each of the species. For example, if a 

species is primarily threatened by both agriculture and logging, the number of threats for the 

species were added together for a total of two primary extinction drivers. Species often had more 

than one primary driver of extinction. The sum of extinction drivers for species categorized as 

Near Threatened (NT) or Vulnerable (VU) were compared to species categorized as Endangered 

(EN) and Critically Endangered (CR) using a t-test. In addition, species categorized as Extinct in 



 
 

9 

the Wild (EW) and Extinct (EX) were added to the EN and CR group and compared again to the 

NT and VU group.  
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RESULTS 
 
Geographic range size and extinction risk 

When species classified as data deficient by the IUCN were excluded, 24% of terrestrial 

vertebrate species are threatened and 76% are not threatened (Fig. 3). Many documented 

terrestrial vertebrate species are listed by the IUCN as data deficient due to lack of ecological 

and extinction driver information and were excluded from the analyses (Fig. 4). The 24% of 

amphibian, reptile, mammal, and bird species considered to be threatened were mapped and 

global distributions of geographic range were displayed (Fig. 5). Overall, threatened amphibians 

and reptiles have smaller distributions ranging from 4.26x10-6 to 2046 km2 and 9.28x10-8 to 1999 

km2, respectively, whereas mammals and birds, have larger distributions ranging from 1.53x10-8 

to 9422 km2 and 8.74x10-5 to 28,337 km2, respectively. However, in all classes, small geographic 

range size (log10 km2) is significantly associated with an elevated risk of extinction for 

amphibians (β1 = -1.641; z = -36.73; p = 2.00x10-16), reptiles (β1 = -0.749; z = -27.28; p = 2.00 

x10-16), mammals (β1 = -1.273; z = -31.16; p = 2.00x10-16), and birds (β1 = -0.895; z = -34.72; p = 

2.00x10-16) (Fig. 5). 

 

Ecological niche axes and extinction risk 

Extinction risk for 17,241 terrestrial vertebrates was evaluated as a function of a species’ habitat 

association, mode of locomotion, and feeding mode. Using a binary logistic regression model, 

aerial species (β1 = 2.15; se = 0.22), brachiating species (β1 = 2.96; se = 0.21), scavenging 

species (β1 = 2.77; se = 0.42), and jumping species (β1 = 0.41; se = 0.06) are associated with 

elevated risk of extinction (Table 3; Fig. 6). When assessed separately by taxonomic class, the 

semi-fossorial habitat association (β1 = 0.35; se = 0.21) in Class Amphibia (Table 4; Fig. 6), the 

arboreal habitat association (β1 = 0.20; se = 0.13) in Class Reptilia (Table 5; Fig. 6), the 

brachiating mode of locomotion (β1 = 2.26; se = 0.26) in Class Mammalia (Table 6; Fig. 6), and 

the aerial habitat association (β1 = 2.36; se = 0.20) and scavenging mode of feeding (β1 = 2.95; se 

= 0.44) in Class Aves (Table 7; Fig. 6) exhibit greater risk of extinction.  

 

Ecological modes of life and extinction risk 

The terrestrial vertebrate species analyzed in this study fill 33 ecological modes of life and three 

of these modes of life display significantly elevated risk of extinction when considered in total 
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(Fig. 2; Table 8): arboreal, brachiating, forager/browser/grazers (z = 3.684; p < 0.001), semi-

fossorial, jumping, predators (z = 2.452; p < 0.01), and cave-dwelling, jumping, predators (z = 

2.339; p < 0.05). When each Linnaean class was assessed separately, each displayed different 

trends in the ecological traits associated with elevated risk. Amphibians that are semi-fossorial, 

jumping, predators (z = 2.023; p < 0.05, Table 9) are at elevated risk. Reptiles that are arboreal, 

pedal, predators (z = 4.748; p < 0.001, Table 10) and ground-dwelling, pedal, 

foragers/browsers/grazers (z = 3.859; p < 0.001, Table 10) are at an elevated risk. Mammals that 

are arboreal, brachiating, foragers/browsers/grazers (z = 4.963; p < 0.001, Table 11) are at an 

elevated risk. And finally, birds that are arboreal, pedal, predators (z = 3.176; p < 0.01, Table 

12), arboreal, pedal, foragers/browsers/grazers (z = 5.004; p < 0.001, Table 12), and arboreal, 

flying, scavengers (z = 2.889; p < 0.01, Table 12) are at an elevated risk of extinction.  

 

Primary extinction drivers 

In order to determine which extinction drivers are associated with the ecological traits most at 

risk, the primary threats assigned by the IUCN were quantified for all species listed as near 

threatened or worse. Although the IUCN defines a species as “threatened” if it is vulnerable or 

worse, extinction drivers are also listed for those species that are near threatened. In decreasing 

order, agriculture, logging, invasive species and disease, human development, and hunting and 

trade, threaten the greatest number of terrestrial vertebrate species (Fig. 7). Although agriculture 

and logging are generally threatening the greatest number of terrestrial vertebrate species in total, 

aerial, brachiating, scavenging, and jumping species are each primarily threatened by different 

types of extinction drivers. The two greatest primary extinction drivers for aerial species are 

invasive species and disease followed by hunting and trade, for brachiating species are hunting 

and trade followed by agriculture, for scavenging species are hunting and trade followed by 

agriculture, and for jumping species are agriculture followed by logging (Fig. 7). The ecological 

traits associated with elevated risk of extinction across Linnaean classes of terrestrial vertebrates 

also differ in primary extinction drivers (Fig. 8). The two greatest primary extinction drivers for 

the brachiating mode of locomotion in mammals are hunting and trade followed by agriculture, 

the ground-dwelling habitat association in mammals are agriculture with followed by hunting 

and trade, the arboreal habitat association in mammals are agriculture followed by hunting and 

trade, the aerial habitat association in birds are invasive species and disease followed by hunting 
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and trade, the pedal mode of locomotion in birds are hunting and trade followed by agriculture, 

the scavenging feeding mode in birds are hunting and trade followed by agriculture, and the 

ground-dwelling habitat association in birds are agriculture followed by hunting and trade (Fig. 

8a-g).  

 

Death by a Thousand Cuts Scenario 

The total number of extinction drivers threatening each species was determined for species listed 

as near threatened or worse using information provided by the IUCN Red List. Extinction drivers 

were totaled for species classified as near threatened or vulnerable to signify species of “lower 

risk” and for species classified as endangered or critically endangered as “higher risk.” The 

number of extinction drivers threatening species that are either endangered or critically 

endangered is significantly greater than the number of extinction drivers threatening species that 

are near threatened or vulnerable (t = 7.54, df = 6576, p < 0.0001, Fig. 9). A separate analysis 

adding species that are extinct in the wild or already extinct to the endangered and critically 

endangered species similarly displays a greater number of extinction drivers than compared to 

the near threatened and vulnerable species (t = 6.37, df = 6937, p < 0.0001).  
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DISCUSSION 
 
The loss of biodiversity in the sixth mass extinction threatens loss of functional, ecological, and 

species diversity. The magnitude of loss for terrestrial vertebrates is projected to reach the level 

of the previous five mass extinctions within the next ~240-540 years if all threatened species 

were to go extinct (Barnosky et al., 2011).  

 

In all four classes of terrestrial vertebrates, small geographic range is associated with elevated 

risk of extinction. When a species is dependent on and limited to smaller portions of an 

ecosystem, there is an increased level of importance stressed on preserving these essential 

components to maintain the species’ livelihood and the ability to recover from the negative 

impacts inflicted by humans on the environment (Purvis et al., 2000). As the human population 

grows and anthropogenic pressures increase, range size of terrestrial vertebrates is expected to  

continue to shift and shrink for many species (Walther, 2010) while climate change will 

increasingly exacerbate the stressors inflicted on the environment. Many of the world’s 

threatened terrestrial vertebrates also suffer from other extinction drivers, accentuating the 

negative effects of small geographic ranges, further elevating the risk of extinction. 

 

The preferential loss of species with specific ecological traits has the potential to widely disrupt 

vital ecosystem processes and services (Dirzo et al., 2014). Aerial, brachiating, scavenging, and 

jumping species are at an elevated risk of extinction and therefore, the ecological functions 

provided by these species are also at risk of being lost. The services provided by these species 

can yield critical additions to ecosystem functioning (Diamond & Delvin, 2003; Trolliet et al., 

2016; Moleon et al., 2014). For example, most species in this analysis that fill the aerial habitat 

are seabirds, which can act as important indicators of physical parameters in marine ecosystems 

(Diamond & Delvin, 2003) and are often high trophic level consumers. Seabirds serve as 

indicators of changing environmental oceanic conditions, such as sea surface temperature. For 

example, as surface temperatures change, prey distribution and abundance also change, which 

can result in a shift in seabird diet (Diamond & Delvin, 2003). The elimination of these high 

trophic level consumers from ecosystems can have indirect negative effects on ecosystem 

processes, such as the disruption of prey dynamics, soil fertility, and plant nutrition (Baum & 

Worm, 2009; Estes et al., 2011). Primates are the only species that use the brachiating mode of 
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locomotion and many primate species are responsible for the gut transmission of large-seeded 

fruits essential in forest regeneration and succession (Trolliet et al., 2016). Therefore, the 

endangerment and extinction of brachiating species may cause seed dispersal services to be 

increasingly lost. Scavenging species are also at an elevated risk of extinction and the removal of 

scavengers can result in the loss of removal of animal debris, loss of regulation of disease 

dynamics in ecosystems, and changes in nutrient cycling (Moleon et al., 2014; Sekercioglu et al., 

2016). Lastly, species that move by jumping, which are mostly amphibians, can also play a key 

role in nutrient cycling, in addition to soil formation, regulation of predator density, disease 

dynamics, decomposition rates, and levels of primary productivity (Hocking & Babbitt, 2014).  

 

The ecological traits identified to be associated with elevated risk are not necessarily always  

the cause of a species’ endangerment. For example, primates are likely not at higher risk because 

many species brachiate, but rather due to their small population sizes that are often in areas of 

intense agriculture (Estrada et al., 2017). In addition, bird species that are scavengers may be at 

higher risk more directly if they are eating carrion that is filled with lead or other poisons or 

disproportionately sought after by hunters (Kelly et al., 2011). Although unmeasured variables 

may be contributing to the elevated risk, it is critically important to understand the functions that 

aerial, brachiating, scavenging, and jumping species serve and the possible repercussions of their 

loss. The purpose of this analysis was to identify the ecological traits subject to greater risk, 

defined by the IUCN, how the loss of these ecological traits will alter an ecosystem, and then 

characterize the kinds of extinction drivers are threatening these particular ecological traits to 

prevent loss in the future. 

 

Despite the IUCN’s leading effort in assessing extinction threat for living species, only about 

75% of the estimated number of described terrestrial vertebrate species have an extinction risk 

status assessment. A taxonomic sampling bias exists for terrestrial vertebrates where 100% of 

mammal and bird species have an extinction risk assessment, but only 57% of reptile and 86% of 

amphibian species. The ecological extinction selectivity analysis can only be conducted on 

species with habitat, motility, and feeding information and an IUCN extinction risk status. Due 

to insufficient coverage in amphibians and reptiles, the implications of the results are limited to 
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the number of species with both ecological and IUCN data. When evaluating conservation 

management strategies, the discrepancies in IUCN coverage should be considered. 

 

The primary drivers of extinction risk differ across the broad ecological categories of species at 

elevated risk (Fig. 7). Proper conservation management lies not only in identification of which 

types of species are at risk, but also in identifying the specific threats driving extinction risk. For 

example, because the top threat to aerial species is invasive species and diseases, conservation 

management can be adjusted to slow this driver and mitigate its negative effects. Further, the 

management protocol for brachiating species will be different from aerial species because they 

are threatened by different extinction drivers. Brachiating species are threatened most by hunting 

and trade, and therefore, conservation management should focus on mitigating those effects. 

Protections can be customized for species with different ecological traits and different extinction 

drivers. Additionally, the top primary extinction drivers differ between Linnaean classes, 

indicating there is also an importance in addressing not only the different extinction drivers as a 

whole, but also separated by the different taxonomic groups. When a uniform conservation 

strategy is applied to all species in the same way, efforts are wasted due to different species 

threatened by different extinction drivers. 

 

When a species has multiple primary extinction drivers, the species are not usually affected 

equally. For example, in some scenarios, extinction drivers such as logging and agriculture have 

an instantaneous effect on ecosystem and organismal response (Estrada et al., 2017). Other 

scenarios with extinction drivers like habitat loss and climate change may have longer relaxation 

times, or the time taken for a community of species to reach a new equilibrium after an 

environmental disturbance (Kuussaari et al., 2009). Additionally, climate change may be acting 

synergistically with other primary extinction drivers and accelerate existing threats to 

biodiversity (Brook et al., 2008). Disease dynamics, for example, shift and intensify with climate 

change effects such as intensified warming episodes and changes in rainfall patterns (Patz et al., 

2005).  

 

Often times, the scenario specific cause-effect result of extinction drivers on an ecosystem or 

species are evaluated (e.g., logging decreases biodiversity). Here, instead of investigating this 
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cause-effect relationship between extinction driver and consequence, the total number of 

extinction drivers threatening each species was determined. Because the number of extinction 

drivers threatening species that are either endangered or critically endangered is significantly 

greater than the number of extinction drivers threatening species that are near threatened or 

vulnerable (Fig. 9), a “Death by a Thousand Cuts” scenario is supported. This is a scenario 

where a species may tolerate one or two extinction drivers, however as a species is subject to a 

greater number of threats, the vulnerability to extinction increases. The results reveal that over 

70% of terrestrial vertebrate species that are already extinct were threatened by more than one 

extinction driver. Future management accounting for the number of extinction drivers 

threatening a species may be an important addition to conservation strategies.  

 
Biodiversity loss is generally discussed in terms of loss of taxonomic groups and species 

numbers (Pimm & Raven, 2000; Dirzo & Raven, 2003; Grelle, 2005; Ceballos et al., 2015). In 

contrast, due to the differences of ecological and taxonomic diversity (e.g., Cooke et al., 2019), 

this research highlights an arguably equally important aspect of any biodiversity crisis - the 

ecological traits and functions that are at risk of being lost. A strong relationship exists between 

functional diversity and ecosystem processes (Ceballos et al., 2009) and the loss of these 

ecological traits may result in the disappearance of many important ecosystem functions and 

services (e.g., Estes et al., 2011; Moleon et al., 2014; Hocking & Babbitt, 2014; Trolliet et al., 

2016; Sekercioglu et al., 2016). By focusing on the extinction risk of ecological traits, there is a 

better understanding of the ecosystem functions also at risk of being lost. With deteriorating 

habitats, precipitous declines in terrestrial vertebrate biodiversity, and limited resources allocated 

for conservation efforts, a specialized approach to conservation and management of species is 

crucial. Aerial, brachiating, scavenging, and jumping species are associated with elevated risk of 

extinction, each threatened by different extinction drivers and, if not properly managed, can 

result in shifts in ecosystem processes and functioning.  
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TABLES 
 
Table 1. Ecological categories within habitat association, locomotion, and feeding mode; with 
associated description and an example for each. 
Habitat Association 
Ecological Category 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) Semi-fossorial 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 feet in turn 
Ostriches 

2) Brachiation Arm length movement between tree branches Gibbons 
3) Jumping/Hopping Pushing off a surface into the air and landing  Frogs 
4) Slithering Limbless movement by twisting or sliding Snakes 
5) Peristalsis Movement caused by constriction and relaxation of hollow 

muscular structure 
Earthworms 

6) Flight Primary movement by flying Hummingbirds 
 
Feeding Mode 
1) Predatory Searches for and captures mobile prey Some snakes 
2) Scavenging Searches for and eats prey that is no longer alive Condor 
3) Foraging/       
Browsing/Grazing 

Searches for and capture immobile aboveground prey Deer, rabbits 

4) Miner Searches for and captures immobile subterranean prey Gophers 
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Table 2. Detailed list of each threat type. The category ‘Other threat’ is used when the species 
has an IUCN Red List Threatened status without a specific threat type listed. Detailed 
descriptions of each threat type category can be found at: 
https://www.iucnredlist.org/resources/threat-classification-scheme 
 
Threat type 
1 Residential & commercial development 

1.1   Housing & urban areas  
1.2   Commercial & industrial areas 
1.3 Tourism & recreation areas 

2 Agriculture & aquaculture 
2.1 Annual & perennial non-timber crops 
2.2 Wood & pulp plantations 
2.3 Livestock farming & ranching 
2.4 Marine & freshwater aquaculture 

3 Energy production & mining 
3.1 Oil & gas drilling 
3.2 Mining & quarrying 
3.3 Renewable energy 

4 Transportation & service corridors 
4.1 Roads & railroads 
4.2 Utility & service lines 
4.3 Shipping lanes 
4.4 Flight paths 

5 Biological resource use 
5.1 Hunting & collecting terrestrial animals 
5.2 Gathering terrestrial plants 
5.3 Logging & wood harvesting 
5.4 Fishing & harvesting aquatic resources 

6 Human intrusions & disturbance 
6.1 Recreational activities 
6.2 War, civil unrest & military exercises 
6.3 Work & other activities 

7 Natural system modifications 
7.1 Fire & fire suppression 
7.2 Dams & water management/use 
7.3 Other ecosystem modifications 

8 Invasive & other problematic species, genes & diseases 
8.1 Invasive non-native/alien species/diseases 
8.2 Problematic native species/diseases 
8.3 Introduced genetic material 
8.4 Problematic species/diseases of unknown origin 
8.5 Viral/prion-induced diseases 
8.6 Diseases of unknown cause 
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Table 2. (Continued) Detailed list of each threat type. 
9 Pollution 

9.1 Domestic & urban waste water 
9.2 Industrial & military effluents (Oil spills, mining seepage) 
9.3 Agricultural & forestry effluents (Pesticides, soil erosion, nutrient loads) 
9.4 Garbage & solid waste  
9.5 Air-borne pollutants (Acid rain, smog, ozone) 
9.6 Excess energy (Light, thermal, noise pollution) 

10 Geological events 
10.1 Volcanoes  
10.2 Earthquakes/tsunamis 

            10.3 Avalanches/landslides 
11 Climate change & severe weather 

            11.1 Habitat shifting & alteration 
11.2 Droughts 
11.3Temperature extremes 

            11.4 Storms & flooding 
11.5 Other impacts 

      12 Other threat 
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Table 3. Logistic regression coefficients from model averaging analysis with extinction risk as a 
function of habitat association, locomotion, feeding mode, and geographic range size for 
terrestrial vertebrate species (n = 17,241 species). Only ecological categories with more than 10 
species were included in this analysis. The semi-fossorial category for habitat association, the 
pedal category for locomotion, and the foraging/browsing/grazing category for feeding mode 
were set as the baseline reference categories in the model averaging analysis. 
 
Ecological Category Coefficient Std. Error Lower 95% CI Upper 95% CI  
Brachiating 2.96 0.21 2.55 3.37 
Scavenging 2.77 0.42 1.94 3.60 
Aerial 2.15 0.22 1.72 2.58 
Jumping 0.41 0.06 0.28 0.54 
Cave 0.23 0.33 -0.42 0.88 
Flying 0.16 0.08 0.01 0.31 
Mining 0.05 0.34 -0.62 0.71 
Ground -0.03 0.09 -0.22 0.15 
Predatory -0.28 0.06 -0.39 -0.17 
Arboreal -0.31 0.10 -0.50 -0.12 
Fossorial -0.49 0.12 -0.73 -0.25 
Peristalsis -0.52 0.41 -1.32 0.27 
Slithering -0.58 0.11 -0.79 -0.38 
Range log10(km2) -1.05 0.02 -1.09 -1.01 
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Table 4. Logistic regression coefficients from model averaging analysis with extinction risk as a 
function of habitat association, locomotion, and geographic range size for species in Class 
Amphibia (n = 3,644 species). Only ecological categories with more than 10 species were 
included in this analysis. Feeding mode excluded as a variable from analysis because all 
amphibians are predatory. The ground-dwelling category for habitat association and the jumping 
category for locomotion were set as the baseline reference categories in the model averaging 
analysis. The semi-fossorial habitat association was the only ecological category in the 
ecological niche axes that were associated with an elevated risk of extinction. 

 
Ecological Category Coefficient Std. Error Lower 95% CI Upper 95% CI  
Semi-fossorial 0.35 0.21 -0.05 0.75 
Pedal -0.08 0.16 -0.39 0.22 
Fossorial -0.65 0.16 -0.97 -0.33 
Arboreal -0.66 0.13 -0.93 -0.40 
Range log10(km2) -1.87 0.06 -2.00 -1.75 
Slithering -2.33 0.50 -3.30 -1.35 
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Table 5. Logistic regression coefficients from model averaging analysis with extinction risk as a 
function of habitat association, locomotion, feeding mode, and geographic range size for species 
in Class Reptilia (n = 3,219 species). Only ecological categories with more than 10 species were 
included in this analysis. The ground-dwelling category for habitat association, the peristalsis 
category for locomotion, and the predatory category for feeding mode were set as the baseline 
reference categories in the model averaging analysis. 
 
Ecological Category Coefficient Std. Error Lower 95% CI Upper 95% CI  
Arboreal 0.20 0.13 -0.05 0.45 
Slithering -0.08 0.39 -0.84 0.69 
Semi-fossorial -0.06 0.25 -0.55 0.44 
Fossorial -0.21 0.17 -0.54 0.11 
Pedal -0.13 0.41 -0.93 0.68 
Foraging/Browsing/Grazing -0.37 0.17 -0.71 -0.02 
Range log10(km2) -0.77 0.04 -0.85 -0.70 
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Table 6. Logistic regression coefficients from model averaging analysis with extinction risk as a 
function of habitat association, locomotion, feeding mode, and geographic range size for species 
in Class Mammalia (n = 2,775 species). Only ecological categories with more than 10 species 
were included in this analysis. The fossorial category for habitat association, the pedal category 
for locomotion, and the predatory category for feeding mode were set as the baseline reference 
categories in the model averaging analysis. 
 
Ecological Category Coefficient Std. Error Lower 95% CI Upper 95% CI  
Brachiating 2.26 0.26 1.74 2.77 
Ground 1.00 0.33 0.35 1.65 
Arboreal 0.80 0.35 0.10 1.49 
Jumping 0.11 0.22 -0.32 0.53 
Foraging 0.09 0.14 -0.17 0.36 
Cave -0.07 0.61 -1.25 1.12 
Flying -0.13 0.21 -0.55 0.28 
Semi-fossorial -0.23 0.34 -0.90 0.44 
Mining -0.37 0.44 -1.22 0.49 
Range log10(km2) -1.48 0.07 -1.61 -1.35 
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Table 7. Logistic regression coefficients from model averaging analysis with extinction risk as a 
function of habitat association, locomotion, feeding mode, and geographic range size for species 
in Class Aves (n = 7,596 species). Only ecological categories with more than 10 species were 
included in this analysis. The arboreal category for habitat association, the flying category for 
locomotion, and the foraging/browsing/grazing category for feeding mode were set as the 
baseline reference categories in the model averaging analysis.  
 
Ecological Category Coefficient Std. Error Lower 95% CI Upper 95% CI  
Scavenging 2.95 0.44 2.08 3.82 
Aerial 2.36 0.20 1.97 2.75 
Pedal 0.45 0.16 0.14 0.76 
Ground 0.28 0.14 0.00 0.55 
Predatory -0.14 0.08 -0.29 0.02 
Jumping -0.46 0.17 -0.80 -0.11 
Semi-fossorial -0.66 0.74 -2.11 0.80 
Range log10(km2) -0.99 0.03 -1.05 -0.93 
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Table 8. Logistic regression results (implemented with a general linear model) for extinction risk 
as a function of mode of life for all terrestrial vertebrate species. Only modes of life with more 
than 10 species were included in this analysis. Cave-dwelling, flying, foragers/browsers/grazers 
were set as the baseline reference category for the generalized linear model. Included in this 
summary table are the estimates, or regression coefficients, of the generalized linear model 
analysis, the z scores, which are used to determine the significance level, and the p values. 
Arboreal, brachiating, foragers/browsers/grazers, semi-fossorial, jumping, predators, and cave-
dwelling, jumping, predators were the three ecological modes of life significantly associated with 
an elevated risk of extinction. (n = 17,241) 

Mode of life Estimate Std. Error z value p value 
Cave-dwelling, jumping, predator 2.01 0.86 2.34 0.019 
Arboreal, brachiating, forager/browser/grazer 1.99 0.54 3.68 2.290E-04 
Semi-fossorial, jumping, predator 1.29 0.53 2.45 0.014 
Ground-dwelling, jumping, predator 0.77 0.52 1.49 0.137 
Arboreal, pedal, forager/browser/grazer 0.73 0.53 1.39 0.163 
Arboreal, brachiating, predator 0.69 0.77 0.90 0.366 
Arboreal, flying, scavenger 0.69 0.65 1.06 0.288 
Arboreal, pedal, predator 0.39 0.52 0.76 0.448 
Arboreal, jumping, predator 0.35 0.52 0.69 0.492 
Ground-dwelling, jumping, forager/browser/grazer 0.32 0.57 0.56 0.578 
Fossorial, jumping, predator 0.23 0.52 0.45 0.656 
Semi-fossorial, jumping, forager/browser/grazer 0.22 0.59 0.38 0.707 
Aerial, flying, predator 0.11 0.54 0.21 0.831 
Fossorial, pedal, forager/browser/grazer 0.10 0.62 0.15 0.878 
Ground-dwelling, pedal, forager/browser/grazer 0.04 0.52 0.07 0.942 
Semi-fossorial, pedal, predator 0.03 0.53 0.05 0.962 
Ground-dwelling, pedal, predator 0.01 0.51 0.03 0.977 
Fossorial, pedal, predator -0.11 0.55 -0.20 0.840 
Fossorial, peristalsis, predator -0.17 0.62 -0.28 0.783 
Ground-dwelling, slithering, predator -0.22 0.52 -0.42 0.678 
Fossorial, slithering, predator -0.30 0.53 -0.57 0.566 
Arboreal, flying, forager/browser/grazer -0.34 0.52 -0.66 0.512 
Semi-fossorial, slithering, predator -0.41 0.56 -0.73 0.467 
Fossorial, pedal, miner -0.41 0.62 -0.66 0.513 
Arboreal, jumping, forager/browser/grazer -0.67 0.57 -1.18 0.239 
Arboreal, slithering, predator -0.75 0.55 -1.37 0.172 
Ground-dwelling, flying, forager/browser/grazer -0.77 0.61 -1.25 0.211 
Arboreal, flying, predator -0.80 0.51 -1.56 0.118 
Ground-dwelling, flying, predator -0.90 0.54 -1.68 0.092 
Semi-fossorial, pedal, forager/browser/grazer -0.92 0.54 -1.71 0.087 
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Table 8. (Continued) 
Semi-fossorial, pedal, miner -1.32 1.16 -1.14 0.254 
Cave-dwelling, flying, predator -1.32 0.90 -1.48 0.140 
Semi-fossorial, flying, predator -1.54 0.89 -1.74 0.083 
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Table 9. Logistic regression results (implemented with a general linear model) for extinction risk 
as a function of mode of life for amphibians. Only modes of life with more than 10 species were 
included in this analysis. Arboreal, pedal, predators were set as the baseline reference category 
for the generalized linear model. Included in this summary table are the estimates, or regression 
coefficients, of the generalized linear mixed model analysis, the z scores, which are used to 
determine the significance level, and the p values. Semi-fossorial, jumping, predators were the 
ecological mode of life significantly associated with an elevated risk of extinction. (n = 3,536) 

Mode of life Estimate Std. Error z value p value 
Semi-fossorial, pedal, predator 0.88 0.58 1.52 0.129 
Semi-fossorial, jumping, predator 0.82 0.41 2.02 0.043 
Ground-dwelling, jumping, predator 0.55 0.39 1.39 0.166 
Ground-dwelling, pedal, predator 0.47 0.40 1.18 0.238 
Arboreal, jumping, predator 0.02 0.39 0.06 0.955 
Fossorial, pedal, predator -0.09 0.49 -0.18 0.855 
Fossorial, jumping, predator -0.24 0.40 -0.60 0.549 
Semi-fossorial, slithering, predator -0.63 0.68 -0.92 0.358 
Fossorial, slithering, predator -0.83 0.63 -1.33 0.184 
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Table 10. Logistic regression results (implemented with a general linear model) for extinction 
risk as a function of mode of life for reptiles. Only modes of life with more than 10 species were 
included in this analysis. Ground-dwelling, slithering, predators were set as the baseline 
reference category for the generalized linear model. Included in this summary table are the 
estimates, or regression coefficients, of the generalized linear mixed model analysis, the z scores, 
which are used to determine the significance level, and the p values. Arboreal, pedal, predators 
and ground-dwelling, pedal, foragers/browsers/grazers were the two ecological modes of life 
significantly associated with an elevated risk of extinction. (n= 3,159) 

Mode of life Estimate Std. Error z value p value 
Semi-fossorial, pedal, predator 0.97 0.54 1.79 0.074 
Arboreal, pedal, predator 0.71 0.15 4.75 2.06E-06 
Ground-dwelling, pedal, forager/browser/grazer 0.64 0.17 3.86 1.140E-04 
Ground-dwelling, pedal, predator 0.05 0.14 0.33 0.743 
Fossorial, peristalsis, predator 0.04 0.37 0.10 0.924 
Fossorial, slithering, predator -0.09 0.18 -0.52 0.602 
Semi-fossorial, slithering, predator -0.24 0.26 -0.90 0.367 
Fossorial, pedal, predator -0.52 0.34 -1.52 0.128 
Arboreal, slithering, predator -0.54 0.23 -2.39 0.017 
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Table 11. Logistic regression results (implemented with a general linear model) for extinction 
risk as a function of mode of life for mammals. Only modes of life with more than 10 species 
were included in this analysis. Fossorial, pedal, foragers/browsers/grazers were set as the 
baseline reference category for the generalized linear model. Included in this summary table are 
the estimates, or regression coefficients, of the generalized linear mixed model analysis, the z 
scores, which are used to determine the significance level, and the p values. Arboreal, 
brachiating, foragers/browsers/grazers was the ecological mode of life significantly associated 
with an elevated risk of extinction. (n = 2,746) 

Mode of life Estimate Std. Error z value p value 
Ground-dwelling, jumping, predator 0.98 0.71 1.39 0.165 
Cave-dwelling, flying, forager/browser/grazer 8.88E-14 0.63 0.00 1.000 
Arboreal, jumping, forager/browser/grazer 0.80 0.49 1.64 0.100 
Arboreal, pedal, forager/browser/grazer 0.66 0.39 1.70 0.090 
Fossorial, pedal, predator 0.65 0.63 1.03 0.301 
Arboreal, brachiating, predator 0.47 0.71 0.66 0.509 
Ground-dwelling, jumping, forager/browser/grazer 0.33 0.44 0.75 0.456 
Semi-fossorial, jumping, forager/browser/grazer 0.22 0.47 0.48 0.634 
Ground-dwelling, pedal, forager/browser/grazer 0.22 0.38 0.58 0.562 
Arboreal, brachiating, forager/browser/grazer 1.99 0.40 4.96 0.000 
Arboreal, flying, forager/browser/grazer 0.19 0.39 0.48 0.632 
Semi-fossorial, pedal, forager/browser/grazer -0.92 0.40 -2.32 0.020 
Arboreal, pedal, predator -0.73 0.53 -1.39 0.165 
Arboreal, flying, predator -0.72 0.39 -1.84 0.066 
Fossorial, pedal, miner -0.41 0.50 -0.81 0.419 
Semi-fossorial, pedal, predator -0.22 0.40 -0.56 0.579 
Ground-dwelling, pedal, predator -0.15 0.39 -0.39 0.697 
Semi-fossorial, pedal, miner -1.32 1.10 -1.20 0.230 
Cave-dwelling, flying, predator -1.28 0.82 -1.56 0.119 
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Table 12. Logistic regression results (implemented with a general linear model) for extinction 
risk as a function of mode of life for birds. Only modes of life with more than 10 species were 
included in this analysis. Ground-dwelling, pedal, foragers/browsers/grazers were set as the 
baseline reference category for the generalized linear model. Included in this summary table are 
the estimates, or regression coefficients, of the generalized linear mixed model analysis, the z 
scores, which are used to determine the significance level, and the p values. Arboreal, pedal, 
predators and arboreal, pedal, foragers/browsers/grazers were the ecological modes of life 
significantly associated with an elevated risk of extinction. (n = 7,588) 

Mode of life Estimate Std. Error z value p value 
Arboreal, pedal, forager/browser/grazer 1.30 0.26 5.00 5.62E-07 
Arboreal, flying, scavenger 1.22 0.42 2.89 0.004 
Aerial, flying, predator 0.71 0.69 1.03 0.302 
Arboreal, pedal, predator 0.64 0.20 3.18 0.001 
Ground-dwelling, jumping, predator 0.21 0.21 0.97 0.331 
Arboreal, flying, forager/browser/grazer 0.13 0.14 0.89 0.372 
Ground-dwelling, pedal, predator 0.11 0.17 0.62 0.534 
Ground-dwelling, flying, forager/browser/grazer -0.24 0.36 -0.66 0.508 
Arboreal, flying, predator -0.29 0.14 -2.06 0.039 
Ground-dwelling, flying, predator -0.38 0.21 -1.82 0.069 
Arboreal, jumping, predator -0.79 0.32 -2.49 0.013 
Semi-fossorial, flying, predator -1.02 0.74 -1.37 0.171 
Arboreal, jumping, forager/browser/grazer -2.10 0.73 -2.90 0.004 
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FIGURES 
 
 
 

 
Figure 1. International Union for Conservation of Nature Red List categories, modified 
from iucnredlist.org, used for classifying species at high risk of global extinction. Taxa listed 
as vulnerable, endangered, critically endangered, extinct in the wild, and extinct are considered 
threatened and taxa listed as least concern or near threatened are considered not threatened 
(IUCN, 2012). 
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Figure 2. Terrestrial animal “ecospace” model. This model is designed to be roughly 
equivalent to the marine ecospace model developed by Bambach et al. (2007). Yellow cubes 
indicate modes of life filled by terrestrial vertebrates in this analysis that are not significantly 
associated with an elevated risk of extinction and red cubes indicate the modes of life of 
terrestrial vertebrates that are significantly elevated risk of extinction. Empty cubes indicate 
modes of life that are not filled by terrestrial vertebrate species included in this analysis. 
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Figure 3. Percent of species in Not Threatened (least concern and near threatened) and 
Threatened (vulnerable, endangered, critically endangered, extinct in the wild, and extinct) 
categories. Classifications defined by the IUCN with data deficient species excluded. 41% (n = 
2,067) of amphibians were “Threatened” and 59% (n = 2,950) were “Not Threatened”; 25% (n = 
1,129) of reptiles were “Threatened” and 75% (n = 3,469) were “Not Threatened”; 24% (n = 
911) of mammals were “Threatened” and 76% (n = 2,828) were “Not Threatened”; 14% (n = 
1,367) of birds were “Threatened” and 86% (n = 8,279) were “Not Threatened. 24% (n = 5,474) 
of all terrestrial vertebrate species were “Threatened” and 76% (n= 17,526) were “Not 
Threatened.” 
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Figure 4. Percent of species in Not Threatened (least concern and near threatened), 
Threatened (vulnerable, endangered, critically endangered, extinct in the wild, and 
extinct), and Data Deficient categories. Classifications defined by the IUCN. 32% of 
amphibians were “Threatened”, 46% were “Not Threatened”, and 22% were Data Deficient; 
21% of reptiles were “Threatened”, 64% were “Not Threatened, and 16% were Data Deficient; 
21% of mammals were “Threatened”, 67% were “Not Threatened, and 12% were Data Deficient; 
14% of birds were “Threatened”, 85% were “Not Threatened”, and 1% were Data Deficient. 
Overall, 21% of terrestrial vertebrate species were “Threatened”, 68% were “Not Threatened”, 
and 11% were Data Deficient. 
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Figure 5. Extinction risk is a function of geographic range size. Terrestrial a) amphibians, b) 
reptiles, c) mammals, and d) birds with smaller geographic range sizes are at a greater risk of 
extinction. Left panel displays the global density distribution of threatened species (IUCN 
defined as vulnerable or worse). Right panel displays binary logistic regression models with 
threatened (probability = 1) and non-threatened (probability = 0) on the left y axis and histogram 
of frequency of species in each size bins on the right y axis.  The log-transformed geographic 
range (km2) is on the x axis with log-transformed values of km2 on top and the actual km2 values 
on the bottom in parentheses. All analyses were performed using log transformed km2 values. 
 
 



 
 

36 

 
Figure 6. Species classified as aerial, brachiating, scavenging, and jumping have the 
greatest coefficients, indicating an elevated risk of extinction. Binary logistic regression 
analyses conducted for all species combined and separately for each taxonomic class. Red points 
display the ecological trait category associated with elevated risk of extinction as a mean 
estimate with +/- 95% confidence intervals. Positive coefficient values indicate an elevated risk 
of extinction and negative coefficient values indicate a reduced risk of extinction. Separately, the 
geographic range coefficient, being the only continuous variable, shows a negative association, 
meaning large geographic range indicates low risk and small geographic range indicates high 
risk.  
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Figure 7. The primary extinction drivers differ between terrestrial vertebrates as a group 
compared with the species with specific ecological traits associated with elevated risk of 
extinction. a) The total number of species threatened by each extinction driver for those 
classified as near threatened or worse by the IUCN. b) The total number of species threatened by 
each extinction driver filling the aerial habitat association, c) the brachiating mode of 
locomotion, d) scavenging feeding mode, and e) jumping mode of locomotion. 
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Figure 8. The model averaging binary logistic regression for each taxonomic class showed 
the ecological traits significantly associated with an elevated risk of extinction. The number 
of main extinction drivers threatening species that fill these ecological categories were evaluated 
separately for each Linnaean class: a) the brachiating mode of locomotion in mammals with 
hunting and trade followed by agriculture in green, b) the ground-dwelling habitat association in 
mammals agriculture with followed by hunting and trade in green, c) the arboreal habitat 
association in mammals with agriculture followed by hunting and trade in green d) the aerial 
habitat association in birds with invasive species and disease followed by hunting and trade in 
blue, e) the pedal mode of locomotion in birds with hunting and trade followed by agriculture in 
blue, f) the scavenging feeding mode in birds with hunting and trade followed by agriculture in 
blue, and g) the ground-dwelling habitat association in birds with agriculture followed by 
hunting and trade in blue.  
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Figure 9. Species that are threatened by a greater number of extinction drivers are subject 
to increased vulnerability of extinction. The number of extinction drivers for each species is 
the sum of the total number of primary threat types as listed by the IUCN for taxa that are near 
threatened or worse. The sum of extinction drivers for near threatened and vulnerable species 
were grouped together and the sum of extinction drivers for endangered and critically 
endangered species were grouped together. The median number of threats for each group are 
indicated by center line in each box and the lower and upper bounds indicate the minimum and 
maximum number of threats, respectively. A greater number of extinction drivers is found in 
species that are listed as endangered and critically endangered (mean of 2.77 drivers), than in 
species that are listed as near threatened and vulnerable (mean of 2.51 drivers) (t = 7.54, df = 
6576, p = 5.48x10-14, above). Separately, adding species listed as extinct in the wild and extinct 
to the endangered and critically endangered group similarly results in a greater number of threat 
types (mean of 2.74 drivers) compared to the near threatened and vulnerable species (mean of 
2.52 drivers) (t = 6.37, df = 6937, p = 1.98x10-10). 
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