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pressures threatening predators may be greater in the ocean than on 
land. Past research has proposed that, in many regions, humans are 
preferentially and unsustainably exploiting marine organisms at the 
top of the food chain (24). However, this research has focused mainly 
on fish (24), which we did not include in our study. A likely produc-
tive future research endeavor would be to determine how the inclu-
sion of bony and cartilaginous fishes and other taxonomic classes not 
in this study (e.g., invertebrates) would influence interpretations about 
how trophic group shapes extinction risk overall, as well as how it 
influences our observations about the relative risk for different tro-
phic groups in terrestrial and aquatic environments.

Although we were unable to identify a single anthropogenic driver 
for the global decline in herbivores, we did find that certain drivers 

disproportionately affect some groups of herbivores more relative 
to other trophic groups. For example, we found that invasive spe-
cies affect herbivorous reptiles disproportionately compared to om-
nivores and predators. Invasive vertebrates (e.g., rats), insects (e.g., 
fire ants), and plants (e.g., Hottentot fig) have all been implicated in 
the decline and even extinction of several reptiles (25). Furthermore, 
we found that invasive species, pollution, and habitat alteration af-
fect small herbivorous birds disproportionately. However, for both 
of these cases, it is unclear why these anthropogenic drivers would 
target herbivores more than other trophic groups. A new challenge 
for conservation biology will be to identify clear mechanisms respon-
sible for this apparent association between trophic group and ex-
tinction risk. These studies are likely to include investigations into 
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Fig. 6. Impacts of anthropogenic drivers of global change on threatened species. The relationship between body size, trophic group, and the proportion of species 
affected by habitat alteration, biological resource use, climate change, pollution, and invasive species. Models account for phylogenetic relatedness. Solid lines represent 
means, while shaded areas represent 95% CI. See tables S6 to S8 for summary statistics.
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the interactive effects of multiple anthropogenic drivers and their im-
pact upon intrinsic species traits that are associated with herbivory.

Our study determined that trophic group is an important factor 
driving extinction risk in reptiles, mammals, and birds. Past studies 
examining the effect of trophic group or diet on extinction risk have 
found either no effect of trophic group (26) or that higher-order pred-
ators are at the highest risk of extinction (14, 16). These past studies, 
however, focused on select groups of organisms like animals in the 
order Carnivora (16), or squamate reptiles (26), suggesting that these 
more focused studies mask the more general role of trophic group 
as a significant variable that influences extinction patterns in mam-
mals, birds, and reptiles collectively. Critically, our results show that 
any future endeavors to explain patterns of extinction risk in mam-
mals, birds, and reptiles need to account for trophic group.

In addition to trophic group, our study found that body size is an 
important trait that independently drives extinction risk in mam-
mals and birds and interacts with trophic group to influence extinc-
tion risk in reptiles. Since the late Pleistocene, the average body mass 
of organisms has been declining because of size-selective threats that 
are robustly linked to human activities (27). Our results agree with 
findings from past studies that the selection against large-bodied or-
ganisms is likely to continue under business as usual management 
scenarios (11, 12). Our study adds to this body of literature by show-
ing that, except for predatory reptiles, large-bodied organisms across 
all three trophic groups are at a high risk of extinction, but herbi-
vores are disproportionately the most at-risk trophic group within 
these large-bodied species. The ecological effects of the loss of large- 
bodied herbivores will depend, to some degree, on the capacity of 
smaller-bodied species to compensate numerically and/or functionally 
(28). Many body size–specific functions (e.g., dispersal of large-seeded 
fruits by sloths) cannot, however, be replicated by simply increasing 
abundances of smaller-bodied species (28).

Prehistoric extinctions of megaherbivores drastically changed the 
structure and functioning of Earth’s ecosystems by altering vegeta-
tion dynamics, fire regimes, carbon cycling, and biogeochemical cy-
cling (7–9). Our results highlight that Earth is once again experiencing 
declines and extinctions that are disproportionately affecting large 
herbivores. However, how these declines and extinctions of herbi-
vores are likely to affect the trajectory of life on Earth is not yet known, 
but studies have linked modern herbivores with ecosystem process-
es as diverse as the evolution of plant and predator traits, ecosystem 
resilience/resistance, nutrient cycling, fire regimes, greenhouse gas 
dynamics, plant regeneration, and primary production (29).

MATERIALS AND METHODS
We created a database containing biological, ecological, and geo-
graphical data on all extant mammal (4858), bird (10,910), and reptile 
(6398) species assessed on the 2019-2 IUCN Red List of Threatened 
Species (1) as well as recently extinct (extinct in the wild and extinct on the 
IUCN Red List of Threatened Species) mammals, birds, and reptiles 
and late Pleistocene extinct mammals derived from McCauley et al. 
(2) and Smith et al. (27). First, we assigned binary threat assessments 
to each species. Second, we characterized the diets of each species 
based on available information. Third, we classified the trophic groups 
of each species based on our diet characterization. We then com-
bined these data with species-specific geographic location, habitat, 
and threat information from the IUCN Red List of Threatened Spe-
cies. We used the completed database to quantify the observed pro-

portions of threatened or extinct species in specific trophic groups 
(i.e., predator, omnivore, and herbivore) in relation to each other 
and the background fractions of threatened or extinct species.

Binary threat classification
For each extant species assessed by the IUCN, we assigned a binary 
threat classification of “threatened” or “nonthreatened.” Species with 
IUCN Red List assessments of “critically endangered,” “endangered,” 
and “vulnerable” were considered threatened with extinction, and 
species with “near threatened,” “least concern,” and “lower risk” as-
sessments were considered nonthreatened. This binary classification 
system represents the two potential outcomes in an extinction event 
(i.e., extinction or survival) and is consistent with analytical approaches 
previously used for examining extinction risk (11). Species assessed 
as “extinct” or “extinct in the wild” were not included in threatened 
status analyses. Instead, they were classified as recently extinct in 
analyses looking at historical trophic group patterns. Species cate-
gorized as data deficient by IUCN were not used in our analyses. 
Mammals from the extinct species lists from McCauley et al. (2) and 
Smith et al. (27) were classified as extinct in the late Pleistocene and 
were only used in analyses of historical trophic group patterns.

Diet categories
We classified the diet of all mammal, bird, and reptile species assessed 
by the IUCN using published literature, reference texts, databases, or 
extrapolation from related taxonomic class. Species’ diets were de-
termined from various data types (i.e., percent, ranked presence- 
absence, and unranked presence-absence of specific food items; table 
S9). We classified diet categories using a binary response of present 
or absent. Only adult diet information from wild populations was 
used. The primary diet categories (with subcategories in parentheses) 
were endotherm (mammal and bird), herptile (amphibian and rep-
tile), fish, invertebrate (insect), carrion, plant (foliage, root, and wood), 
fruit, nectar, and grain (30, 31). Carrion eaters (i.e., scavengers) were 
defined as species that consume animal-based carrion. To be classi-
fied in the plant category, a species must consume algae, fungus, leaves, 
shoots, roots, wood, flowers, pollen, sepals, or other miscellaneous 
plant material (e.g., vegetable matter) (30).

For diets described in the literature as percentages, we used spe-
cific percentage cutoffs to classify diet categories as either present or 
absent. Percentage cutoffs were adjusted on the basis of the number 
of unique diet items included in a species’ diet, because as the num-
ber of diet items increases, the weight of a diet category increases. 
For example, if a species only consumed two diet items, and one 
diet item comprised ≤20% of the diet, then that item was classified 
as absent. However, if the species’ diet had more than two diet items, 
then any item with a ≥20% contribution was classified as present.

For diets described as presence-absence data, diet categories were 
classified according to keywords. We included diet items associated 
with the following keywords: “primary,” “secondary,” “mostly,” “also,” 
“frequently,” “regularly,” “usually,” and “fair amount.” We excluded 
diet items associated with the keywords “tertiary,” “sometimes,” “oc-
casionally,” “rarely,” “small quantities,” “and even,” “opportunisti-
cally,” and “at times supplemented with.” If a diet item was associated 
with uncertainty statements of “probably,” “possibly,” “may,” or “pre-
sumably,” then it was excluded unless no other diet information was 
available. For diets described using unranked presence-absence data 
(e.g., “eats fruit, insects, and seeds”), all listed diet items were classi-
fied as present.
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Trophic group
Using dietary information, we classified species into three trophic 
groups: predator, omnivore, and herbivore. For ranked presence- 
absence data, predators were defined as animals that primarily con-
sumed animal-based diet items and could consume plant-based diet 
items in small amounts; herbivores primarily consumed plant-based 
diet items and could consume animal-based diet items in small 
amounts, and omnivores primarily or secondarily consumed a mix-
ture of both types of diet items. For unranked presence-absence data, 
predators consumed only animal-based diet items, herbivores con-
sumed only plant-based diet items, and omnivore diets included 
items from both categories. To explore the sensitivity of results to 
our classification of trophic groups, trophic groups were classified 
in three different ways where the contributions of the herbivore or 
predator diet shifted: 70% cutoff, 80% cutoff, and 90% cutoff. Results 
described in the main text represent the most conservative view of 
predators and herbivores, with predators defined as species that con-
sume a ≥90% animal-based diet, herbivores as species that consume 
a ≥90% plant-based diet, and omnivores as species that consume an 
11 to 89% animal or plant-based diet. The 80% diet defines preda-
tors as species that consume a ≥80% animal-based diet, herbivores 
as species that consume a ≥80% plant-based diet, and omnivores as 
species that consume a 21 to 79% animal or plant-based diet. The 
70% diet defines predators as species that consume a ≥70% animal- 
based diet, herbivores as species that consume a ≥70% plant-based 
diet, and omnivores as species that consume a 31 to 69% animal or 
plant-based diet. In general, our conclusions about how trophic group 
shaped extinction risk were insensitive to our methods for defining 
trophic groups (fig. S1).

When diet information could not be found for a species, we ex-
trapolated trophic group from the sister taxonomic class. If a spe-
cies was formerly classified as another species or a subspecies, then 
the trophic group from the former classification was used. If the species 
was not formally classified as another species or a subspecies, then 
trophic group was extrapolated from the closest living congener 
or confamiliar using previously published phylogenies (32–34). To 
ground-truth this approach, we first removed all extrapolated spe-
cies from our dataset and then split the remaining data into training 
data (75% of the data) and test data (25%). We then assigned tro-
phic group to species in our test data set using the trophic group of 
the closest living relative in our training data. We repeated this pro-
cess across 1000 bootstrapped phylogenies to provide a mean accu-
racy (±SE) and compared our extrapolated trophic group results 
with the known trophic groups in the original data set. We found 
that our accuracies for predicting the trophic group of mammals, 
birds, and reptiles were 94% (±0.02), 82% (±0.03), and 88% (±0.05), 
respectively.

For late Pleistocene extinct mammals as listed by Smith et al. (27), 
only trophic group was classified and not diet due to a paucity of 
specific diet information. Trophic group was categorized on the basis 
information collated from the primary literature, databases, and closest 
extant congeners using similar protocols to the dietary categorization 
described previously.

Regions, habitats, and anthropogenic global change drives
To explore anthropogenic effects on trophic group patterns and the 
variability in threat classifications, we downloaded all species-specific 
extrinsic variables (i.e., habitats, regions, and associated anthropo-
genic threats) from the IUCN Red List of Threatened Species. Major 

geographic (land and marine) regions, habitats, and anthropogenic 
threats were classified as either present or absent for each species. 
The major anthropogenic global change drives classified by the IUCN 
were simplified into five major anthropogenic threat categories (3): 
habitat alteration (residential and commercial development, agri-
culture and aquaculture, energy production and mining, transpor-
tation and service corridors, human intrusions and disturbance, or 
natural system modifications), biological resource use (e.g., overex-
ploitation), climate change, pollution, and invasive species.

Body size
We used adult body size for classification. When male and female 
body sizes were given, we used the geometric mean of the two val-
ues. When a range of body sizes was given, we used the geometric 
mean of the smallest and largest value (30). Body mass was most 
readily available for birds and mammals. However, body size mea-
surements for reptiles were not standardized across taxonomic 
orders. Body size for Squamata was commonly reported as total length 
or snout-vent length, while body size for Testudines was reported as 
standard carapace length. To overcome nonstandardization methods 
for measuring body size, we converted all length measurements to 
body mass using previously published family-level length-mass re-
gressions. References for length-mass regressions are provided in the 
Supplementary Materials. If previously published regressions were 
not available, then we developed regressions from species in our 
data that contained both body mass and length data. For species 
with missing body size data, we extrapolated body size using the 
average of all congeners (excluding congeners that had been previ-
ously extrapolated this way).

Analyses
The IUCN Red List of Threatened Species consists of imperfect data 
as many species are classified as data deficient, and others have not 
been described at all. Because of the imperfect nature of the IUCN 
data, we used the available data to generate mean estimates and 95% 
confidence limits of the proportions of threatened species for differ-
ent trophic groups. Therefore, although we may not know what the 
exact true proportion of threatened species is for each trophic group, 
our CIs indicate boundaries within which the true number likely 
lies. We investigated patterns in the proportion of threatened spe-
cies for each trophic group (herbivore, omnivore, and predator) at 
the global scale for extant vertebrate species (mammals, birds, and 
reptiles), recently extinct vertebrate species (mammals, birds, and 
reptiles), and Pleistocene extinct vertebrate species (mammals only). 
Differences in proportions of threatened species among trophic groups 
were analyzed using GLMs, with threat status as the response vari-
able and trophic group as the predictor variable. We used a binomial 
error structure (threatened or not threatened) and a logit link func-
tion. Each species was treated as a single replicate and recorded as 
either threatened or not, or when historical patterns were examined, 
extinct or not. Following the GLM, post hoc Tukey’s tests were used 
to identify differences among trophic groups in the proportions of 
threatened or extinct species. For each trophic group, we produced 
mean estimates and 95% CIs of the proportion of threatened species 
using the “predict” function in R. These 95% CIs were compared to 
the proportion of threatened or extinct species across background 
levels, which were calculated by taking the number of threatened spe-
cies and dividing it by the total number of species in that analysis. If 
the 95% CI did not intersect the background fraction of threatened 
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species (i.e., background level), then the trophic group was desig-
nated as having a higher or lower proportion of threatened species 
than the background fraction. After running the analysis across all 
taxa in the IUCN Red List of Threatened Species, we split the data 
on the basis of taxonomic class and ran individual models for each 
class separately.

To understand the relationships between specific diet types and 
the proportion of threatened species, we ran subsequent analyses 
where each diet type was treated as a binary descriptive variable. 
This technique meant that each species could be classified in multi-
ple diet categories (i.e., an herbivore could be classed as consuming 
nectar and grain), meaning that the diet categories were not mutually 
exclusive. We used a GLM to understand how different diet catego-
ries are compared to the background fraction of threatened species, 
and again used the predict function to generate means and 95% CIs 
for each diet type. These 95% CIs for each specific diet were then 
compared to the background fraction of threatened species.

Following the global analyses, we split our data on the basis of 
habitat type and geographic region and repeated the analyses to un-
derstand how patterns in threat status of different trophic groups 
varied across geographic regions and habitat types. For each habitat 
or geographic region, we repeated the techniques described above 
for the global analyses. First, we used a GLM and post hoc Tukey’s 
test to assess differences in the proportion of threatened species among 
trophic groups for each habitat or region. We then used the predict 
function to generate mean proportions and 95% CIs for each taxo-
nomic class and compared them to the proportion of threatened spe-
cies within that taxonomic class (either all species, mammals, birds, 
or reptiles) across the globe. All analyses were carried out in R.

To determine potential drivers of extinction risk, we ran phylo-
genetic GLMs with both trophic group and body size as predictor 
variables. To determine whether specific anthropogenic drivers or 
the total number of anthropogenic drivers disproportionately affected 
herbivores, we examined the proportion of threatened species in each 
trophic group affected by resource use, climate change, habitat al-
teration, invasive species, and pollution while accounting for both 
body mass and phylogeny. Phylogenetic signal is well documented 
in IUCN threat status data (33, 35), and to ensure that this would 
not affect our models assessing support for potential mechanisms (36), 
we used a phylogenetic comparative approach. Our use of phyloge-
netic GLMs (37), as implemented in phylolm (38), ensures that our 
model estimates are robust to species shared evolutionary history. 
Further, to account for uncertainty about phylogenetic topology or 
divergence dates, we repeated our analyses across Bayesian posterior 
distributions of phylogenetic trees [reviewed in (39)]. We took 1000 
phylogenies for each taxonomic group—Faurby and Svenning (32) 
for mammals, Jetz et al. (34) for birds, and Tonini et al. (33) for 
reptiles—and repeated all analyses across them, reporting mean pa-
rameter estimates across all these models. To ensure that our trait 
and phylogenetic data were compatible, we matched all phylogenetic 
data to the taxonomy used by IUCN (that is, the basis of our trait 
data; see above) using taxize (40). We used Akaike information cri-
terion to select the most parsimonious model. R codes to repeat our 
analyses are given in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/32/eabb8458/DC1
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