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A B S T R A C T   

Species differ in their biological susceptibility to extinction, but the set of traits determining susceptibility varies 
across taxa. It is yet unclear which patterns are common to all taxa, and which are taxon-specific, with conse-
quences to conservation practice. In this study we analysed the generality of trait-based prediction of extinction 
risk across terrestrial (including freshwater) vertebrates, invertebrates and plants at a global scale. For each 
group, we selected five representative taxa and within each group we explored whether risk can be related to any 
of 10 potential predictors. We then synthesized outcomes across taxa using a meta-analytic approach. High 
habitat specificity was a consistent predictor across vertebrates, invertebrates and plants, being a universal 
predictor of risk. Slow life-history traits – large relative offspring size, low fecundity, long generation length –, 
and narrow altitudinal range were also found to be good predictors across most taxa, but their universality needs 
to be supported with additional data. Poor dispersal ability was a common predictor of extinction risk among 
invertebrate and plant taxa, but not consistently among vertebrates. The remaining traits (body size, micro-
habitat verticality, trophic level, and diet breadth) were useful to predict extinction risk but only at lower tax-
onomical levels. Our study shows that despite the idiosyncrasies among taxa, universal susceptibility to 
extinction exists and several traits might influence extinction risk for most taxa. Informing conservation prior-
itization at lower taxonomic scales should however include taxon-specific trait-based predictors of extinction 
risk.   

1. Introduction 

We are currently facing the sixth mass extinction at the planetary 
scale (Cowie et al., 2022), with species becoming extinct 1000 to 10,000 
times faster than background rates (De Vos et al., 2015). Not only spe-
cies, but the functions they provide and that benefit humanity are at risk, 
with unpredictable consequences towards ecosystem and human well- 
being (Carmona et al., 2021; Toussaint et al., 2021). Identifying the 
causes of species' decline is therefore a crucial step to use conservation 

resources efficiently. 
The main causes of decline are well identified and are human-driven: 

loss and conversion of habitat, excessive exploitation and persecution of 
many species, pollution, invasive species, and climate change (Secre-
tariat of the Convention on Biological Diversity, 2020). But species differ 
in their intrinsic attributes (life-history and ecological strategies) and 
therefore may be more or less susceptible to a particular driver of 
extinction (Purvis et al., 2000a, 2005). 

Hundreds of attributes have been tested as predictors of extinction 
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risk in the past (Chichorro et al., 2019). Most effects of traits depend on 
interactions with other factors, such as the threatening process 
(González-Suárez et al., 2013; Murray et al., 2014), the taxonomic level 
(Purvis et al., 2005) and taxa (Chichorro et al., 2019), and the spatial 
scale and extent of the study (Purvis et al., 2005). Based on these earlier 
studies two traits seem to be consistent predictors of extinction risk (i.e., 
universal predictors): narrow habitat specialization and geographical 
range (Chichorro et al., 2019). However, life-history and ecological 
theory suggest that additional universal traits exist. For example, 
extinction risk has been hypothesized to be related to slow life-history 
traits (Pimm et al., 1988; Purvis et al., 2000b), large body size (Purvis 
et al., 2000a), narrow habitat, diet, or climatic specialization (McKinney 
and Lockwood, 1999), poor dispersal ability (McCauley et al., 2014), 
high trophic level (Atwood et al., 2020; Purvis et al., 2000a), among 
others (Table 1). But their universality has not been so far properly 
examined because most studies linking the extinction risk of species to 
intrinsic and extrinsic factors have focused on few taxonomic groups or 
their scope is geographically narrow (Chichorro et al., 2019). Due to 
societal and knowledge biases (Cardoso et al., 2011; Etard et al., 2020; 
Verde Arregoitia, 2016), well-studied groups include vertebrates, 
namely mammals (Cardillo et al., 2008; Di Marco et al., 2018; Purvis 
et al., 2000a) and birds (Bennett and Owens, 1997; Gage et al., 2004; 
Richards et al., 2020) and the best-known region is the Palearctic realm 
(Chichorro et al., 2019; Nolte et al., 2019). Furthermore, the high vol-
ume of confounding effects and statistical approaches hampers synthe-
sizing efforts across studies (Chichorro et al., 2019). In order to identify 
robust universal predictors, taxonomic groups with different ecological 
strategies ought to be selected and analysed with a standardized statis-
tical approach at a global scale. In this study, we resolved the taxonomic 
and comparability issues and investigated whether several candidate 
traits could be used as universal, taxon-independent predictors of 
extinction risk. 

2. Materials and methods 

To investigate the relationship between traits and extinction risk, we 
first selected a set of candidate traits previously hypothesized to relate to 
extinction risk (Table 1) and quantified them for species within 15 taxa 
sampled from within three groups: vertebrates, invertebrates, and 
plants. Within each group and for each trait we fitted a generalized 
linear-mixed model to estimate the slope parameter of the regression 
between the trait and extinction risk. Generality was then investigated 
for each trait by running meta-analyses of the slope parameters obtained 
from each group. 

2.1. Species selection and data 

We restricted our analyses to vertebrates, invertebrates and plants, 
thus excluding major taxa such as the fungi due to the lack of extinction 
risk assessments available at the global scale (IUCN Red List of Threat-
ened Species™ (IUCN, 2021)). As another aim was to select species 
using the same stratified sampling and analyses, we also restricted the 
analysis to terrestrial and freshwater realms: marine species would 
require different spatial sampling. The selection of taxa was nevertheless 
performed to capture a wide range of life-histories, geographical areas, 
and taxa, which thus provides robustness and universality to the 
analyses. 

We chose five vertebrate, five invertebrate, and five plant taxa. Se-
lection of groups at the same taxonomical level was difficult because 
species information is often collated at different levels across taxa. 
Vertebrate taxa comprised the major groups of terrestrial vertebrates: 
“Mammals” (Class: Mammalia), “Birds” (Class: Aves), “Reptiles” (Class: 
Reptilia), “Amphibians” (Class: Amphibia) and freshwater “Fishes” 
(Class: Actinopterygii). Many invertebrate taxa lack assessments at a 
global scale and thus it was not possible to obtain an exhaustive set of 
taxa of the terrestrial and freshwater diversity. The invertebrates 

Table 1 
Traits studied, definition, examples, and hypotheses.  

Trait Definition Examples of 
traits 

Hypothesis References 

Body size Typical size of 
an adult 
organism. 

body mass, 
body length, 
plant height, 
plant mass, 
shell length 

Larger 
organisms are 
more 
vulnerable 
because 1) 
they tend to 
have lower 
population 
densities, 2) 
require more 
resources; and 
3) slower life 
cycles. 

(Purvis 
et al., 
2000a) 

Offspring 
size 

Typical size of 
an offspring. 

size at birth, 
egg size, seed 
size 

Organisms 
with larger 
offspring than 
expected by 
body size are 
more 
vulnerable to 
extinction 
because 
offspring size 
is often 
correlated 
with lower 
fecundity and 
slower life 
cycles with 
less capacity 
to adapt to 
new 
conditions. 

(Purvis 
et al., 
2000a) 

Fecundity Reproductive 
output. 

Number of 
offspring per 
reproductive 
event, 
number of 
reproductive 
events in a 
year 

Species with 
larger 
fecundities 
can 
compensate 
for the effects 
of higher 
mortality 
rates, 
particularly in 
the face of a 
changing 
environment. 

(Purvis 
et al., 
2000a) 

Generation 
length 

Typical length 
of the life 
cycle, from 
birth until 
reproduction. 

Generation 
length, age at 
maturation, 
max longevity 

Species with 
slow life 
cycles are 
more 
vulnerable to 
extinction, 
due to their 
weaker 
capacity to 
recover 
normal 
population 
numbers after 
a disturbance. 

(Purvis 
et al., 
2000a) 

Diet breadth Degree of 
narrowness of 
diet or of 
substrate used 

Number of 
food types 
ingested, 
diversity of 
prey, breadth 
of soil 
conditions 

Species with 
narrow diet 
breadths are 
more 
vulnerable 
because they 
are less able to 
shift diets 
when resource 
abundance 
fluctuates or 
decreases. 

(Di Marco 
et al., 2015; 
González- 
Suárez 
et al., 2013) 

(continued on next page) 
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comprised “Dragonflies” (Order: Odonata, including damselflies), 
“Butterflies” (Suborder: Rhopalocera), “Grasshoppers” (Order: Orthop-
tera), “Spiders” (Order: Araneae), and land “Snails” (Class: Gastropoda). 
In the selection of plants we followed a recent baseline study (Brummitt 
et al., 2015), which includes species sampled from the five main 
phylogenetic branches of land plants (embryophytes): “bryophytes”, 
excluding hornworts (Divisions: Bryophyta and Marchantiophyta), 
“ferns” (Classes: Lycopodiopsida, Polypodiopsida), “Gymnosperms” 
(Classes: Pinopsida, Cycadopsida, Gnetopsida), “Monocots” (Class: Lil-
iopsida), and finally the “Legumes” (Order: Fabales). “Legumes” served 
as a representative of the most diverse group of plants, eudicots, because 
they are the single family that best reflects both plant functional di-
versity as well as species richness of this large plant group (Nic Lugh-
adha et al., 2005; Brummitt et al., 2015), with species reaching forest 
canopy heights as well as many small, herbaceous species. 

To guarantee similar weights in the statistical analyses, we selected 
60 species for each taxon. Given that threats are not homogenously 
distributed in space (Harfoot et al., 2021), and to limit geographical 
biases in data (Etard et al., 2020) and to achieve global representa-
tiveness of the dataset, we selected, wherever possible, 10 species per 
taxon from each of six biogeographic realms (Table S1). To minimize 
knowledge biases, in which species selected for the study are those with 
more trait data, we randomly selected the species from within these 
taxa, provided each species were not Data-Deficient. Additionally, we 
selected equal numbers of threatened (one of each of Near Threatened, 
Vulnerable, Endangered, Critically Endangered, Extinct in the wild/ 
Extinct) and non-threatened (five Least Concern) species. Random se-
lection was performed by ordering IUCN species based on random score 
using the rand() function in Microsoft Excel (2016). 

As not all taxa have global coverage in the IUCN Red List, we had to 
restrict our dataset to smaller regions in the case of butterflies, grass-
hoppers, spiders, snails, and bryophytes. All species of spiders, snails and 
bryophytes were selected from Europe, due to a small number of as-
sessments from other geographical realms. For grasshoppers, most as-
sessments came from the Afrotropics and the Palearctic, and therefore 
30 species were selected from each. In butterflies, no Nearctic species 
were included due to low availability of data from that group (IUCN, 
2021), and very few from the Indo-Malay region were included. In total, 
our dataset included 872 species (Table S2). 

2.2. Trait selection and data 

As predictors, we selected traits of species whose relationship with 
extinction risk has been extensively hypothesized and often tested in 
previous studies (Table 1). These include traits related to pace of life- 
history (body size, relative offspring size, fecundity, generation 
length), traits related to specialization (habitat breadth, relative 

Table 1 (continued ) 

Trait Definition Examples of 
traits 

Hypothesis References 

Trophic 
level 

Trophic 
position 

Herbivore/ 
omnivore/ 
carnivore 

Organisms at 
higher trophic 
levels are 
more 
vulnerable 
because 
biomass 
available is 
reduced. 
Furthermore, 
they are 
affected by 
disturbance at 
lower trophic 
levels. 

(Purvis 
et al., 
2000a) 

Dispersal 
ability 

Capacity to 
disperse 

Migrant? or 
not, dispersal 
speed, 
dispersal 
distance 

Organisms 
with low 
dispersal 
ability are 
more 
vulnerable 
because they 
do not have 
the 
mechanisms 
to find 
suitable 
habitat around 
a changing 
environment. 

(Bartonova 
et al., 2014; 
Benscoter 
et al., 2013; 
Parlato 
et al., 2015; 
Saar et al., 
2012) 

Microhabitat Typical 
vertical 
stratum 
occupied in a 
habitat. 

Nest position, 
foraging 
stratum, 
vertical 
position in the 
water column 

Organisms 
that occupy 
lower strata in 
a habitat are 
more likely to 
face less 
extinction risk 
because they 
are less 
dependent on 
other species 
providing 
them 
verticality 
(like trees, 
bushes, etc.). 
On the other 
hand, species 
living on the 
ground may 
face higher 
predation 
pressure. 
Benthic 
organisms 
may be more 
vulnerable 
than those in 
the water 
column due to 
loss of good 
quality 
substratum 
and benthic 
vegetation. 

(Giam et al., 
2011; 
Johnson and 
Isaac, 2009) 

Habitat 
breadth 

Range of 
habitat types 
occupied. 

Number of 
habitat types 

Species 
capable of 
occupying a 
broad range of 
habitats are 
less likely to 
become 
extinct, 
because they 
may shift 

(Böhm 
et al., 2016)  

Table 1 (continued ) 

Trait Definition Examples of 
traits 

Hypothesis References 

preferential 
habitat when 
one is 
reduced. 

Altitudinal 
range 

Range of 
altitude levels 
occupied. 

Vertical 
distance 
between 
lower and 
higher limits 

Species with 
broader 
altitudinal 
ranges are 
able to adapt 
to different 
altitudinal 
strata and shift 
or survive in 
different 
altitudes when 
conditions 
change. 

(Keane 
et al., 2005)  
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altitudinal range as a proxy for climatic range and diet breadth), 
dispersal ability, trophic level, and microhabitat (measured as micro-
habitat verticality, from soil to canopy species). Despite of the fact that 
geographical range has been one of the traits hypothesized to be very 
important in the literature (Chichorro et al., 2019), we decided not to 
include this trait because Red List assessments are often based on range, 
making any inference circular (Munstermann et al., 2021). 

Different taxa differ in their life-history and ecological strategies. 
Therefore, for each trait considered, we often selected different trait 
“proxies” (Tables S3, S4), which are analogous traits (Weiss and Ray, 
2019), i.e., traits that indicate the same function across taxa but 
measured differently. The choice of proxies depended on the suitability 
of the trait as a proxy (e.g., body length is a better proxy of body size 
than body mass in birds, due to large variation within a migratory 
species between seasons (Scott et al., 1994)), and on the availability of 
data for that trait (e.g. dispersal ability is an ordinal trait reflecting the 
propensity to balloon in spiders and a continuous trait of seed size in 
plants). 

Trait data were compiled from the literature, including existing trait 
databases and guides (Billerman et al., 2022; Froese and Pauly, 2022; 
IUCN, 2021; Meiri, 2018; Myhrvold et al., 2015; Oliveira et al., 2017; 
Tobias et al., 2022; Uetz and Hošek, 2022; Wilman et al., 2014), original 
species descriptions (BHL, 2022; Cigliano et al., 2022) and in some cases 
also measurements of photographs of pinned or herbarium specimens 
(usually the holotype or paratype of species) available online (BHL, 
2022; Cigliano et al., 2022; Ryan, 2018). When no trait data were 
available for the species, we used either the value of a closely related 
species or the genus or family average; these latter approaches were used 
when values for other taxa were available in online trait databases. 
Average values at genus and family were not performed for binary data, 
habitat breadth, and altitudinal range, as these data cannot be accu-
rately predicted between species of larger taxonomic entities. Only 1.6 
% of the data in body size was imputed, contrasting with 45, 42, and 37 
% in diet breadth, trophic level, and fecundity, respectively. Snails (30 
%), Spiders (16 %), and Mammals (16 %) had the highest percentage of 
imputed data, and all plant taxa except bryophytes had no imputed data. 
Data were imputed most often by calculating average values at genus 
(64 %), or family (25 %) level, or for closely related species (10 %). 

Some taxa lacked data completely for some traits, such as fecundity 
and offspring size for dragonflies and spiders, and diet breadth for 
reptiles and amphibians. To avoid extremely high error estimates in the 
statistical analyses, we also discarded taxa-traits with less than three 
data points for each level of the response variable (threat status), as well 
as binary traits which lacked observations for each combination of trait 
value and threat status. 

Two traits, diet breadth and trophic level, were only studied in ani-
mal groups because they are invariant among plants. The trophic posi-
tion resolution was fine in some taxa (fishes, (Froese and Pauly, 2022)), 
while for others it was an ordered factor consisting of two or three levels 
(herbivores, omnivores, or carnivores). Dragonflies, butterflies, and 
spiders were not considered for this trait as all species are either her-
bivorous or carnivorous. 

Because offspring size is positively correlated with body size, we 
used a relative metric of offspring size instead: the residuals of a 
regression between log(offspring size) and log(body size) within all taxa. 
Because the altitudinal range is often related to the geographical range 
size of species, we used the residuals of a regression between log(alti-
tudinal range) and the log(geographical range size). Extinction axiom-
atically leads to a non-existent range, so we incremented all species' 
geographical range size by 0.1, so that log-transformation was possible. 
Likewise, the altitudinal range was incremented by 10 m for all species. 

We log-transformed count data (e.g. number of habitat types, num-
ber of diet types eaten), and continuous data (body length, number of 
offspring), except for the dispersal ability of dragonflies and bryophytes, 
and relative offspring size and altitudinal range, since these traits were 
already log-transformed when estimating the values. This ensured that 

the distribution of trait values followed a near-normal distribution 
without significant skewness and observations spread far away from the 
main density of trait values. 

2.3. Statistical analyses 

The goal was to understand if the relationship between 10 traits 
previously hypothesized to influence extinction risk is consistent across 
taxa or if some traits present contrasting signals dependent on taxon 
identity. The statistical analyses consisted of two parts: to calculate the 
relationship within taxa, and to summarize it across vertebrates, in-
vertebrates, and plants. For each taxon and trait combination, we fitted a 
bivariate generalized linear mixed model (glmm) using the trait value as 
the independent variable, threat status as the response variable and 
taxonomy as random-intercept effect to account for phylogeny given the 
inexistence of phylogenies for most taxa. Multivariate analyses would 
have been impractical due to the very low number of species with 
available data across all traits. The response variable was binary 
(following (Atwood et al., 2020; Payne et al., 2016; Ripple et al., 2017)): 
whether a species was threatened (1, including Near-Threatened, 
Vulnerable, Endangered, Critically Endangered and Extinct species), or 
not (0, including Least Concern only), and therefore the model was 
constructed using the Bernoulli distribution and logit link function. 
Traits were z-transformed before running the models, so that the slope 
terms could be compared across taxa and thus be used as effect sizes in 
the posterior analyses. As random grouping variables, we used the 
family level for all taxonomic groups. 

To analyse consistency of trait responses across groups, we ran fixed- 
effects meta-analyses using the extracted effect sizes from each taxo-
nomic group. This meta-analytic approach has the advantage of taking 
into consideration the magnitude of effects and not only whether signals 
from linear models were positive or not. For each trait we calculated 
three effect sizes (using the slope parameters) and their confidence in-
tervals (calculated from standard errors of the slope terms, at a signifi-
cance level of 0.05): across vertebrate, invertebrate and plant groups. 

We inspected the influence of imputed data, choice of sample size 
and differences in the number of available data among taxa in the model 
results. To test the influence of imputed data, we repeated the analyses 
excluding all imputed data and compared results with and without 
imputation. To test the influence of differences in species numbers 
among taxa we created 100 bootstrap datasets with 60 observations per 
trait*taxa and run the meta-analyses with the median value of the slope 
and standard error parameter across all 100 datasets. To test the choice 
of sample size, we collated a dataset with greatly increased sample size 
for mammals and birds, in the range of 1408–4851 and 1275–10,221 
observations per trait, respectively, and inspected whether effect sizes 
changed in these taxa. Mammals and birds were selected for this because 
they have comprehensive trait data easily available (Myhrvold et al., 
2015; Soria et al., 2021; Tobias et al., 2022) with relatively low tax-
onomical and geographical biases (Etard et al., 2020). All statistical 
analyses were performed in R version 4.2.0 (R Core Team, 2022). 
Generalized linear mixed models were performed with package 
glmmTMB (Brooks et al., 2017) and meta-analyses with package meta-
for (Viechtbauer, 2010). 

3. Results 

3.1. Effective sample sizes 

Data availability for each trait varied within and across the 15 taxa. 
Traits available for all the taxa included body size and habitat breadth, 
while all other traits were missing in at least one taxon: in these cases, 
data were either missing for all species or available only to a few species 
and thus not enough to be used in the statistical analyses. For example, 
trophic level, diet breadth, and fecundity were only considered for five, 
five, and six taxa, respectively (Table S2); the latter was almost 
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exclusively available for vertebrates only. On average, vertebrate taxa 
had data for 9.8 traits, invertebrates for 6.8 traits, and plants for 4.8 
traits. Considering only the taxa for which a trait was evaluated, the 
average data completeness was highest for habitat breadth (99 %), and 
body size (97 %), and lowest for altitudinal range (45 %), generation 
length (75 %), and diet breadth (78 %). As a percentage of the available 
data, imputed data varied among traits (excluding altitudinal range and 
habitat breadth, for which imputation was not applied, see methods, 
Table S5). 

3.2. Consistency of extinction risk prediction 

Habitat breadth was the trait with the most consistent signal across 
groups, with both significant negative relationships within many taxa (i. 
e., the confidence intervals not overlapping zero, Fig. 1), and meta- 
analyses indicating significant overall negative effect sizes among 
vertebrate, invertebrate, and plant groups (Fig. 1). 

Offspring size, fecundity and generation length showed significant or 
marginally significant overall effect sizes for either vertebrates, in-
vertebrates, or plants. (Fig. 1). Offspring size was correlated positively to 
extinction risk across plants, and in invertebrates the sole taxon studied 
for this trait also showed a positive relationship, despite non-significant. 
In vertebrates, fecundity was marginally negatively correlated, and 
generation length significatively positively correlated to extinction risk 
(Fig. 1). Altitudinal range was marginally negatively related to 

extinction risk in invertebrates and plants (Fig. 1). 
Dispersal ability was negatively correlated with extinction risk 

among invertebrates (Fig. 1), and the sole plant taxon studied for this 
trait (bryophytes) also suggested a negative relationship, with no 
apparent effect observed among vertebrates. 

None of the remaining traits showed any consistent response across 
either vertebrates, invertebrates, or plants (Fig. 1), although significant 
relationships were observed in within taxa comparisons for body size in 
birds and microhabitat in spiders (Fig. 1). 

Excluding observations with imputed trait values resulted in similar 
results in overall effect sizes, except for dispersal ability, where the 
significant negative overall effect size disappears within invertebrates 
(Fig. S1). Balancing observation numbers across taxa with bootstrapping 
led to similar overall effect sizes (Fig. S2), except for generation length 
and altitudinal range, where the significance in vertebrates disappeared 
in the former, and the effect became significantly negative within 
invertebrate taxa in the latter. Furthermore, the overall effect size of diet 
breadth and of microhabitat in invertebrates became marginally posi-
tive, with species with a greater diet breadth and microhabitat more 
prone to extinction. Within mammals and birds, adding more observa-
tions led to much narrower confidence intervals, but the same signal 
(Fig. S3). 

Fig. 1. Log-odds of extinction threat for each trait and within each taxon studied (glmms, thin dots and error bars), and among vertebrates, invertebrates, and plants 
(meta-analyses, bold diamond and error bars). Error bars represent lower and upper bound 95 % confidence intervals. Positive values indicate a positive relationship 
between the trait and extinction risk, and vice-versa. Confidence intervals not overlapping with 0 (marked with an asterisk *) indicate a smaller than 5 % probability 
that the slope of the relationship is zero. 
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4. Discussion 

Our results show that many traits that have been shown to be sig-
nificant predictors for some taxa cannot be used as general predictors 
across all groups. Based on their ability to predict extinction risk for 
many taxa, we can divide traits into four categories. The first category 
includes a single trait that can be confidently considered as universal, 
showing a similar relationship with extinction risk across all taxa 
(habitat breadth); the second category includes traits whose trends 
suggest that they may be universal, but additional data is needed to 
clarify this (slow life-history traits - offspring size, fecundity, generation 
length - and altitudinal range); the third category includes a single trait 
whose response is consistent across several but not all groups (dispersal 
ability); and the fourth category includes traits whose response is taxon- 
dependent (body size, diet breadth, trophic level, and microhabitat). 

4.1. Universal predictors 

We consider habitat breadth as the only universal predictor, with a 
consistent relationship with extinction across vertebrate, invertebrate, 
and plant groups. Species occurring in a narrow range of habitats have 
fewer opportunities to expand to and survive in alternative living con-
ditions and are consequently more likely to be threatened (Böhm et al., 
2016; Garcia-R and Di Marco, 2020; Slatyer et al., 2013). In fact, habitat 
breadth, together with geographical range size and abundance, is one of 
the three classical dimensions of rarity (Rabinowitz, 1981). In a previous 
meta-analysis (Chichorro et al., 2019), habitat breadth was the only 
factor, besides geographical range size, that was consistently found to 
correlate with extinction risk. This trait should be very relevant in the 
face of generalized natural ecosystem destruction with consequent 
habitat loss for numerous species. With increasing levels of habitat loss 
occurring across all biomes, species that are able to use alternative 
habitats will inevitably fare better. 

4.2. Candidate universal predictors 

We grouped in this category predictors which showed a significant or 
marginally significant overall effect size across vertebrates, in-
vertebrates, and plants, but for which data are lacking for certain groups 
which prevent them from being considered universal predictors. In this 
category we find offspring size, fecundity, generation length, and alti-
tudinal range. The former three are directly related to the r-K continuum 
of life-history strategies. r-strategists achieve maturity faster, live 
shorter, and produce many small offspring, whereas K-strategists ach-
ieve maturity later, live longer, and produce few, larger offspring per 
reproductive event. Populations of K-strategists are presumed to decline 
when they face demographic threats, due to their diminished capacity to 
compensate for higher mortality rates (Pimm et al., 1988). Despite the 
dominance of vertebrate data in these analyses, the trends seen in 
offspring size in plants and invertebrates, as well as marginal signifi-
cance of fecundity in vertebrates and invertebrates suggest that slow 
life-history traits might be consistently related with extinction risk. Even 
if data were missing for some plant taxa, it is likely that species with 
lower fecundity are also more threatened (Saar et al., 2012). Species 
with higher reproductive output will probably fare better in the future 
independently of any particular threat. 

The strong negative signal seen in the extended mammal and bird 
datasets, and the significance in invertebrates in the bootstrapped 
dataset suggests that altitudinal range may also be a universal trait. Here 
we consider altitudinal range to be a measure of climatic range. Species 
with lower range have fewer chances to exploit new habitats for sur-
vival, and thus confronting higher extinction risk (Botts et al., 2013). 
Furthermore, species with a greater altitudinal range may have a larger, 
continuous geographical distribution, thus providing better resilience 
against human impacts (Keane et al., 2005). This trait might become 
particularly relevant with the increasing levels of climate change, as it 

might indicate which species will be able to adapt in the future to 
changing temperature and precipitation patterns. 

4.3. Predictors at high taxonomic levels 

Traits in this category also had significant overall effect sizes but 
showed inconsistencies in effects between different groups studied. 
Dispersal ability was a consistent predictor of risk among invertebrates 
and plants, but not among vertebrates. In the face of localised threats, 
species with a better capacity to colonize new areas have a lower risk of 
extinction (Benscoter et al., 2013; Reinhardt et al., 2005). Consequently, 
taxa with high dispersal capability, such as birds and dragonflies, often 
have a lower number of threatened species compared to other taxa 
(IUCN, 2021). In addition, shifts in distributions caused by climate 
change are likely to exacerbate the extinction of poor dispersers 
(MacLean and Beissinger, 2017; Mattila et al., 2011; Santini et al., 
2016). This trait might be very relevant in predicting which species will 
be able to adapt to increasing levels of fragmentation of natural habitats. 
As fragmentation is one of the consequences of habitat loss, its effects are 
increasing at global scale, and having good dispersal ability might prove 
crucial to the survival of many species (Chichorro et al., 2022). High 
motility is also associated with lower extinction risk in the oceans 
(Knope et al., 2020; Payne et al., 2016). Dispersal ability may not be, 
however, as important for terrestrial vertebrates as it is for invertebrates 
and plants: most vertebrates are able to cross linear barriers such as 
roads, or to move much farther than many invertebrates or plants, for 
which even small fragmentation levels may pose a challenge (Bartonova 
et al., 2014; Saar et al., 2012). 

4.4. Predictors at low taxonomic levels 

This category includes all the other traits for which no general 
pattern was found. Despite non-significant overall predictors, they are 
useful predictors at lower taxonomic scales or for given threats. Large 
body size, for example, is an important predictor of extinction among 
mammals and birds (Cardillo et al., 2005; González-Suárez et al., 2013; 
Owens and Bennett, 2000), but the opposite pattern seems to show in 
amphibians (Cardillo, 2021). Furthermore, the importance of body size 
may depend on the biome considered (Fritz et al., 2009). Finally, species 
threatened by overexploitation may be larger than average (González- 
Suárez et al., 2013; Ruland and Jeschke, 2017), and species threatened 
by habitat specialization were hypothesized to be smaller than average 
due to their lower capacity to colonize new areas (Ripple et al., 2017). 

Surprisingly, diet breadth was an inconsistent predictor of risk unlike 
habitat breadth or altitudinal range (the other specialism-related traits 
studied here). The inconsistency may be due to two factors. First, it may 
be that this trait is truly inconsistent across taxa. For example, among 
mammals, diet specialists have been shown to be more at risk within 
bats (Boyles and Storm, 2007) but not within artiodactyls (Price and 
Gittleman, 2007). Alternatively, the data that were available for this 
trait was not the best proxy of dietary specialization. For almost all taxa 
considered, the proxy consisted of the number of diet types ingested by a 
species. Species A which has a value of two was thus considered less 
specialized than Species B that has a value of one, however, species A 
could in turn be more specialized than B if it requires both resource types 
to survive. 

As for trophic level and microhabitat, their inconsistency as pre-
dictors was not surprising. Multiple trophic levels could be more at risk 
depending on the taxon considered, such as carnivores (Newbold et al., 
2020; Purvis et al., 2000a), herbivores (Atwood et al., 2020), or even 
fungivores (Newbold et al., 2020). The microhabitat, and particularly 
the characteristics of the vertical microhabitat at which species occur, 
are highly variable across taxa due to many confounding factors that 
make it very unlikely for this trait to be used as a universal predictor of 
risk. 
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5. Conclusions 

In this study we analysed for the first time the generality of trait- 
based prediction of extinction risk across terrestrial (including fresh-
water) vertebrates, invertebrates, and plants. We have shown that some 
pathways to extinction are common to all groups. Habitat specialists 
tend to be more threatened. Species with slow life-histories, through 
large offspring size (plants), low fecundity (vertebrates), or long gen-
eration length (vertebrates and plants), and species with narrow alti-
tudinal ranges may also be more threatened with extinction across all 
taxa, but more data is needed to test these hypotheses. Species with poor 
dispersal ability are more threatened with extinction among in-
vertebrates and plants, but vertebrate responses are not consistent. 
Other traits, such as body size, diet breadth, trophic level, and micro-
habitat are important predictors of extinction but their importance and 
relationship with extinction risk varies with the taxon. This last set of 
traits should however be considered in some taxa, as they were all traits 
with a significant response in at least one taxon (Chichorro et al., 2019). 

We identify two main implications of this study to species conser-
vation. Firstly, even though habitat breadth has been identified as being 
universal, many seem only to be good predictors among lower taxo-
nomic scales. Consequently, in order to have more accurate, predictive 
power of extinction risk, capable of being used confidently for species' 
conservation prioritization, studies should focus on narrower taxonomic 
scales. On the other hand, due to the cross-taxon consistency of universal 
and potentially universal traits, these may nevertheless be used confi-
dently to inform assessments of risk in taxa lacking extinction risk as-
sessments and to provide rapid, rough measures of relative extinction 
risk. 
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Fritz, S.A., Thomas, G.H., Schleuning, M., 2022. AVONET: morphological, ecological 
and geographical data for all birds. Ecol. Lett. 25, 581–597. https://doi.org/ 
10.1111/ele.13898. 

Toussaint, A., Brosse, S., Bueno, C.G., Pärtel, M., Tamme, R., Carmona, C.P., 2021. 
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