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Abstract

The Tree of Life will be irrevocably reshaped as anthropogenic extinctions con-
tinue to unfold. Theory suggests that lineage evolutionary dynamics, such as age
since origination, historical extinction filters and speciation rates, have influ-
enced ancient extinction patterns — but whether these factors also contribute to
modern extinction risk is largely unknown. We examine evolutionary legacies in
contemporary extinction risk for over 4000 genera, representing ~30,000 species,
from the major tetrapod groups: amphibians, birds, turtles and crocodiles, squa-
mate reptiles and mammals. We find consistent support for the hypothesis that
extinction risk is elevated in lineages with higher recent speciation rates. We sub-
sequently test, and find modest support for, a primary mechanism driving this
pattern: that rapidly diversifying clades predominantly comprise range-restricted,
and extinction-prone, species. These evolutionary patterns in current imperilment
may have important consequences for how we manage the erosion of biological
diversity across the Tree of Life.

KEYWORDS

Editor: Tim Coulson

INTRODUCTION

Extinction is a crucial process in shaping the Tree of Life
(Raup, 1994), and with humanity's recent rise to global
ecological dominance we are now the principal driver of
this evolutionary force (Barnosky et al., 2011). The ‘rise
and fall’ of all lineages is one of evolution's few constants
(Raup, 1986), but rates of extinction can differ consid-
erably among clades due in part to legacies of heritable
traits, niches and geographic distributions that subtly
shape the tempo of this process (Jablonski, 1987, 2017;
Liow, 2007; McKinney, 1997; Roy et al., 2009). Whether
these evolutionary legacies also contribute to current
anthropogenic extinctions remains an outstanding
question.

There are several reasons to expect a broad concor-
dance between patterns of ancient and modern species
extinction. There are certain lineage characteristics that

diversification, evolutionary age, extinction risk, extinction selectivity, phylogenetics, range
dynamics, turnover, vertebrates

have consistently influenced ancient extinction rates
— including geographic range size (Harnik, Simpson,
et al., 2012; Jablonski, 1986; Orzechowski et al., 2015),
niche specialisation (Heim & Peters, 2011; Smits, 2015)
and global abundance (Kiessling & Aberhan, 2007) —
and these same characteristics also consistently influ-
ence contemporary extinction risk (Bohm et al., 2016;
Chichorro et al., 2019; Lee & Jetz, 2011). Extinction
drivers now associated with humans are also not all
evolutionarily novel: rapid biome shifts; the invasion of
novel predators, competitors and parasites; and sweep-
ing environmental changes have all been long-standing
themes in Earth's biotic history (Harnik, Lotze, et al.,
2012). Undoubtedly, the rate at which these extinction
drivers are now exerted is magnitudes greater than in
the past (Barnosky et al., 2011; Gaffney & Steffen, 2017),
but regardless of pace those lineages that have repeat-
edly survived these historical extinction filters should be
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more resilient in the present (Balmford, 1996; Betts et al.,
2019). Similar evolutionary patterns evident in deep-time
extinction dynamics - including clade age, lineage turn-
over and recent speciation rates — may therefore also in-
fluence future species loss as the Anthropocene unfolds.

Extinction risk of both species and higher-order
clades may be age-dependent (Pearson, 1995), changing
over the course of a lineage's ‘lifespan’ (1. Clade Age hy-
pothesis; Figure 1). There are several mechanisms that
could elevate extinction risk in recently diverged lineages
(Prediction 1.1): ‘young’ clades may have evolved into
ephemeral or crowded adaptive zones ( Stigall, 2014),
possess narrow niches and geographic distributions
(Davies et al., 2011; Heim & Peters, 2011), or have not yet
passed through extinction filters that winnow out sus-
ceptible lineages compared to older clades (Balmford,
1996). Alternatively, ancient lineages may have higher
extinction risks (Prediction 1.2): these ‘older’ clades
may be adapted to declining relict niches (Foote et al.,

2007; Tanentzap et al., 2020) and possibly exhibit slower
rates of molecular and phenotypic evolution generally
(Gingerich, 1983; Ho et al., 2011). Importantly, while van
Valen (1973) presented evidence that extinction risk may
be independent of age (but see: Hagen et al., 2018), his
comparisons were within clades, and his proposed mech-
anism was competition between related taxa sharing an
adaptive zone. Age-dependent extinction risk could still
emerge among distantly related clades that occupy dis-
tinctive adaptive zones with respect to each other.
Extant clades also vary considerably in their history
of past extinctions (Pyron & Burbrink, 2012; Quental
& Marshall, 2013), and this might reflect differences
in intrinsic resilience to extinction as associated with
conserved traits in modern-day species. Phylogenies of
extant species are shaped by both speciation and extinc-
tion, but there appears to be little information on past ex-
tinction that can be inferred from extant tree shape alone
(Louca & Pennell, 2020, 2021). However, a pattern of a
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FIGURE 1 Predictions of how evolutionary dynamics may influence contemporary imperilment (proportion of threatened species) across
extant clades. The Clade Age hypothesis (H1) posits that species’ extinction risk may either increase (P1.1) or decrease (P1.2) from the time since
their clade originated (stem age, T,). Under the Turnover hypothesis (H2), extinction risk may be elevated in clades with a higher turnover of
speciation and extinction events in their deep history (P2.1) — which may be reflected in a short clade crown age (T,) relative to a long stem age
(T,), as ancient stem lineages (indicated as X) have been lost due to high extinction rates. Alternatively, a short clade crown-to-stem ratio may
reflect a late adaptive radiation with a concurrent reduction in extinction risk (P2.2). The Diversification Rate hypothesis (H3) suggests that
extinction risk may differ depending on the rate of lineage diversification (log(R/2)/T,): if faster diversification is due to low extinction, then one
would predict lower extinction risk in these clades (P3.1). However, if speciation and extinction are positively correlated due to shared drivers,
then we would predict higher extinction risk in faster diversifying lineages (P3.2)
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long clade stem age (i.e. a lineage's time since divergence
from its sister taxon) relative to crown age (i.e. the earli-
est divergence within a clade from which all extant taxa
descend) is consistent with the loss of numerous stem
lineages over time (Bennett et al., 2017, Budd & Mann,
2020). This ratio of crown to stem age may therefore be
informative about lineage turnover: the rate of extinc-
tion relative to speciation. If true, then we may expect
that groups with a low ratio of crown-to-stem age should
have higher extinction risk in the present (2. Turnover hy-
pothesis, Prediction 2.1; Figure 1). However, a low ratio
of crown-to-stem age may also arise if an ancient lineage
undergoes a late and sudden radiation (Nagalingum
et al., 2011), potentially into new adaptive zones. In this
scenario, we may expect extinction risk to instead be
lower in these clades, as incipient species may be in the
midst of expanding their distributions and niche space
(Prediction 2.2; Figure 1).

Absolute differences in speciation and extinction rate
across extant lineages might also shape contemporary ex-
tinction patterns (3. Diversification hypothesis; Figure 1).
High net diversification rates may be due to exception-
ally low rates of extinction relative to speciation within
a lineage, predicting that clades with higher diversifica-
tion may have lower modern extinction risk (Prediction
3.1). Alternatively, it has been suggested that speciation
and extinction rates among lineages are broadly posi-
tively correlated (Stanley, 1979), as the same traits and
environments (e.g. dispersal limitation, niche speciali-
sation, peripheral habitats) that promote lineage diver-
gence also tend to elevate the risk of lineage extinction
(Jablonski, 1986, 2017; Stanley, 1990). Cladogenesis itself
may also elevate extinction risk, as incipient lineages are
likelier to exist in small initial populations with higher
genetic loads (Lynch et al., 1995). Extinction must always
lag speciation, and clades with high rates of recent spe-
ciation may therefore have a preponderance of ‘walking
dead’ lineages with high intrinsic extinction risk (Nee
et al., 1994). This ‘macroevolutionary trade-off” between
speciation and extinction across lineages would then
predict that contemporary risk may be concentrated
in clades with high rates of recent net diversification
(Prediction 3.2). This prediction combines elements of
both the age (of species, rather than clades) and lineage
turnover hypotheses, where the toll of extinction for na-
scent species has just not yet been paid.

Support for the effects of evolutionary history on
contemporary extinction patterns remains mixed across
the various taxonomic scales and groups in which these
hypotheses have been examined. Both younger clades in
some plant groups (Davies et al., 2011; Tanentzap et al.,
2020) and older clades in some vertebrates (Gaston &
Blackburn, 1997; Johnson et al., 2002; Verde Arregoitia
et al., 2013) have been associated with heightened mod-
ern extinction risk. Clade diversification rates also
positively correlate with extinction risk in plants (gen-
era: Davies et al., 2011; Tanentzap et al., 2020; families:

Schmidt et al.,, 2021) and amphibians (Greenberg &
Mooers, 2017). The leading mechanism explaining these
associations between clade extinction risk and evolution-
ary dynamics is their joint associations with species’ geo-
graphic range size.

Range size has been the most prominent predictor
of lineage extinction in both the fossil record (Harnik,
Simpson, et al., 2012; Orzechowski et al., 2015) and in
modern history (Boyer, 2010; Loehle & Eschenbach,
2012). Geographic distributions can change with age,
as incipient lineages first expand and then contract
over time (Foote et al., 2007; Liow & Stenseth, 2007).
This same pattern can also emerge stochastically with
speciation and extinction (Pigot et al., 2012). Speciation
rate and range size also tend to be related (Davies et al.,
2011; Greenberg & Mooers, 2017; Jablonski & Roy, 2003),
which could arise either directly from cladogenesis via
the fission of ancestral ranges through vicariance or pe-
ripheral isolation (i.e. peripatry) of populations (Pigot
et al., 2010), or indirectly through clade characteristics
that simultaneously promote broad ranges and dampen
speciation rates (e.g. high dispersal capability or ecolog-
ical generalisation; Jablonski & Roy, 2003).

Curiously, many studies examining the relation-
ship between threat and diversification rate at the
species-level using evolutionary distinctiveness (ED), a
measure that reflects the inverse of species-level diver-
sification rate and divergence time (Jetz et al., 2012),
generally find no association (among mammals: Verde
Arregoitia et al., 2013; birds: Jetz et al., 2014; squamates:
Tonini et al., 2016; amphibians: Jetz & Pyron, 2018; but,
see Chondrichthyans, Stein et al., 2018, and non-avian
Archosauromorphs, Colston et al 2020). This difference
in reported evolutionary patterns between species-level
and clade-level measures may be due to the underappre-
ciated fact that, while a species’ ED is highly correlated
with its divergence time from its closest relatives, lineage
divergence time can vary widely even under homoge-
nous birth-death model rates (Weedop et al., 2019). This
discrepancy between taxonomic levels may emerge then
purely due to stochastic processes (Weedop et al., 2019),
as the stochastic contribution to estimated diversifica-
tion rates should decline with longer phylogenetic time-
scales (see Figures SI and S2). Another key factor is that
species-level divergences measured from a phylogenetic
tree do not necessarily reflect the true ‘origin’ of a lineage
(Ezard et al., 2012), particularly if the dominant form of
speciation is through the asymmetrical budding of new
lineages via peripatry (Hodge et al., 2012). In the latter
process, species’ divergence times (and species-level di-
versification rate) are expected to be highly decoupled
from range size (e.g. widespread founder lineages will
appear as recent originations from their daughter lin-
eages), thereby obscuring the association between evo-
lutionary dynamics and modern extinction risk at this
phylogenetic scale. Both scenarios support testing these
hypotheses in higher-order clades.
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Here, we test for evolutionary legacies in contempo-
rary extinction risk within the tetrapods, by compar-
ing the distribution of modern species imperilment and
geographic range size patterns to evolutionary dynam-
ics among 4404 tetrapod genera, including amphib-
ians (n = 458), birds (n = 1948), mammals (n = 1073),
squamates (with Sphenodon, n = 821) and non-avian
archosauromorphs (turtles and crocodiles, hereafter
archosauromorphs, n = 104), collectively representing
29,763 species.

METHODS
Taxonomic and phylogenetic data

To understand how evolutionary dynamics may shape
patterns of contemporary threat, we delineated genera
for each major tetrapod group from available recent mo-
lecular phylogenies (Colston et al., 2020; Jetz & Pyron,
2018; Jetz et al., 2012; Tonini et al., 2016; Upham et al.,
2019). We synonymised the tips of each tree with recent
taxonomic datasets (AmphibiaWeb, 2020; Burgin et al.,
2018; Colston et al., 2020; Handbook of the Birds of the
World & BirdLife International, 2018; Uetz et al., 2020;
Table S1) and elected to only include tips that had mo-
lecular data available to ensure that estimates of stem
and crown ages were based on estimated, rather than im-
puted, branching times. We extracted crown and stem
ages from a random sample of 100 phylogenies from the
credible set of each tetrapod group. We only retained
these estimates when a genus was monophyletic in a
given phylogeny, and only examined genera with at least
10 monophyletic estimates across the set.

We delineated three evolutionary predictors that may
shape contemporary threat across lineages, based on the
hypotheses outlined (Figure 1). To test the Clade Age hy-
pothesis (H1), we calculated the stem age for each genus
—that is the time since divergence between a genus and its
closest relative(s). Although this hypothesis should also
apply for species, the overall high fraction of missing spe-
cies precludes accurate estimates of species-level diver-
gence times to test this. To test the Turnover hypothesis
(H2), we calculated the ratio of genus crown age (the time
since divergence of all extant species) to genus stem age
(crown-to-stem ratio). When extinction is high relative to
speciation then we may expect that clade to have a short
crown age relative to its stem age, reflecting the frequent
extinction of stem lineages since its origination. We con-
firmed through simulations of phylogenies from a birth-
death process (detailed in the Supplementary Material)
that, on average, a smaller crown-stem ratio can indicate
high levels of turnover (Figure S4). We note that this met-
ric does not measure absolute diversification rate, and so
is distinct from diversification rate predictions.

To test the Diversification Rate hypothesis (H3),
we calculated recent net diversification rates using the

methods-of-moment (MoM) estimator based on clade
crown age (Magallon & Sanderson, 2001). This estimates
net diversification (the average rate of species accumu-
lation from clade origin) based on clade richness (R, di-
vided by the initial split) and crown age (7,): (log(R/2)/T).
The MoM estimator is one of many approaches to quan-
tify diversification rates, and it implicitly adopts some
unrealistic assumptions — for example time-constant
rates and unbounded diversity limits (Morlon, 2014;
Rabosky & Benson, 2021). MoM estimates based on
crown ages for relatively young clades (i.e. genera) will
be more reflective of recent speciation (Nee et al., 1994),
which is ideal when examining lagged pulses of impend-
ing extinction. Time-varying rates of speciation would
be preferable, but identifying the temporal dynamics of
speciation and extinction from molecular phylogenies
of exclusively extant lineages appears to be intractable
(Louca & Pennell, 2020). Similar identifiability issues
exist for the MoM estimator (Rabosky & Benson, 2021),
and we discuss our rationale for its use in this study in
the Supplemental Material. As diversification rate esti-
mates tend to be biased by clade age (Henao Diaz et al.,
2019; Rabosky & Benson, 2021), we also ran separate
models including crown age as an additional covariate
to diversification rate in contributing to modern threat.

The MoM estimator relies on accurate estimates of
clade crown ages in the phylogeny, which will depend on
how many extant species are represented in the phylog-
eny (lower species representation will bias crown ages to
be underestimated) in addition to the fossil dating and
models of molecular evolution used to construct a dated
phylogeny. We simulated how missing data may impact
our estimates of crown age using a birth-death model
among clades of varying extant richness (Figure S3) and
set clade-size based cut-offs for species representation to
reduce biases in genus crown age (Table S2). For genera
that did not meet the representation cut-off, we censored
their crown age estimates and therefore could not cal-
culate net diversification rate or crown-stem ratios for
these clades. We also excluded ditypic genera, as such
clades do not have enough information to characterise
their underlying diversification rates as the numerator is
always zero. The MoM estimator requires an assumption
on lineage turnover (eq. 7, Magallon & Sanderson, 2001)
or relative extinction rate (e); we present diversification
rate with e = 0.5, and results with e = 0 or e = 0.9 are
included in Table S4.

Rather than extinction risk emerging as a byprod-
uct of the characteristics that promote speciation rates
within a clade, it may simply emerge from either the total
number of speciation events, or the carrying capacity for
species diversity, within a clade. The total extant spe-
cies richness of a clade captures both of these mecha-
nisms (Rabosky, 2009). As such, we also included log,
transformed extant richness (known as the ) statistic;
Rabosky, 2009) as a predictor in our models — both alone
and in combination with diversification rates.
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Threat and range data

To characterise extinction risk at the clade level, we de-
termined the number of assessed species for each genus
that were listed in ‘threatened’ or ‘non-threatened’ cat-
egories according to the International Union for the
Conservation of Nature (IUCN, vers. 2020-2). We ag-
gregated threat categories into a binary classification
to have a more robust sample to detect differences in
threat probabilities among genera. Threatened included
any species listed as Vulnerable, Endangered, Critically
Endangered, Extinct in the Wild, as well as confirmed
historical extinctions (Extinct). Non-threatened in-
cluded species listed as either Least Concern or Near
Threatened. The total number of threatened species
in our datasets included 1995 amphibians (41.5% of
4804 species), 1324 birds (14.6% of 9083), 206 turtles and
crocodiles (79.5% of 259), 972 squamate reptiles (19.3%
of 5030) and 1035 mammals (27.1% of 3818). We sum-
marised species’ extinction risk at the genus-level as the
proportion of threatened species in the clade, that is (N
threatened! Vassessea)» Which is equivalent to the per-species
probability of threat. We omitted species that were Data
Deficient or Not Evaluated, assuming that the propor-
tion of assessed species that are threatened is representa-
tive of the genus-wide threat distribution. We also used
continuous probabilities of extinction based on these
threat categories (e.g. Davis et al., 2018) and replicated
our analyses to explore this methodological choice (see
Table S3).

We used estimates of species range size (in km?), based
on the total area of species’ extent of occurrence polygons,
from the TUCN and additional compilations for amphibi-
ans (Gonzalez-del-Pliego et al., 2019), birds (with distribu-
tions restricted to resident and breeding ranges; BirdLife
International, 2018), turtles and crocodiles (Colston et al.,
2020), squamate reptiles (Roll et al., 2017) and mammals
(Upham et al., 2019). We note that these range sizes also
included historical distributions where the species is now
extirpated (primarily in birds and mammals). Details on
characterising species range size for each group are avail-
able in the Supplementary Material.

Analysis

To test how different evolutionary metrics influence
modern threat and range size, we conducted three pri-
mary sets of analyses. For our analyses we constructed
Bayesian phylogenetic generalised linear models in Stan
(Carpenter et al., 2017) using the brms package (Biirkner,
2017) in R version 4.0.2. Explicit model formulae and
prior specifications are detailed in the Supplementary
Material.

In our first set of analyses, we test whether genus
extinction risk is influenced by lineage age, turnover
or diversification rate, by modelling the proportion of

threatened species in each clade using a negative bino-
mial rate model. This approach models the number of
threatened species in a clade with an offset for the (log,
transformed) number of assessed species in each clade
— effectively modelling the probability of a given as-
sessed species being threatened. The negative binomial
distribution accounts for the higher variance (V) in the
proportion of threatened species in species rich (i.e.
higher u) clades, which is captured by the overdisper-
sion parameter (®) in the quadratic parameterisation as:
V = u + u*/®. The proportion of threatened species was
overdispersed in each group, except for the archosauro-
morphs (Figure S5).

We accounted for shared ancestry among genera with
a phylogenetic correlation matrix in each model. To test
our three hypotheses, we fit models where the proportion
of threatened species was a function of the specific evo-
lutionary predictor: stem age, crown-stem ratio or diver-
sification rate. To formally incorporate the uncertainty
of these evolutionary predictors among the 100 sampled
phylogenies, we treat each metric as ‘missing’ data in
our modelling approach — where the estimated geomet-
ric mean and standard deviation of each metric for each
clade is treated as a prior distribution, from which an
estimated ‘true’ stem age or diversification rate is sam-
pled in each iteration of the Bayesian model. We applied
log, transformations to stem age and diversification rate,
or a logit transformation for the crown-stem ratio. We
assessed support for each hypothesis based on 95% cred-
ibility intervals of the posterior parameter estimates.

In our second set of analyses, we test whether evolu-
tionary predictors were also linked to the range dynam-
ics of clades. We modelled the geometric mean species’
range size (log,, transformed) within each genus as a
function of each evolutionary predictor with a Gaussian
distribution, while accounting for phylogenetic heritabil-
ity among genera. We applied the same model fit proce-
dures for each predictor as for the threat models. Not
all species within a genus had range size data available,
and so to account for the uncertainty in mean range sizes
we weighted the model contribution of each genus by the
proportion of species with data.

Finally, given our results with both threat and range
size, in our third set of analyses we aimed to assess the
interdependency of range size and diversification rate
in shaping genus extinction risk. We compared models
of the proportion of threatened species as a function of
mean range size and diversification rate, independently
and with both terms included together. The combined
model allows us to estimate the partial regression coef-
ficients and assess whether the effects of diversification
rate are mediated entirely or partially by the mean spe-
cies’ range size of genera. If the effects of diversification
rate remain robust, based on the magnitude and credible
interval of the partial regression coefficients, then this
may suggest that mechanisms beyond range dynamics
contribute to the relationship between modern threat
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and clade diversification rates among genera. We also
note, however, that there may be additional variation in
the range size distribution of clades that is simply not
captured by the geometric mean.

RESULTS

Evolutionary patterns of contemporary
imperilment

Among 4278 tetrapod genera, contemporary extinction
risk appears to be shaped by historical evolutionary dy-
namics through several pathways (Table 1).

For most groups, clade age had no relationship with
contemporary threat (Figure S6). In both birds and
mammals, however, contemporary threat was higher for
recently diverged genera and declined for older clades
(birds: B, = —0.273 [95% CI = =0.422, —0.129]; mam-
mals, B, = —0.163 [-0.305, —0.018]). However, the lack
of broad consensus suggests that there is no general re-
lationship between modern threat and clade age across
the tetrapods.

Similarly, there was little support for the hypothesis
that genera with low ancient turnover also exhibit lower
contemporary extinction risk. This prediction had only
weak support in birds (g = —0.132[-0.266, 0.002]) and
squamates (Bgg = —0.174 [-0.356, 0.011]), and was insig-
nificant in all other groups (Figure S7).

In contrast, the hypothesis that clade diversification
rates may shape contemporary threat received near
unanimous support across the tetrapods (Figure 2). We
found a consistent positive relationship between contem-
porary extinction risk and diversification rate among
genera in amphibians (B = 0.397 [0.090, 0.720]), as re-
ported by Greenberg and Mooers (2017), but also in birds
(Bpr =0.47410.287,0.672]), squamate reptiles (Bpg = 0.491
[0.178, 0.816]) and mammals (B, = 0.288[0.033, 0.553]).
Only the archosauromorphs showed a negative relation-
ship between the proportion of threatened species and
diversification rate (Bpg = —0. 072 [-0. 510, 0.388]), but
we did not find strong evidence suggesting that this re-
lationship significantly differed among the five groups
(Table S5). Generic species richness was unrelated to
modern threat for most clades (amphibians, By = 0.095
[-0.030, 0.221]; archosauromorphs, B¢ = —0.024 [-0.283,
0.253]; squamates, By = 0.040 [-0.124, 0.210]; mammals,
Bg = 0.021 [-0.136, 0.190]), but there was a significant
positive association in birds (B¢ = 0.159 [0.021, 0.300]).
Nevertheless, the effect of genus diversification rate on
modern threat remained unchanged for every major
group when modelled jointly with both species rich-
ness (Table S6) and crown age (except mammals; Table
S7). Collectively, the hypothesis that extinction risk and
speciation rate are positively correlated through shared
drivers is strongly supported by the distribution of mod-
ern threat status in tetrapods.

Evolutionary dynamics of range size

Across every tetrapod group, we found a negative re-
lationship between the mean species’ range size and
net diversification rate of genera (Figure 3). This rela-
tionship was significant for amphibians (S = —0.518
[-0.776, —0.254], birds (g = —0.375 [-0.485, —0.264]),
squamates (S = —0.393[-0.599, —0.185]) and mammals
(Bpr = —0.251 [-0.418, —0.078]), but was weaker and
non-significant in the archosauromorphs (S = —0.232
[-0.607, 0.148]). These effect sizes correspond to a con-
siderable difference in the expected range size of a spe-
cies from the slowest compared to fastest diversifying
genera of each clade: 26-fold greater for amphibians, 55-
fold for birds, 36-fold for squamates and 8-fold for mam-
mals; there was no strong evidence that the scaling of
mean species’ range size with genus diversification rate
significantly differed among the five tetrapod groups
(Table S8).

Consistent with our extinction risk results, neither
stem age nor turnover show strong relationships with
patterns of contemporary range size across lineages. The
only other significant pattern that emerged was in birds,
where genera with older lineage ages had larger mean
extant range sizes (B, = 0.131 [0.039, 0.222]; Table S9).

Range size as a mediator of evolutionary
patterns of threat

The effect of genus diversification rate on extinction risk
in each tetrapod group was consistently weakened when
also conditioning on mean species’ range size (Figure 4)
— with a greater shift for amphibians and squamate rep-
tiles compared to birds and mammals. After account-
ing for mean range size, the confidence intervals for the
partial effect of genus diversification rate crossed zero
for amphibians (fp; = 0.120 [-0.114, 0.359]), squamate
reptiles (fpr = 0.229 [-0.023, 0.506]) and mammals
(Bpr = 0.230 [-0.017, 0.482]), but for birds the independ-
ent effect of diversification rate remained significant
(Bpr = 0.317 [0.128, 0.519]). Overall, this suggests that
the link between modern threat and diversification rate
among tetrapod genera is partly mediated by evolution-
ary patterns in geographic range size.

DISCUSSION

The extinctions poised to occur in the coming centuries
appear to be unfolding in an uneven manner across the
tetrapod Tree of Life. Our results indicate that among
four of the five major tetrapod groups, those genera that
have diversified faster are poised to disproportionately
lose this diversity in the near future. In part, this phe-
nomenon can be explained by the evolutionary dynamics
of species’ range sizes, whereby species from genera with
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FIGURE 2 Genus-level contemporary extinction risk, measured as the proportion of species in ‘threatened’ TUCN categories, as a function
of net diversification rate (log, normalised, averaged across the phylogenetic distribution). Grey lines indicate model predicted relationships
between the probability of a species being listed in a threatened category based on genus diversification rate from parameters drawn from the
full posterior distribution of each model. The solid line indicates the relationship based on median parameter estimates. Points are scaled to the
number of assessed species in a genus and horizontal point lines represent =1 standard deviation in rate estimates
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TABLE 1

Median coefficient estimates from the posterior distribution of models evaluating the lineage age (), turnover (fqg), and

diversification (fg) hypotheses on the proportion of currently threatened species for each of the five major Tetrapoda clades.

Lineage age hypothesis Turnover hypothesis Diversification hypothesis

Bace n Besr n Bor n
Amphibians —0.026 [-0.331, 0.274] 448 —0.079 [-0.225, 0.082) 206 0.397[0.090, 0.720] 181
Aves —-0.273 [-0.422, —0.129] 1982 —0.130 [-0.263, 0.006] 644 0.474 10.287, 0.672] 456
Archosauromorphs 0.163 [-0.253, 0. 569] 99 0.022 [-0.256, 0.317] 58 —0.072[-0.510,0.388] 38
Squamates —0.163 [-0.424, 0.099] 742 —0.172 [-0.354, 0.013] 293 0.491 [0.178, 0.816] 245
Mammals —0.163 [-0.305, —0.018] 1058 —0.020 [-0.162, 0.129] 359 0.288[0.033, 0.553] 251

Note: Coefficient estimates correspond to the expected change in the probability of threat per assessed species on the log, scale. Significant coefficient estimates,
based on 95% credible intervals from the posterior (in brackets), are bolded.

D —A—
. Threat ~ ...
e
S RS - alone
—_—
. RS - combined
A
e . DR - alone
A : A
. DR - combined
CAY
AC
/
A
I I |
0.0 0.5 1.0

Coefficient Estimate

FIGURE 4 Theindependent and combined effects of mean range size (RS) and diversification rate (DR) on the proportion of threatened
species within a genus. The empty and filled symbols indicate each predictor in a model either alone or when also accounting for the other
variable (i.e. range size or diversification rate). The lines indicate 95% credible intervals for the estimated effect. The effect of diversification
rate decreases when combined with mean range size for each group, with a greater shift for amphibians and squamate reptiles compared

to birds and mammals, suggesting that the relationship between threat and diversification rate (Figure 2) is mediated at least in part by
evolutionary patterns in geographic range size (Figure 3)
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faster diversification rates tend to have more restricted
geographic distributions on average. Range size itself
is a category for assessing contemporary threat (under
Criterion B, TUCN, 2020), which introduces a potential
circularity. However, range-restricted species have also
been shown to be disproportionately lost from envi-
ronmental change at local scales (Newbold et al., 2018;
Staude et al., 2020), and range size has consistently
been the predominant predictor of ancient extinctions
(Finnegan et al., 2015; Harnik, Simpson, et al., 2012;
Harnik, Lotze, et al., 2012; Orzechowski et al., 2015), sug-
gesting that small range size is a reliable risk factor for
extinction. These patterns have important consequences
for our understanding of both historical and contempo-
rary biodiversity loss.

The consistent relationship between recent diversifi-
cation rates and modern extinction risk across tetrapod
genera supports the theory that speciation and extinction
rates are in general positively correlated across lineages
(Jablonski, 2017; Stanley, 1979, 1990), and is congruent
with extinction patterns over deep evolutionary timescales
(Knope et al., 2020; Marshall, 2017). This pattern suggests
that, at least for some clades, there is a tendency towards
both the rapid genesis and subsequent loss of incipient
lineages — a high frequency of speciation and extinction
events through time consistent with the ephemeral spe-
ciation model (Rosenblum et al., 2012). This same lineage
turnover pattern could also emerge as an artefact of tax-
onomic inflation — for example if the elevation of certain
populations to species status is driven by conservation
concerns (Isaac et al., 2004) — but this seems unlikely to
consistently be the case so broadly across tetrapods.

We show that many species in rapidly diversifying
lineages generally have highly restricted geographic
distributions, suggesting a clear mechanism whereby
novel species would both be gained and lost quickly.
Exceptions to this trend exist though, as there is consid-
erable variation in modern extinction risk among clades
across the diversification spectrum — some clades appear
to be both rapidly expanding in diversity and apparently
unimpeded by human impacts. These lineages might
be in the midst of rapid expansions in species number,
distribution and niche space (Schluter, 2000), and it is
possible that lineages undergoing expansionary adaptive
radiations (as opposed to non-adaptive radiations) are
more robust to the unstable and highly modified ecosys-
tems of the Anthropocene. How the temporal dynamics
of diversification (i.e. accelerations and slowdowns) and
concurrent changes to clade trait and niche space ulti-
mately contribute to extinction risk is therefore an im-
portant outstanding question. There are many pathways
to high diversification (Rundell & Price, 2009), and the
relationship between modern extinction and diversifi-
cation rate is also likely dependent on the specific eco-
evolutionary drivers of each radiation.

A link between speciation and extinction rates
is likely to arise as an emergent property of lineage

characteristics (i.e. species selection; Jablonski, 2017),
but rarely are these two processes considered in concert.
Our results suggest that the relationship between extinc-
tion and speciation may in part arise from evolutionary
range size dynamics in certain groups (e.g. amphibians
and squamates) — but this phenomenon is itself likely a
product of lineage traits (e.g. low vagility or niche spe-
cialisation) that may influence rates of gene flow, genetic
fission and population loss in these lineages. Other prox-
imate mechanisms likely drive this association as well,
given that there was still a weakened positive effect of
diversification rate on modern threat for bird, squa-
mate reptiles and mammals even after accounting for
mean species’ range size in genera. In some cases, the
mechanisms may be extrinsic: certain environments, like
islands and tropical mountain ranges, are crucibles of di-
versification (Jetz et al., 2014; Quintero & Jetz, 2018), and
also have a high concentration of historical extinctions
and current imperilment (Blackburn et al., 2004; Faurby
& Svenning, 2016; La Sorte & Jetz, 2010). The consistent
evolutionary patterns we show here suggest a possible
broad rule across the Tree of Life: that lineages fall along
a macroevolutionary spectrum of low-to-high species
turnover (Greenberg & Mooers, 2017; Jablonski, 2017).
Whether the drivers of this macroevolutionary trade-off
are universal, or represent epiphenomena from multiple
pathways, also remains an outstanding question.

That the distribution of contemporary extinction
risks across tetrapod clades aligns with extinction pat-
terns from the fossil record suggests the possibility that
human impacts are ‘merely’ accelerating the ‘natural’
extinction process. However, human activities can also
reshape species’ ancestral fitness landscapes, where once
adaptive traits now become a liability for survival in the
Anthropocene. Hunting and harvesting is one clear ex-
ample, particularly for lineages with minimal extrinsic
adult mortality in their evolutionary history before the
emergence of human predators (Darimont et al., 2015).
That turtles and crocodiles show a reversed evolution-
ary pattern compared to other groups is intriguing, as
overexploitation is the predominant stressor for 60% of
turtle and crocodile species (IUCN, 2020). Turtle and
crocodile lineages with slow life histories may also have
slower diversification rates, causing an elevated extinc-
tion risk in evolutionarily isolated lineages (e.g. as in
chondrichthyans; Stein et al., 2018). This potential shift
in the underlying evolutionary dynamics of extinction
risk is almost certainly replicated among many at-risk
tetrapod lineages that bear the brunt of our persecution.

If we aim to stanch this loss of biological diversity and
history, how then should we prioritise lineages for conser-
vation across the diversification spectrum? The concentra-
tion of threat within rapidly diversifying lineages is perhaps
advantageous, as this may lessen the loss of overall tetrapod
evolutionary history (Heard & Mooers, 2000). In contrast,
evolutionarily distinct and threatened species may repre-
sent a departure from the norm, if these lineages generally
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exhibit exceptionally low rates of extinction (Bennett et al.,
2017; Liow, 2007). Prioritising evolutionarily isolated lin-
eages, as exemplified in the EDGE (Evolutionarily Distinct
and Globally Endangered) of Existence program (https:/
www.edgeofexistence.org/), could therefore be a doubly
shrewd strategy: both to protect evolutionary history and
to rectify a potentially aberrant extinction burden on what
may be historically resilient lineages. There are also many
cases, however, of entire clades being threatened with im-
minent extinction, where a considerable loss of evolution-
ary history may occur without conservation intervention
(Greenberg & Mooers, 2017). This dual strategy, to safe-
guard both ends of the diversification spectrum, may be
an ideal compromise in a future where conservation triage
is an unfortunate reality.
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