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Halting biodiversity loss under growing anthropogenic pressure is arguably
the greatest environmental challenge we face. Given that not all species are
equally threatened and that resources are always limited, establishing robust
prioritisation schemes is critical for implementing effective conservation
actions. To this end, the International Union for Conservation of Nature
(IUCN) Red List of Threatened Species has become a widely used source of
information on species’ extinction risk. Various metrics have been proposed
that combine IUCN status with different aspects of biodiversity to identify
conservation priorities. However, current strategies do not take full advantage
of palaeontological data, with conservation palaeobiology often focussing on
the near-time fossil record (the last 2 million years). Here, we make a case
for the value of the deep-time (over 2 million years ago), as it can offer
tangible parallels with today's biodiversity crisis and inform on the intrinsic
traits that make species prone to extinction. As such, palaeontological data
holds great predictive power, which could be harnessed to flag species
likely to be threatened but that are currently too poorly known to be
identified as such. Finally, we identify key IUCN-based prioritisation metrics
and outline opportunities for integrating palaeontological data to validate
their implementation. Although the human signal of the current extinction
crisis makes direct comparisons with the geological past challenging,
the deep-time fossil record has more to offer to conservation than is
currently recognised.
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Introduction

Anthropogenic pressures are driving a shockingly large
number of species to extinction (Diaz et al., 2019a), suggesting
we have entered a sixth mass extinction event, comparable in
magnitude with the other five that shaped the history of life
(Barnosky et al.,, 2011; Ceballos et al., 2015). Because resources
for conservation are limited, the preservation of biodiversity
requires effective strategies, including the prioritisation of
species and habitats.

The International Union for Conservation of Nature
(IUCN) Red List of Threatened Species' provides a useful
framework that categorises species according to their extinction
risk (Mace and Lande, 1991; Betts et al,, 2020). To further
identify the species or areas for which extinction will
result in the most significant losses, various conservation
metrics have been proposed that combine IUCN categories
with different prioritisation criteria. Because these tools are
mostly focussed on the present state of biodiversity, current
conservation strategies are generally reactive, operating under
near-emergency conditions (Avise, 2005).

Another dimension, which is rarely incorporated in
conservation prioritisation, is the deep geological past-“deep-
time”-which, in the context of this article, contrasts with “near-
time” [the last 2 million years (myrs); Dietl et al, 2015].
Logically, conservation needs to be forward-focussed but usually
ignores that the vast majority of species that have ever lived-
over 99%-have already gone extinct (Jablonski, 2004). Because
most extinctions have taken place over geological timescales,
the deep-time fossil record represents our best source of
information on how, when, and why biodiversity changes
through time and space. Nevertheless, the usefulness of deep-
time palaeontology in conservation is limited not only by the
inherent incompleteness of the fossil record, which worsens
as we look deeper into geological time (Raup, 1972; but see
Pimiento and Benton, 2020) but also by striking differences in
pace, patterns, and scale relative to the rapid, human-driven
loss of species we witness today. While these challenges call for
caution in extrapolating past insights into future predictions,
we argue that the potential of deep-time palaeontology to aid
conservation is high and should not be readily overlooked.

Here, we make a case for the potential of the deep-time fossil
record as it offers tangible parallels with today’s biodiversity
crisis and can inform conservation theory, policy, and practice
on species’ intrinsic vulnerability to extinction. We further list
the key metrics currently used in conservation prioritisation that
explicitly incorporate IUCN statuses and provide suggestions
for opportunities to integrate palaeontological data into these
metrics. While the implementation gap between deep-time
palacontology and conservation is significant, increasingly
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rich datasets and novel analytical frameworks offer exciting
opportunities for bridging this divide.

The potential of deep-time
palaeontology to aid conservation

Conservation palacobiology uses geo-historical data to offer
a long-term perspective on biodiversity changes in the face
of human impacts (Dietl and Flessa, 2011; Dietl et al,, 2015).
Advances in this field have successfully informed restoration
efforts of, for example, forests in Hawaii (Burney et al., 2001),
the Everglades in Florida (Volety et al,, 2009), and tortoise
populations on islands (Hansen, 2010). However, most cases in
which palaeobiology has impacted conservation, including those
listed above, pertain to research focussing on near-time, with the
last ~130,000 years holding particular value and receiving most
attention (e.g., Fordham et al., 2020).

As an important complement to near-time studies, the
deep-time fossil record can offer informative parallels with
today’s biodiversity and climate crises, not only because global
temperatures are approaching the maximum experienced in
the last 1.2 million years (Steffen et al, 2018) but also
because many drastic environmental changes taking place today
are comparable in at least one aspect with events recorded
over deep timescales (Figure 1). For instance, the collision
of an asteroid outside the Yucatian coast in Mexico around
66 Ma is somewhat comparable with the catastrophic effects
of deforestation and depletion of natural resources caused by
manifold human impacts on the environment, particularly since
the Great Acceleration from the 1950s onwards (Figure 1A;
Steffen et al,, 2015). Similarly, anthropogenic global warming
is to some extent comparable with historical “hyperthermals”
in the geological record, most notably the Paleocene-Eocene
Thermal Maximum (PETM) some 56 million years ago [Ma]
(Zachos et al,, 2008; Gingerich, 2019; Figure 1B). The extinction
of around 70% of pelagic shark diversity in the early Miocene
(~19 Ma) mirrors the level of extinction they face today due
to overfishing (Figure 1C; Pimiento and Pyenson, 2021; Sibert
and Rubin, 2021). The wetlands that covered parts of western
Amazonia in the Miocene (~18 and ~14 Ma; Jaramillo et al.,
2017) causing pronounced biological changes in the region
(Wesselingh et al., 2010; Salas-Gismondi et al., 2015), could be
compared with the flooding caused by mega dams in Amazonia
today (Figure 1D). The Messinian Salinity Crisis event, which
resulted in the drying out of the Mediterranean Sea during the
late Miocene (~5 Ma), likely due to tectonic activity, can be
compared to the drying of the Aral Sea as a consequence of
cotton production (Figure 1E; Gupta, 2020). Finally, the Great
American Biotic Interchange of species between South and
North America following the emergence of the Panama Isthmus,
which for mammals was mainly triggered at 2.5 Ma (Bacon
et al,, 2015; Carrillo et al,, 2020), is comparable with the many
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Parallels between deep-time events and anthropogenic changes, which are comparable in at least one aspect, such as size of the area affected
or magnitude of change. (A) Asteroid collision ~66 Ma vs. Great Acceleration from the 1950s onwards. (B) Palaeocene-Eocene Thermal
Maximum vs. on-going global warming. (C) Extinction of pelagic sharks in the early Miocene vs. extinction levels today due to overfishing.

(D) Wetlands covering parts of western Amazonia in the Miocene vs. flooding caused by mega dams today. (E) Drying out of the Mediterranean
Sea during the late Miocene vs. drying of the Aral Sea as a consequence of cotton production. (F) Great American Biotic Interchange between
South and North America ~2.5 Ma vs. European beaver introduction in southern Chile.
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recent introductions of invasive species, such as the European
beaver causing an “invasive meltdown” in the Navarino Island
of southern Chile (Figure 1F; Crego et al,, 2016).

Although the putative parallels mentioned above can be
debated and do not represent a comprehensive list of events,
they show that some deep-time events are comparable with
human-driven stressors, although the pace (and sometimes
geographic and taxonomic scale) at which humans have affected
biodiversity is generally far greater. From a conservation
management perspective, these parallels can inform the likely
long-term response of species and ecosystems to abiotic
stressors (Fordham et al, 2020). For example, the recovery
pace, sequence, and timing of establishment for complex
plant communities after the mass extinction event at 66 Ma
(Figure 1A; Carvalho et al, 2021) could inform reforestation
programmes in regions highly degraded by human activities.
The body size reduction in mammals following the high
temperatures of the PETM (Figure 1B; Secord et al, 2012)
could be used to predict changes in the composition and
function of future communities in response to climate change.
Understanding the mechanisms of extinction of pelagic sharks
in the early Miocene (Figure 1C; Sibert and Rubin, 2021)
could reveal the abiotic factors that potentially interact with
overfishing to cause the decline of sharks in the open ocean,
thereby informing mitigation actions. The recorded drowning
or draining of vast areas in Amazonia (Figure 1D; Antonelli
et al, 2009) and the Mediterranean (Figure 1E; Van Der
Made et al., 2006) could inform the long-term consequences of
large infrastructural projects such as for energy production or
agriculture; and on likely effects on the diversity, distribution,
and migration of species. Finally, the general direction of
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biological invasions, from larger and more diverse areas to
smaller and less diverse ones (Figure 1F; Beard, 1998), could
help predict where invasions are likely to take place following
climate-driven range shifts. The deep-time, therefore, represents
a valuable source of information to anticipate the response of
species to environmental conditions outside human experiences
and possibly even beyond the survival of our species. Deep-time
insights should, however, be interpreted with caution, since they
are limited to the broad aspects of species responses and because
the parallels between the deep geological past and today may
only be applicable to certain clades or periods of time.

Incorporating the fossil record in
conservation prioritisation metrics

The TUCN is widely influential in conservation practice

today. Using the best available scientific information,
standardised methods, and rigorous criteria, species are
assigned to one of nine extinction risk categories for the IUCN
Red List of Threatened Species: Not Evaluated (NE), Data
Deficient (DD), Least Concern (LC), Near Threatened (NT),
Vulnerable (VU), Endangered (EN), Critically Endangered
(CR), Extinct (EX), and Extinct in the Wild (EW) (Rodrigues
et al., 2006; TUCN, 2016a). The criteria used to assess the status
of a species include population decline, restricted range, small
population size, and quantitative extinction risk assessments
(IUCN, 2016a; Rodrigues et al., 2019). Because these criteria are
based on relatively short-term trends, using fossil and historical
records has been proposed to shift the ecological baselines

used to assess extinction risk (Rodrigues et al,, 2019). Indeed,
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some LC species (e.g., the grey whale, Eschrichtius robustus)
have shown shrinking ranges when longer-term trends are
considered (Rodrigues et al.,, 2018). As such, historical ranges
are now being accounted for in recovery assessments under the
TUCN Green List (Ak¢akaya et al., 2018).

The could further aid
prioritisation schemes by providing fundamental information

fossil record conservation
on extinction selectivity and predictability. Palacontological
research at different timescales, but especially over the deep-
time, has shown that the extent to which species are prone
to extinction is largely linked to their intrinsic traits, such
as geographic range, body size, diet, and thermoregulation
(Willis et al., 2008; Harnik et al., 2012; Finnegan et al., 2015;
Pimiento et al, 2017; Cantalapiedra et al., 2021). For some
clades, intrinsic traits can predict extinction risk in both fossil
and extant taxa (Tietje and Rodel, 2018) and better than abiotic
factors alone (Boyer, 2010). Although the link between intrinsic
traits and extinction risk is also apparent when studying modern
species (e.g., Leao et al., 2014; Ripple et al.,, 2017; Dulvy et al,,
2021), current (neontological) data can be restricted to human
scales (i.e., ecological timescales, small geographic extent, or
narrow taxonomic coverage). The deep-time fossil record has
the potential to complement biological studies by providing
data on extinction selectivity over much longer, evolutionary
scales. This broader and longer perspective on threatened clades
is unique to the fossil record. As such, taking advantage of
the phylogenetic conservatism seen in traits associated with
extinction risk (Purvis, 2008; Roy et al., 2009), the fossil record
could be used to flag species that hold traits associated with
extinction risk in their clade, but that are too poorly known
from neontological data to be categorised as threatened (e.g.,
DD or NE species). To that end, and given the urgency of the
current extinction crisis, we propose that the palacontological
community engages more closely with the I[UCN to discuss the
possibility of a palacontologically informed threat category,
or the addition of palaeontological information into existing
categories, to identify species that are potentially vulnerable in
this context and therefore merit further evaluation. Although
we recognise this would be a complex task to formalise
and standardise across taxa and life forms, we believe that
such discussions could inspire future research to enhance
conservation actions.

In addition to its potential to flag species intrinsically
vulnerable to extinction, a deep-time approach has the
potential of validating an array of existing prioritisation
metrics. There are at least six metrics that identify species for
which extinction will result in irreplaceable losses, and areas
holding particularly important species (Figure 2). These metrics
combine IUCN statuses with different prioritisation criteria,
namely evolutionary distinctiveness, ecological importance, and
restricted distribution. Below we summarise them and outline
opportunities to incorporate the fossil record, especially over
deep timescales.
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Evolutionary distinctiveness

[saac et al. (2007) proposed the evolutionarily distinct and
globally endangered metric (EDGE; Figure 2) to identify species
that disproportionately contribute to the evolutionary history
of their clade. Given a phylogeny, evolutionary distinctiveness
(ED) is calculated (Table 1) and then combined with TUCN
statuses [also called global endangerment (GE)] in a log scale
(Isaac et al., 2007; Figure 2). The EDGE metric is widely used,
with the TUCN Phylogenetic Diversity Task Force? guiding
its inclusion in conservation strategies. It has been applied
to a wide array of clades, including mammals (Isaac et al,
2007), amphibians (Isaac et al,, 2012), birds (Jetz et al., 2014),
squamates (Tonini et al., 2016), sharks, rays, chimaeras (Stein
et al, 2018), and gymnosperms (Forest et al., 2018).

There are at least two other metrics that have been proposed
with modifications to the EDGE index. The metric heightened
evolutionary distinctiveness and globally endangered (HEDGE;
Figure 2) quantifies how much a species is likely to contribute to
future biodiversity (Steel et al., 2007). It consists of HED, which
is the expected gain in phylogenetic diversity (PD; Table 1) if
a given species is protected (Steel et al., 2007), which is then
computed with GE (Table 1). Unlike EDGE, HEDGE is based
on expected PD, thereby reflecting the opportunity to safeguard
more evolutionary history in the future (Robuchon et al., 2021).
Similarly, iteratively calculated HEDGE (I-HEDGE; Figure 2)
is computed in iterative rounds where top HEDGE species are
identified and “saved” by setting their extinction probability to
near zero, and then recalculating HEDGE until all species have
been “saved” (Jensen et al., 2016). Unlike HEDGE, I-HEDGE
produces an optimal rank of species to protect while accounting
for complementarity (i.e., the fact that if one species is protected,
its sister should drop in value because the shared component of
evolutionary diversity is now retained). Empirical applications
include prosimian primates for HEDGE (Steel et al., 2007) and
Galapagos tortoises for I-HEDGE (Jensen et al., 2016).

Although not widely exploited yet, the deep-time fossil
record has begun to be incorporated into the ED framework.
For instance, it has been shown that the inclusion of Early
Cretaceous fossils (110 Ma) in the lungfish phylogeny increases
the Australian lungfish’s distinctiveness (Cavin and Kemp,
2011). Furthermore, Bennett et al. (2019) tested whether the
implementation of EDGE results in the preservation of “seeds”
of future radiations where high ED leads to low ED (Table 1);
or if, instead, it preserves the tail-ends of once-diverse clades,
now “doomed” to extinction, where low ED results in high ED.
They addressed this question by incorporating the mammalian
fossil record into phylogenetic super-trees, computing per-clade
ED across time slices, and modelling past ED as a function
of future ED. They found that evolutionarily distinct taxa are
neither seeds nor doomed. Instead, they are disproportionally

2 https://www.pdtf.org
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International Union for Conservation of Nature (IUCN)-based conservation prioritisation metrics. Orange horizontal bars show the prioritisation
criteria that are combined with global endangerment (GE). Green bars show how GE is used in each metric (Table 1). Blue bars show their
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represented by “living fossils” (with low origination and
extinction rates), whereby high ED leads to even higher ED.
As such, while preserving ED species today may not result in
ensuring future radiations, it does preserve species doomed to
extinction, at least for mammals. Applying an approach similar
to that of Bennett et al. (2019) to different clades across realms
would provide a more comprehensive assessment of the use of
ED-based metrics, further determining if the results they found
are specific for mammals, or if protecting ED taxa generally
results in preserving other living fossils. The inclusion of the
fossil record in phylogenetic trees can therefore allow us to
determine the likely evolutionary consequences and benefits of
conservation actions guided by the EDGE metric.
Palaeontological data could be further used to test how a
clade’s PD changes following the extinction of species with high
ED (Table 1). This could be done by building a phylogeny that
includes both extant and extinct taxa, computing per-species ED
and per-time PD, and quantifying the erosion of PD following
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the removal of extinct species with different levels of ED.
This combined approach would also allow the quantification of
changes in prioritisation rankings after hypothetically “saving”
species with high ED. Unlike molecular trees composed of
extant species only, the combination of extinct and extant taxa in
phylogenies to calculate ED and PD could improve knowledge
on how the extinction (and protection) of species with high
ED can shape the evolutionary history of entire clades, thereby
providing tools to validate or justify the use of EDGE- and
HEDGE-informed conservation priorities today.

To undertake the studies envisioned above, a good
understanding of the taxonomy and morphology of fossil taxa is
required, which is only possible with primary palaeontological
work (e.g., fieldwork, collections inspection, and comparative
anatomy). Similarly, it is necessary to account for the
uncertainties associated with fossil dating and taxonomic
identifications. To that end, a new set of methods that rely
on the fossilised date-birth process is particularly useful,
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TABLE 1 Glossary of indices and abbreviations used in International Union for Conservation of Nature (IUCN)-based prioritisation metrics.

Index Description

Global endangerment(GE)

Level of extinction risk. Used either as discrete categories, where increases in status represent a doubling of extinction risk

(LC=0,NT =1,VU=2,EN =3, CR = 4; [saac et al,, 2012) or as probabilities of extinction over time (e.g., CR = 0.97 in 50 years;
Mooers et al., 2008; Davis et al., 2018). See Figure 2.

Ecological distinctiveness(EcoD)
2015).

Evolutionary distinctiveness(ED)

Relative contribution of a species to the topology of a dendrogram built based on species’ ecological traits (Hidasi-Neto et al,,

Given a phylogeny, the length of each branch is divided by the number of species it subtends, with a species’ ED being equal to

the sum of the length of all branches from which it descended, to the root of the phylogeny (Isaac et al., 2007).

Functional diversity(FD)

Functional richness(FRic)
2013).

Functional uniqueness(FUn)
Functional specialisation(FSp)
Phylogenetic diversity(PD)

Weighted endemism per species(WEsp)
Weighted endemism per site(WEgjt)

Distribution of species’ traits in a multidimensional space (Villéger et al., 2008).

Volume of the trait space occupied by a given assemblage or community relative to the full extent of the space (Mouillot et al,

A species’ distance to its closest neighbours in trait space (Mouillot et al., 2013).

Distance of each species to the centre of the trait space (Mouillot et al., 2013).

Given a phylogeny, the sum of the lengths of all branches that span the members of a set of species (Faith, 1992).
One is divided by the area where a species occurs (Farooq et al., 2020).

Sum across all local species of the square root of the partial weighted endemism value (WE;) for each species (i) multiplied by its

probability of extinction (GE;) (Farooq et al,, 2020).

which unifies neontological and palaeontological phylogenetics
by combining morphology, DNA sequences, and stratigraphy
(Wright et al., 2022). Therefore, the incorporation of the fossil
record in the calculation of ED-based metrics, which requires
primary palaeontological work and the use of analytical
approaches to account for uncertainties, holds great potential to
test hypotheses on the long-term implications of the extinction
of species with high ED.

Ecological importance

Ecological distinctiveness is part of two additional IUCN-
based metrics. The metric ecologically and evolutionarily
distinct and globally endangered (EcoEDGE; Figure 2)
computes ecological distinctiveness (EcoD; Table 1) using
the same rationale as ED, but instead of phylogeny, it uses a
functional dendrogram based on ecological traits. EcoD is then
combined with ED and GE (Table 1 and Figure 2; Hidasi-Neto
et al,, 2015). Notably, the application of this metric has shown
that EcoD is complementary to ED, rather than redundant
(Hidasi-Neto et al,, 2015). Functionally unique, specialised,
and endangered (FUSE; Figure 2) uses a different approach.
Although also inspired by EDGE, it aims to identify species
disproportionately contributing to functional diversity, which
is quantified based on a multidimensional trait space (ie.,
defined by axes representing functional traits, along which
species are placed according to their trait values; Table 1).
This metric comprises two components: functional uniqueness
(FUn; Table 1) thereby identifying species with low functional
redundancy (ecologically dissimilar to others); and functional
specialisation (FSp; Table 1), identifying species with extreme
trait values, which delimit the volume of the trait space (i.e.,
functional richness, FRic; Table 1; Mouillot et al, 2013). In
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FUSE, FUn and FSp are computed per species, and combined
with GE (Griffin et al., 2020; Pimiento et al., 2020a). Empirical
applications of EcoEDGE and FUSE include terrestrial
mammals and marine megafauna, respectively (Hidasi-Neto
et al., 2015; Pimiento et al., 2020a).

The fossil record could inform ecological importance
metrics in several ways. For instance, it could allow testing
whether the implementation of the ECOEDGE metric results in
the preservation of ecological- and/or ED over time. This could
be achieved by incorporating fossils into phylogenetic trees and
analogous functional dendrograms, and computing EcoD and
ED (Table 1) to then quantify differences across time slices. That
is, to model: (i) per-clade EcoD in t; as a function of EcoD
in ti;1; (i) EcoD in t; as a function of ED in t;1; and (iii)
ED in t; as a function of EcoD in ti; 1, following Bennett et al.
(2019). This approach would allow us to not only assess what
facet of biodiversity (EcoD or ED; Table 1) is best preserved by
implementing EcoEDGE, but also to test if the complementarity
between EcoD and ED seen in some clades today (Hidasi-Neto
etal,, 2015; Cooke et al., 2020) is persistent over deep timescales.
As such, the incorporation of fossils into phylogenetic trees and
functional dendrograms can offer a framework on which to base
predictions for the application of ECOEDGE to clades facing
extinction.

Additionally, the fossil record could be used to assess
the extent to which the preservation of ecologically distinct
species results in higher functional diversity (Table 1) over
time. This could be done by assembling a pool of fossil and
extant taxa of different geological ages, building a trait space
encompassing all species, quantifying per-species FUn and FSp,
and computing functional richness (Table 1) at different time
periods. This approach would account for the loss and gain of
species over time, thereby testing if the implementation of the
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FUSE metric (which focusses on species with high FUn and FSp;
Table 1) results in the preservation of a larger extent of trait
values and, therefore, ecosystem functionality. Furthermore, the
incorporation of fossils in the construction of functional spaces
could enable testing of the order and importance of the different
components of the FUSE metric. This could be done by assessing
if the loss of species with high FUn (functionally redundant;
Table 1) in the geological past preceded the extinction of those
with high FSp. In other words, it would allow testing whether or
not erosion inside the functional space affects its extent. Indeed,
some extinction events have particularly affected functionally
redundant species, leaving functional richness (Table 1) largely
unaffected (Pimiento et al., 2020b). Understanding the response
of the different components of the FUSE metric to extinctions
would, in turn, allow the assessment of the role of past functional
redundancy in shaping future ecological resilience. The fossil
record has therefore the potential to not only help us evaluate
the justification of conservation metrics focussed on ecological
importance (i.e., ECOEDGE and FUSE; Figure 2), but also to test
the ecological responses of communities to extinctions.

The incorporation of the fossil record into conservation
metrics focussed on ecological importance (Figure 2) is,
however, limited by the availability of trait data from
extinct species. Assigning or measuring functional traits from
incomplete or fragmentary specimens is challenging, especially
when they lack extant relatives or ecological analogues. To
support the studies suggested above, it is imperative that further
research expands our understanding of the functional traits
of fossil taxa. This will require a high level of expertise in
specific clades, the cataloguing and digitisation of fossil records
around the world, and authoritative and specialised taxonomic
revisions that include both fossils and extant relatives. Despite
these current limitations, many palaeontological studies have
already compiled or analysed trait data and studied their
functional diversity over deep timescales (e.g., Villéger et al,
2011; Leonard-Pingel et al., 2012; Aberhan and Kiessling,
2015; Pimiento et al, 2017, 2020b). Therefore, as fossil trait
data become increasingly available (e.g., Raja et al, 2022),
more opportunities will arise to include extinct taxa in the
assessment of functional diversity over time, thereby allowing
the implementation of EcoEDGE and FUSE metrics to be
evaluated.

Geographic distribution

Species’ geographic range is considered in the metric
weighted endemism and globally endangered (WEGE; Farooq
et al, 2020). This metric ranks areas according to their
biodiversity importance (Figure 2). It has been shown to
highlight the same areas as the Key Biodiversity Areas
methodology (IUCN, 2016b; KBA Standards and Appeals

Committee, 2020), but in continuous scales instead of
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using a binary classification system, which greatly facilitates
conservation decisions. Areas with narrowly distributed species
and high extinction risk have the highest WEGE values. WEGE
is computed by calculating the species’ weighted endemism
(WE) and GE (Table 1) and is expressed per site. This metric
has been applied to amphibians, mammals, and birds, thereby
identifying WEGE hotspots in Central America, the Andes,
West and East Africa, Eastern Madagascar, China, and Eastern
Australia (Farooq et al., 2020).

The fossil record is already widely used to model
past species’ geographic distributions (e.g., Varela et al,
2011). Furthermore, fossil occurrences can be combined with
modern distribution data to expand the otherwise incomplete
description of species’ ecological niches (e.g., Monsarrat
et al, 2019), thereby enhancing predictions of range shifts
in response to climate change. This application of the fossil
record in biogeographic studies has important implications
for conservation, including the identification of areas for
reintroduction potential (Jarvie et al., 2021) and predictions of
refugia (Greenstein and Pandolfi, 2008). Species distribution
models using both fossil occurrences and current distributions
could be used to extend the baselines to identify global and
regional WEGE hotspots. Furthermore, these models can be
used to test the extent to which range shifts due to climate
change affect levels of endemism and therefore WEGE scores.
For example, a species for which the range is expected to
be reduced by half will be predicted to have a higher WE
in the future relative to today (i.e, WE;; > WE,), even
if its GE remained the same, resulting in an overall larger
WEGE score. Finally, the fossil record could be used to infer
WEGE hotspots across geological time periods, which in turn
can allow an assessment of how conserved they are over
time. The fossil record can therefore extend the baselines
to identify WEGE hotspots, account for the role of climate-
driven range shifts in current and future WEGE scores, and
identify stable WEGE hotspots where conservation actions
could be targeted.

To incorporate the fossil record into the WEGE framework,
large datasets of fossil occurrences with spatial data are
required. A number of databases are already available [e.g.,
the Palacobiology Database’; the Neotoma Palaeoecology
Database*; and PHYLACINE (Faurby et al., 2018)]. Although
useful, these resources represent imperfect sets of data, with
their quality and completeness varying across clades and time
periods. As such, continually entering new data and critically
evaluating existing datapoints, as well as using analytical
approaches that account for the incompleteness and biases
of the fossil record (e.g., Silvestro et al,, 2016) are necessary
activities. Therefore, the incorporation of the fossil record in
the spatially explicit WEGE framework, which requires large

3 https://paleobiodb.org

4 http://www.neotomadb.org
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amounts of palacontological data and the use of analytical
approaches to account for biases, holds great potential to extend
the baselines in the identification of conservation prioritisation
hotspots.

Prospects and limitations

The field of conservation palaeobiology, which includes
scientists from multiple disciplines, regions, and specialisms®
has already made important advances in informing the
conservation of species (Dietl and Flessa, 2011; Dietl et al,
2015; Fordham et al,, 2020). However, the use of deep-time
insights has remained largely hypothetical, mainly because the
inherent limitations of the fossil record tend to exacerbate as
we look deeper in geological time and because of the marked
differences relative to the anthropogenic pressures species
face today. As such, the usefulness of the deep-time in aiding
conservation is restricted to coarse aspects of species responses
and might be applicable to specific clades and time-periods.
Despite these limitations, a deep-time approach can: (i) offer
valuable parallels with today’s crisis, thereby informing on
the long-term responses of species to environmental change
(Figure 1); (ii) potentially allow identifying species likely to
be threatened but not currently recognised as such; and (iii)
enable testing current prioritisation metrics and expanding the
baselines for the identification of spatial conservation priorities
(Figure 2).

The integration of the deep-time into conservation,
therefore, holds a largely unexplored potential to enrich
and improve conservation. For this to be possible, it is
critical to also advance our understanding of the fossil
record of clades that are now considered to be threatened.
Notwithstanding the rapid growth of palaeontological datasets,
a deeper understanding of the phylogenetic relationships
of extinct species, their life history, and ecological traits,
as well as their distribution and climatic tolerance, is
pivotal to bridging the gap between palaecontology and
conservation. Further research is needed to incorporate the
general directions and suggestions presented here for designing
conservation prioritisation metrics that are ever more realistic,
reliable, and useful.

Anthropogenic  pressures, direct and indirect, are
unequivocally the main drivers of biodiversity loss today
(Diaz et al, 2019b). While the responsibility for this
crisis lies predominantly with the wealthy nations and
the burden is felt primarily by the poor (Saldanha, 2020;
Gonzalez, 2021), it is of utmost urgency that all segments
of society work collaboratively to safeguard the future
of our planet’s rapidly disappearing species. We urge the

5 https://conservationpaleorcn.org/
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scientific community to further consider palaeontology in this
pursuit.
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