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habitats sampled. With less rock preserved, a smaller range of
habitats will be sampled and fewer rare taxa discovered.
Of course, the truth probably lies somewhere between, with

both biological and sampling factors playing their part. But is it
possible to tell which has the upper hand in any one cycle? There
seems little doubt that the drop in diversity associated with the
continental accretion and formation of Pangaea at the end of the
Permian was real. It resulted in a fundamental reorganization of
marine community structure and the concomitant loss of major
clades (Erwin 2006; Wagner et al. 2006) on a scale seen at no
other time interval except possibly at the end of the Cretaceous
(Sepkoski 1981, 1997; Peters 2005). However, there is much less
certainty about whether marine diversity during other time
intervals really fluctuated significantly, despite all the claims
made for mass extinctions (e.g. Jablonski 2005).
To distinguish between the biological and sampling hypoth-

eses, Peters (2005, 2006a) compared the duration of genera with
the duration and timing of unconformity-bounded sedimentary
sequences, based on over 4000 sections at 541 North American
localities. He found that there was a strong and statistically
significant match between genus duration in the fossil record and
sequence duration in sections, both averaged over the entire

Phanerozoic and at the level of individual stages. Furthermore,
he showed that the proportion of genera having their last
occurrence in a stage was not correlated with the duration of
time encompassed by the overlying gap. Because the sampling
hypothesis predicts that the proportion of genera having their last
occurrence should increase as the duration of the overlying gap
increases, and genus duration should be independent of sequence
duration, Peters concluded that genus diversity was intimately
tied to habitat continuity within local depositional basins; that is
to say, that sea-level change drove both rock record and bio-
logical diversity independently. He also showed that rates of
genus origination and extinction were positively correlated with
the areal extent of hiatuses.

Peters (2005, 2006a) mades a strong case for why the match
between marine biodiversity and rock record might be more
biological than sampling artefact in origin. However, there are
reasons for questioning his conclusions. First, Peters showed that
the average duration of a stratigraphic gap is around 100 Ma
whereas the average duration of a genus and a sequence is about
25 Ma. Therefore few if any genera are expected to span gaps in
individual sections, making the duration of the hiatus academic
to local survivorship (as demonstrated by the lack of correlation).
Second, Peters ignored the problem of pseudoextinction, which is
estimated to affect about one-third of genera in well-studied
groups (Smith & Patterson 1988) and probably more in strati-
graphically important groups such as ammonites and graptolites.
The disappearance of a genus along with marine sedimentation
in a region is no guarantee that it has not survived somewhere
else, only to be given a new name by taxonomists when its
descendents reappear at a later time. Indeed, taxonomists are
very likely to have used gaps in the rock (and fossil) record as
convenient and objective points to subdivide otherwise continu-
ously evolving lineages. Marine conditions continued uninter-
rupted throughout the Phanerozoic whether or not our biased
sample of rock deposits captures this. Therefore the correspon-
dence between average section duration and average genus
duration could equally well be explained as a reflection of
taxonomic practice if pseudoextinctions are clustered around
peak occurences of gaps in the stratigraphic record. That
pseudoextinction might have a sizeable effect is suggested from
gap analysis at higher taxonomic level (Paul 1998), where it is
clear that time intervals when there are peaks of last occurrence
are followed by time intervals when there are elevated propor-
tions of missing fossil record.

Today the world’s continental marine shelves represent the
most productive marine ecosystems but cover only about
28 3 106 km2 or 0.1% of the Earth’s surface (Carlton et al.
1999). Therefore one might expect major changes in sea level
that alter marine shelf area to be a driver of extinction. We can
test this assumption by turning to the Pleistocene fossil record.
Pleistocene glaciation cycles had a profound effect on sea level.
For example, the last glacial maximum at around 20 ka ago
caused sea levels to drop rapidly (1 cm a!1) to C. 120 " 5 m
below that of today (Miller et al. 2005). This shifted sea level
close to the continental shelf-edge, and did so an order of
magnitude faster than any tectonically driven sea-level fall. The
net result was a dramatic reduction in the area of shallow water
marine habitats, with those lying within the photic zone, the most
productive areas of all, shrinking to about 20% of their former
extent (Schaaf 1996). Yet Valentine et al. (2006) have shown that
bivalve genera were remarkably immune to Pleistocene sea-level
changes. Although there are major shifts in geographical range
(Valentine & Jablonski 1991), extinction at genus level was less
than 6%. Regional extinction was maybe three to four times

Fig. 9. Schematic flow chart showing the two ways in which tectonic and

climatic drivers can alter sampled fossil diversity through sea-level

change.
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There are a number of analytical approaches available for 
disentangling the true biological signal from signals produced 
by the geology/sampling

Smith 2007
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Fig. 2 Phylogenetic model corrected data with ghost lineage added for taxon A. Note the differences
between the corrected and uncorrected paleodiversity curves. (Redrawn after Upchurch and Barrett 2005)

This assumption is critical to the phylogenetic correction method in that it licenses the
inference that any taxon is as old as its sister.

The phylogenetic method allows one to correct the fossil data by filling in certain
gaps as follows:17 Consider two taxa A and B that cladistic analysis has determined
are sister taxa. The first appearance of A in the fossil record is at time t2 while the first
appearance of B in the fossil record is at an earlier time t0 (see Fig. 2).

Since A and B descended from a common ancestor that existed prior to B at t0,
there must be a lineage linking A from t2 back in time to its first appearance at t0.
Because A is not actually observed in the fossil data as existing in the stratigraphic
interval from t0 to t2, but is only inferred, it is called a ‘ghost lineage.’ Note that this
corrected phylogenetic diversity estimate (PDE) will be different from the raw taxic
diversity estimate (TDE), because Awill be added to the diversity count for that earlier
time period, even though no fossils of A were found in that time period. The diversity
curves will likewise be different: “TDE suggests that only one taxon (B) is present
during time t0, so that the appearance of A at t2 would be interpreted as an increase in
diversity. The PDE, in contrast, suggests that diversity has remained constant during
t0–t2” (Upchurch and Barrett 2005, p. 108).

A second way that phylogenetic methods correct fossil data is by using what are
known as ‘Lazarus’ taxa. A Lazarus taxon is a taxon that disappears from the fossil

17 This example follows Upchurch and Barrett (2005, p. 108).
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FIGURE 3. An MSACC tree for the total-evidence analysis. The numbers at the bases of clades show the posterior probabilities of the clades. The filled circles represent sampled ancestors.
Fossils with positive evidence of being sampled ancestors are shown in red (gray in printed version). Fossils Paraptenodytes antarcticus and Palaeospheniscus patagonicus both appear around
the same time and have the same prior probabilities of 0.42 of being sampled ancestors but the morphological data provides positive evidence for the former to belong to a terminal lineage
and for the latter to be a sampled ancestor. Penguin reconstructions used with permission from the artists: fossil species by Stephanie Abramowicz and extant penguin species by Barbara
Harmon.
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Relationships of extinct and
 extant taxa

fishes bear a hide of tiny tooth-like scales, 
whereas bony fishes are clad in plate-like bones 
that cover the head, jaw and shoulder (Fig. 1). 

These two groups diverged from a single 
common ancestor — neither group gave rise to 
the other. Consequently, it is impossible to dis-
tinguish which of these skeletal architectures 
is primitive on the basis of living groups alone. 
Despite this, there is an established tradition 
of considering sharks to be especially primi-
tive, and the assumption that their anatomy 
approximates that of the ancestral jawed ver-
tebrate has given rise to classic scenarios on the 
origins of teeth, jaws and skulls1,5. 

Palaeontological data offer a unique oppor-
tunity to test such views, and much attention 
has recently been lavished on an assemblage 
of extinct, superficially shark-like fossil fishes 
called the acanthodians. Analyses have inter-
preted2,3 acanthodians as a hotchpotch of 
early bony and cartilaginous fishes, thereby 
lending support to the shark-like-ancestor 
hypothesis.

Against this backdrop, Zhu et al. cast 
Entelognathus primordialis, the latest discov-
ery from a remarkable Chinese site of Silurian 
age (between 443 million and 419 million 

years old) that previously yielded the oldest 
known complete fossil bony fishes6. Articu-
lated gnathostome remains are vanishingly 
rare in Silurian rocks6, so Zhu and colleagues’ 
find of a new, intact fish is newsworthy, if not  
unexpected. 

At first glance, Entelognathus looks like 
a placoderm — an extinct, primitive form 
of armoured, jawed fish that branches out-
side the evolutionary split between the 
cartilaginous and bony fishes2,3,7 (Fig. 
1). When examined from the side, how-
ever, Entelognathus reveals itself as any-
thing but expected. Absent are gnathal 
plates — simple jawbones chara cteristic of  
placoderms. Instead, the mouth is rimmed 
with bones that integrate with the cheek plates, 
the lower jaw is composed of an elongated ‘box’ 
of bony plates and cartilage, and the throat and 
gills are clad in a series of articulating plates. 
Both in the overall pattern and the specific 
detail of these plates, the fossil showcases traits 
that were once considered diagnostic of bony 
fishes8, and entirely unknown in placoderms. 
Entelognathus, it seems, is a placoderm with a 
bony-fish-like grin. 

So what to make of this piscine mash-up?  

Either the osteichthyan-like features of 
Entelognathus are antecedents of those same 
structures in bony fishes, or they have arisen 
independently in the two lineages. Zhu and 
colleagues’ results do not unambiguously 
support one alternative over the other, but two 
things are clear from the various possibilities 
proposed in their evolutionary tree (see Fig. 6 
of the paper4). First, Entelognathus always 
branches outside the radiation of living jawed 
vertebrates, meaning that key components of 
the osteichthyan face are no longer unique 
innovations of that group8. Second, acantho-
dians — that pivotal assortment of extinct 
shark-like fishes — are shifted, en masse, to 
the branch containing the cartilaginous fishes. 
This triggers a cascade of implications. If all 
acanthodians are early cartilaginous fishes, 
then their shark-like features are not gener-
alities of jawed vertebrates, but specializations 
of the cartilaginous-fish branch. The most 
recent common ancestor of jawed vertebrates 
was thus probably clad in bony armour of 
the sort common to both placoderms and  
bony fishes.

This inversion of a classic scenario in ver-
tebrate evolution raises an obvious question: 
how did we get it so wrong? The status of 
sharks as surrogate ancestors seems well estab-
lished, but this is an illusion of dogmatic rep-
etition combined with spurious portrayals of 
present-day cartilaginous fishes as unchanged 
‘living fossils’. The popular model of a shark-
like ancestor is, in the end, more a hangover of 
the ‘great chain of being’ of ancient philosophy 
and pre-Darwinian archetypes than a product 
of modern comparative biology and phylo-
genetic ‘tree thinking’. Added to this concep-
tual inertia is a historically compartmentalized 
approach to studying early vertebrate groups9 
that made it too easy to dismiss shared simi-
larities — the head and shoulder exoskeleton 
of placoderms and bony fishes, for example — 
as independent innovations without adequate  
evidence. 

Over the past decade or so, new fossils10,11 

and re-examinations of old ones2,3 have forced 
palaeontologists to look beyond the confines 
of traditional classifications and reconsider 
the coherence of textbook assemblages such 
as placoderms and acanthodians, and their 
relationships to extant gnathostomes2–4,7. 
Perhaps more than any of these discover-
ies, Entelognathus demands a major rethink 
of where fossils fit relative to modern line-
ages, and how these living groups came to 
acquire their characteristic traits. It will take 
time to fully digest the implications of such a 
remarkable fossil, but it is clear that a major 
reframing of our understanding of early  
gnathostome evolution is now in full swing. ■

Matt Friedman is in the Department of 
Earth Sciences, University of Oxford, Oxford 
OX1 3AN, UK. Martin D. Brazeau is in the 
Department of Geology, Naturalis Biodiversity 
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Figure 1 | Evolution of the jawed-vertebrate face. Osteichthyans are the bony fishes, from which 
other bony vertebrates (including amphibians, reptiles, birds and mammals) evolved. These animals 
have large, differentiated skull bones, whereas the skulls of the fossil acanthodians and the cartilaginous 
chondrichthyans (which include present-day sharks) bear numerous small bones or tiny scales. Placoderms 
also have large skull bones, but these extinct animals branch outside the evolutionary split between the 
cartilaginous and bony fishes, so the traditional view of the evolution of the modern bony-vertebrate skull 
and face is that it progressed from small bones to larger consolidated plates. This is challenged by Zhu 
and colleagues’ report4 of the fossil Entelognathus primordialis, which exhibits anatomical features of both 
osteichthyans and placoderms. The exact evolutionary position of Entelognathus is not certain (dotted 
lines), but the authors place it outside the modern jawed-vertebrate lineage. This, combined with a revised 
placement of the problematic acanthodians, suggests that the condition displayed by sharks and their kin is 
evolutionarily novel, rather than ancestral. 
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Clock model

The idea of a molecular clock was initially 
suggested by Zuckerkandl and Pauling in 
1962 and 1965 

They noted that rates of amino acid 
replacements in animal haemoglobins 
were roughly proportional to time - as 
judged against the fossil record 



Clock model

The molecular clock is not 
constant 

Rates vary across: 
- taxa 
- time 
- genes
- sites within the same gene
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Clock model

Strict clock: one rate for all 
branches

Relaxed clock: different 
rates across branches
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*A model refers to a set of assumptions the describe the evolutionary 
processes and mechanisms that produced our data



fossilised birth-death (FBD) 
process 

The tree model in phylogenetics is the 
probabilistic description of how lineages 
diversify and split over time.
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5.1:10 Inferring the Timescale of Phylogenetic Trees from Fossil Data
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Figure 4 The proportion of sampled ancestors simulated under di�erent FBD parameters. Here,

turnover (r) is defined as r =
µ
⁄ , where ⁄ and µ denote speciation and extinction, respectively. For

each of the four values for turnover, we show the proportion of sampled ancestors for 100 simulated

replicates as we varied the fossil sampling rate (Â) and for two di�erent values of the probability of

sampling extant taxa (fl).

When character data are available for fossil taxa, an integrative modeling approach
is needed to combine observations from both extant and extinct species. The model and
methods described in Stadler (2010), Ronquist et al. (2012), Zhang et al. (2016), and others
provide a framework for using the FBD model in more fully integrative Bayesian analysis of
fossil and extant samples (see section 5).

4.3.1 Empirical studies applying the fossilized birth-death model

Analysis under the FBD process enables researchers to use more of the data from the
fossil record, which, in turn, can lead to more robust estimates and a more comprehensive
understanding of lineage diversification. Using simulated trees and data, Heath et al. (2014)
demonstrated that when using fossil occurrences to date extant phylogenies under the FBD
model, node age estimates are more accurate than conventional calibration density approaches.
Importantly, this study also showed that the precision of FBD node age estimates increases
as the number of fossil occurrences increases, providing a better representation of statistical
uncertainty in these parameters. Didier et al. (2017) also developed a maximum likelihood

The inclusion of 
sampled 
ancestors in an 
inference is very 
important

More realistic 
modelling of the 
evolutionary 
process

Walker & Heath 2020 

Higher 
turnover 
lower 
extinction
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The fossilised birth-death (FBD) process 
allows us to calculate the probability of 
observing the reconstructed tree

Stadler 2010
Gavryushkina et al. (2014)

 



exponential distribution, we assign higher probability density to
smaller values and lower density to larger values, such that we
expect a priori that speciation and extinction rates will generally
be small. Note that for the sake of clarity in Figure 3, we show the
prior probabilities for the FBD rate parameters as a single joint
prior, P(λ, μ,ψ, ρ), but typically, we assume independent generating
models for each parameter. For example, we may have different
exponential priors on each of the three rates and fix the extant
sampling probability to an approximate value based on our

knowledge of the current extant diversity (e.g., Barido-Sottani
et al. 2020a).

There are numerous papers offering discussions on the impor-
tance of judiciousness in prior specification (e.g., Holder and Lewis
2003; Lemmon and Moriarty 2004; Alfaro and Holder 2006),
strategies for constructing hierarchical Bayesian models for phylo-
genetics and selecting priors (e.g., Wang and Yang 2014; Nasci-
mento et al. 2017; Bromham et al. 2018), and assessments of the
impact of model violations and misspecified priors on posterior

Figure 3. Symbolic representation of Bayes theorem (eq. 1) for a phylogenetic analysis of fossil ages andmorphological characters. The data components include amorphological
character matrix and fossil ages. The model parameters are a phylogeny with branch times, the diversification and sampling parameters of the fossilized birth–death (FBD) model,
the lineage-specific branch rates of the clock model, and the parameters of the morphological substitution model (Mk model; Lewis 2001). The probabilities are delineated to
highlight the joint posterior distribution, likelihood, and prior probability distributions. The FBD probability density includes some components for which we calculate prior
probabilities (the tree topology, branch times, and diversification and sampling parameters) and some that are observations in the likelihood (fossil ages). Thus, these are separated
to clarify the contributions to the posterior density coming from the prior and those coming from the data.
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Often fixed as this is the 
parameter we have the most 
information about

Speciation rate - λ

Extinction rate - μ

Fossil sampling rate – ψ

Origin time - torigin

Extant sampling probability – ρ 

Estimated 
during 
inference 
from a prior 
distirbution

5 key model parameters
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It may be possible to directly date the bed in which 
a fossil was found, for example, using isotopic 
analysis of an ash layer, but this is uncommon.

Biostratigraphic correlation can be used. This 
method relies on identifying index fossils.

Fossil age uncertainty

Descriptions of fossils, particularly type 
specimens, usually include the stratigraphic 
context in which the fossil was found.
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First application of the 
FBD model 

Fossils are incorporated 
via constraints, not 
character data. Their 
precise placement can 
not be inferred, but this 
uncertainty will be 
reflected in the posterior

Time calibrated tree of living and fossil bears

Heath et al 2014
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Time calibrated tree of living and fossil penguins
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First application of total 
evidence dating using 
the FBD model

Fossils are incorporated 
using character data

Gavryushkina et al. (2016)



Nearest living 
relative is the 
group containing 
falcons - separated 
by ~60 Ma

Gavryushkina et al. (2016)



But 
penguins 
have a 
rich fossil 
record!

Gavryushkina et al. (2016)



First application of the 
FBD model for a fully 
extinct clade

Extant species sampling 
ρ = 0

Estimated age 
uncertainty at the tips

Time calibrated tree of fossil echinoderms

Wright 2017



Mulvey et al. 2025
 



Application of the FBD model

Mulvey et al. 2025
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Application of the FBD model

Mulvey et al. 2025
 



176 studies, with 208 empirical analyses, applying 
the FBD process (since February 2024)

Used across a huge range of time intervals, data 
sets (mean extant samples = 74, mean extinct 
samples = 60)

109 studies used BEAST2, 93 used MrBayes, 10 
used RevBayes

Application of the FBD model

Mulvey et al. 2025
 



Research on the FBD model is an active field! 

Simulation studies to 
understand the behaviour 

Empirical research using 
different data types

Model development to better 
reflect reality

Habitat & mode of life

Geological activity

Geographical location

Depositional environment

Interest & resources

 Occurrence data

Diagenesis & 
lithification, 
tectonics, etc.

Death & 
burial

Collection 
& study

Human & 
historical 
processes

Taphonomic  
processes

Data 
collation

Geological  
processes

CATEGORYPROCESSES

Figure adapted from Emma Dunne
 


