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Quantifying the living fossil concept
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ABSTRACT

“Living fossil” is a contentious label, often used to identify clades that have experi-
enced particularly little evolutionary change. Many of the problems associated with the
term are due to a lack of a clear definition. To date, most work on the phenomenon has
been primarily qualitative, leading to a list of living fossils each selected for different
sets of reasons. This non-uniformity in living fossil identification makes the ubiquity,
clarity and potential causes of the phenomenon difficult to assess. An alternative
approach is to use a quantitative metric that matches the most common interpretations
of “living fossil” to generate a less subjective listing. Here, we present the Evolutionary
Performance Index (EPI); this metric is calculable across the entire tree of life and
allows for fair comparisons between taxonomic groups. With this index, we calculated
the performance scores for over 24,000 clades within Metazoa and Embryophyta.
Many well-known living fossils featured among the lowest performing clades, e.g.,
coelacanths, gingko, tuatara as well as groups that have previously been overlooked.
By grounding the definition in a strictly quantitative framework, future researchers will
be better able to test the causes and relevance of the phenomenon.
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INTRODUCTION

Darwin (1859) coined the term “living fossil” to
mean a species or group of species that has
remained so little changed that it provides an
insight into earlier, now extinct, forms of life.
Despite Darwin’s admission that the label was “fan-
ciful”, the term has persisted. Classic examples of
living fossils are horseshoe crabs (family Limuli-
dae), tuatara (Sphenodon) and the ginkgo (Ginkgo
biloba). These groups first appeared in the Ordovi-
cian, the Triassic, and the Permian, respectively,
they have changed little from their fossil ancestors
and all have few surviving species (Royer et al.,
2003; Hay et al., 2008; Rudkin et al., 2008).
Recently, the term has gained increased attention
due to genomic studies indicating that “living fossil”
taxa such as coelacanths (Latimeria) and elephant
sharks (Callorhinchus) have, respectively, experi-
enced lower rates of genomic rearrangement
(Smith et al., 2012; Amemiya et al., 2013) and pro-
tein sequence evolution (Venkatesh et al., 2014)
than other vertebrate genomes. Additionally, large-
scale studies of diversification rates for multiple
taxonomic groups have discovered certain ‘living-
fossil-like’ lineages have experienced lower rates
of speciation and extinction (Alfaro et al., 2009;
Near et al., 2014).

The living fossil concept is, however, contro-
versial and viewed unfavourably by many evolu-
tionary biologists and palaeontologists. Much of the
difficulty surrounding the term, however, stems
from its multiple and often vague definitions, which
causes different authors to classify different sets of
organisms as living fossils (Schopf, 1984). Some
authors place increased focus on living fossils con-
stituting “evolutionary relicts” (Nagalingum et al.,
2011), others focus on “little change through time”
(Eldredge, 1984; Fisher, 1990), and others still
interpret the term to mean Lazarus taxa (Smith,
1939). More recently, there have been efforts to
reject the living fossil term entirely as it is thought
to recall Haeckel’s scala naturae and is a product
of bad ‘tree-thinking’ (Casane and Laurenti, 2013;
Grandcolas et al., 2014; Minelli and Baedke,
2014). It is argued that the term living fossil is a
form of ‘progressivist’ language that can promote a
false interpretation of evolution where life is organ-
ised into ‘higher’ and ‘lower’ ranks (Rigato and
Minelli, 2013). Under a progressivist scheme,
these ‘lower’ ranked organisms are then able to
subvert post-Darwinian evolutionary thinking by
remaining unchanged for millions of years – an
impossibility even in the hypothetical circumstance

of an absence of selective pressure (Casane and
Laurenti, 2013).

Additionally, doubts over the concept are com-
pounded all the more by new evidence. Some
groups that were once thought to be species-poor
have since been found to be species-rich (Mono-
placophora [Kano et al., 2012] and Notostraca
[Mathers et al., 2013]); others have been shown to
have more genetic diversity than previously
thought (Limulidae [Obst et al., 2012]); some show
great morphological diversity in the past (Crocodilia
[Buckley et al., 2000], Sphenodon [Meloro and
Jones, 2012] and Latimeria [Casane and Laurenti,
2013]), and other groups that were thought to con-
sist of ancient lineages have, in fact, experienced
most of their diversification relatively recently (Cyc-
adophyta [Nagalingum et al., 2011]).

Most work on the living fossil concept has
hitherto been restricted to single groups, and has
focused on describing the nature and magnitude of
evolutionary changes seen in these groups within
the fossil record (e.g., Eldredge, 1984). An alterna-
tive approach is a pan-group analysis, which could
highlight and resolve inconsistencies around cur-
rent usage of the term “living fossil”, to produce a
more precise and usable definition that maintains
some congruence with common usage. A key ele-
ment of such an analysis would be a quantitative
scale of “living-fossil-ness”, combining different
aspects of the concept into a single index that
could be used to determine which groups may be
considered living fossils in a more objective man-
ner. The availability of such a metric would enable
a more rigorous analysis of the degree to which liv-
ing fossils are a phenomenon worthy of study.
Such a measure would have to be applicable
across the tree of life, be applicable to clades as
well as species; be readily measurable; and allow
fair inter-group comparisons. No explicit metric of
living-fossil-ness has yet been proposed, although
evolutionary distinctness (or ED) has been sug-
gested as a proxy (Isaac et al., 2007; Cavin and
Kemp, 2011). ED is applicable across the tree of
life, allows inter-group comparisons, and captures
the element of phylogenetic isolation and lineage
antiquity that is common to most interpretations of
the living fossil concept. ED, however, is not mea-
surable for clades above the species-level, mean-
ing that many candidate living fossil groups (e.g.,
coelacanths, monotremes) can only be considered
on the basis of their individual species. It also
requires a fully resolved, time-calibrated phyloge-
netic tree of the entire taxonomic group of interest,
a substantial impracticality for any metric intending
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to identify living fossils across all life. Finally, it
does not take into account other elements fre-
quently incorporated into the living fossil concept
such as morphological or ecological change
(Fisher, 1990).

We here propose a new metric to address
these shortcomings, and demonstrate its fit to qual-
itative concepts of “living fossil-ness” in a range of
groups. We surveyed the literature to find the most
common ways that the term “living fossil” is used,
and broke these down into measurable elements:
age of the clade (in millions of years), relative suc-
cess in terms of numbers of species, and relative
number of changes since the clade first appeared.
We combined these three measurable elements
into a single equation to produce an evolutionary
performance index (EPI), and calculated EPI val-
ues across all metazoans and plants to generate a
ranked list of the most living fossil-like clades.
Clades that score low on this index are considered
“living fossil-like”, while those that score high are
not (i.e., have likely experienced recent adaptive
radiations). We also introduce pEPI, a proxy for
EPI for use where number of changes cannot be
calculated. Our indices allow not simply a measure
of living-fossil-ness for any given clade, but a
breakdown of which elements of the concept (age,
relative success, number of changes) are responsi-
ble for any particularly low or high value.

MATERIALS AND METHODS

Literature Survey

Using “living fossil” as a keyword, we
searched for all literature, scientific articles and
books that proposed a definition of the living fossil.
We disregarded all sources that used a “progres-
sivist” or a Lazarus taxon interpretation of the term.
In cases where a definition statement could not be
found, a definition was inferred from the text as a
whole. In total we discovered 56 sources from
which an explicit definition could be determined
(seeAppendix1for a list of references and Appendix
2 for example of interpretation of text). We identi-
fied eight recurring themes from our survey: exist-
ing for a long time (1), morphologically conserved
(2), some alternative form of conservatism (3), hav-
ing “primitive” features (4), phylogenetically/evolu-
tionarily distinct (5), a survivor of a once large
clade (6), geographically isolated (7) and having a
generalist niche (8).

We disregarded themes 7 and 8 as we con-
sidered these to be potential explanatory or emer-
gent characteristics of living fossils, rather than

defining features. Equally, there is disagreement
on the validity of these themes. For example, we
might consider living fossils to be generalists
because highly ecologically specialised species
are more likely to become extinct, as they have
more restrictive dietary or habitat requirements,
and so are more vulnerable to loss of key food
resources or habitats, and thus extinction
(Eldredge, 1979; Stanley, 1998). On the other
hand, generalist species tend to have broad distri-
butions facilitating allopatric speciation, therefore
making the lineage less like a living fossil (Jackson,
1974). Also, although it is often asserted that life-
history specialisation should increase a lineage’s
risk of extinction, it cannot be determined from the
outset. For example, Cieslak et al. (2014), demon-
strated that cave beetles have in fact experienced
multiple radiations since becoming specialised to a
subterranean environment.

 Furthermore, there are many examples of
clades considered living fossils that are not geo-
graphically isolated and generalist in niche (e.g.,
crocodiles, sharks, moss, horseshoe crabs);
equally there are many clades that exhibit these
features and are not considered living fossils
(recently diverged island species, highly successful
generalist clades like rodents and grasses).

Additionally, there is disagreement between
authors on whether a living fossil should solely be
an unchanging species (e.g., Schopf 1984) or can
be a higher-level taxon that may experience low
rates of speciation (e.g., Yoshida 2002). For the
purposes of this study, we opted to assess any
monophyletic group (species or not) as a candidate
for a living fossil.

We combined the remaining six themes into
three quantifiable variables: “success”, “time” and
“change”. These were in turn combined into an
“Evolutionary Performance Index”, based on cur-
rent success and levels of change relative to a
clade’s sister (see below for more details).

Success

This variable captures themes 5 and 6. It is
calculated simply as the number of extant species.
Lineages that have low species counts will be more
likely to be evolutionary distinct and be survivors of
once large clades. We used the NCBI taxonomy
(Federhen, 2012) to estimate success and other
variables across all metazoans and plants. NCBI
taxonomy was selected over other online taxono-
mies (e.g., ITIS, 2016) because, as a repository for
sequence data, we deemed its names to be the
most likely to have associated time-estimates. Fur-
3
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thermore, all clades within the database aim to be
monophyletic, and classifications are regularly
updated according to the latest studies in the sys-
tematic literature (Federhen, 2012). To aid interpre-
tation of results, all recovered clades were
assigned to one of nine large, well-known group-
ings: Aves, Mammalia, Actinopterians, Lepidosau-
ria, Amphibia, other vertebrates, Arthropoda, other
metazoans and Embryophyta. We downloaded all
relevant taxonomies from NCBI and counted the
number of descendent species for every clade.
Many names for biological entities in the taxonomy
are not necessarily recognised extant species or
groups. We, therefore, excluded all “unclassified”,
“unassigned”, “unvouchered”, “extinct” and “envi-
ronmental” entries as well as next-generation
sequencer identified species. We ignored this latter
group as we could not be certain of the species
status. We also identified each sister clade, and
calculated the contrasted number of descendants
by dividing the clade’s number of descendants by
its sister’s. In cases where there was more than
one possible sister, i.e., a polytomous node, we
selected the sister with the greatest number of
descendants in order to tend towards the lowest
possible EPI scores.

Time

This variable captures themes 1 and 5 and is
calculated as the time, in millions of years, since
the lineage diverged. We used two approaches for
estimating time. First, we sourced large-scale time-
calibrated phylogenetic trees for two major verte-
brate groups, mammals (Bininda-Emonds et al.,
2007) and birds (Jetz et al., 2012; Birdtree, 2016).
Because the source data for the bird tree is com-
posed of two posterior distributions generated from
different avian taxonomies, we selected a random
set of 100 trees from the distribution based on the
Hackett et al. (2008) taxonomy. For every clade in
these phylogenetic trees we estimated the clade’s
age, determined as the time since the lineage
diverged from its closest living sister, using the R-
package treeman (Bennett et al., 2017). Common
clades between those of NCBI and those found in
the phylogenetic trees were identified using name
matching of descendants. The second approach
used TimeTree (Hedges et al., 2006, 2015; Kumar
and Hedges, 2011), an online database of diver-
gence times. This database hosts a list of esti-
mated divergence times across all life as reported
in the scientific literature, including all published
estimates for the divergence date for two given
taxa and a weighted average measure of diver-

gence based on these estimates. Although direct
divergence times observed from the fossil record
would be better than times inferred from sequence
differences, the largest repository of these data
(fossilcalibrations.org) is not yet available for auto-
mated searching and does not have as many
entries. Equally, the data recovered from TimeTree
is not simply the average from the estimated diver-
gences for a given split; this repository implements
a method that relies on the structure of the tree of
life in order to up-weight more reliable time esti-
mates (‘hierarchical average linkage’, Hedges et
al., 2015). A demonstration that TimeTree and
(manually extracted) fossil calibrations data pro-
duce similar results is provided in Appendix 3 fora
limited number of clades. We sought the age of a
given clade by performing TimeTree searches of
the clade against all possible sister clades. In order
to estimate the lowest possible EPI values we then
selected the highest reported divergence date
among all sisters. To reduce computational time
and to limit the dependence of our results on aver-
aged estimates of divergence, we conservatively
restricted our TimeTree searches only to clades we
considered more likely to be living fossils, identified
as clades whose parent clade contained more than
500 species and which had a contrasted number of
descendants of less than 0.1. This restriction only
prevents the unnecessary searching for high EPI
clades because parental clades containing fewer
than 500 species are likely to have only existed for
relatively short periods of time. Additionally,10
times fewer descendants than your sister is a com-
mon score even for clades not considered living
fossils. Using this cut-off, for example, rabbits fall
under consideration (e.g., Oryctolagus [1 sp.] vs.
Lepus [32 spp.]: 0.03125).

Change

This variable captures themes 2, 3 and 4 and
is calculated as the number of changes (morpho-
logical and ecological) that have occurred in the
clade’s lineage since its initial divergence. We esti-
mated change from datasets of morphological,
ecological and life history traits using ancestral
character reconstruction. This required phyloge-
netic trees in order for the ancestral characters be
estimated, and, therefore, we only sourced data-
sets for the major taxonomic groups for which we
had trees and large datasets of characters (mam-
mals and birds). For all other clades, we calculated
only pEPI values, which do not require a measure
of change (see below). For both mammals and
birds, we sourced one morphological character
4
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dataset (Livezey and Zusi, 2007; O’Leary et al.,
2013) and one ecological/life history dataset (Lis-
levand et al., 2007; Jones et al., 2009). The names
found within the datasets were matched to tips in
the phylogenetic trees using character matching.
The combined datasets represented 4,572 charac-
ters and 4,510 species for mammals, and 2,988
characters and 3,509 species for birds. For charac-
ter reconstruction we used the R-package ape
(Paradis et al., 2004) to implement maximum parsi-
mony reconstruction (Hanazawa et al., 1995).
Although it is likely that model-based approaches,
particularly using Bayesian methods (e.g., O’Reilly
et al., 2016), are superior to parsimony in a phylo-
genetics context, we chose not to perform ances-
tral character reconstruction with any model. For
the two most common models for character
change, Brownian motion or Ornstein-Uhlenbeck,
doubts exist over their accuracy (Thomas et al.,
2014), there is evidence that they may be prone to
undetectable trends (Webster and Purvis, 2002),
and they do not always outperform parsimony
(Royer-Carenzi et al., 2013). We, therefore, used a
parsimony approach when estimating ancestral
characters. Continuous traits were made discrete
by binning into 10 equally spaced categories. We
used the mammalian super tree (Bininda-Edmonds
et al., 2007) and a consensus bird tree (Birdtree,
2016) to perform ancestral character reconstruc-
tion for all characters. Change scores were calcu-
lated for every branch in a tree based on
differences between the ranges of possible states
of the nodes of the tree. Score values of one indi-
cate no possibility of change, less than two the
possibility of change, and more than two that multi-
ple changes must have occurred. Mean change
scores per character were calculated for each
clade in a tree using the scores of all descendent
branches. Sister contrast values were then calcu-
lated for each character by dividing the clade mean
by the sister mean. An overall change score from
these sister contrasted means per character was
then determined using a weighted mean to control
for non-independence and number of states per
character. No score was calculated for any clade
that had fewer than four characters represented.
(See Appendices 4 and 5 for more details.)

Calculation of Indices

EPI (Evolutionary Performance Index) com-
bines the three variables of success, time and
change into a scalar. Because performance is rela-
tive, EPI uses values of success and change mea-
sured as “sister contrasts”, i.e., relative to the

equivalent values of the sister clade, rather than
raw values. Sister clades are appropriate bench-
marks of performance; a clade and its sister share
the same evolutionary trajectory until the point of
divergence – as originally suggested by Vrba
(1984). The use of sister contrasts allows EPI com-
parisons across taxonomic groups, and also has
the benefit of forcing the values of success and
change onto the same scale (> 0, skewed distribu-
tion). The EPI of a clade can, therefore, be thought
of as the amount of evolutionary “activity”, mea-
sured as the number of species and changes rela-
tive to its sister, over the amount of time a clade
has existed. Because it can be difficult to source
the data required to measure change, we present
two indices, EPI (eq. 1) where all three variables
can be estimated, and “proximate” EPI or pEPI
(Eq. 2) where only time and success can be esti-
mated:

These define the performance for any clade of
interest (i) relative to its sister (j). S, C and T refer
to the estimated values for success, change and
time, respectively, (see Figure 1). Because the
resulting division of success and change over time
produces a heavily skewed distribution, the loga-
rithm of this ratio is used to generate a normal dis-
tribution.

Comparing the Fit of ED, EPI and pEPI 
to Qualitative Assessments of 
“Living Fossil-ness”

All three metrics were calculated for every
clade where data permitted. For all clades where
an index was calculated, we then searched for the
clade’s corresponding Wikipedia article (Wikipedia,
2016) and generated presence/absence data on
whether the phrase “living fossil(s)” appeared.
Whereas this measure is crude, it represents a
practical and relatively unbiased assessment of the
popular applicability of the term to a clade. We ran
generalised linear models with binomial error distri-
butions (Hastie and Pregibon, 1992) to determine
whether the three indices correspond to this mea-
sure of popular usage.

R (3.2.4) was used to run all analyses. The
pipeline used to generate all results is available via
the main author’s GitHub account (Bennett, 2016).

(1)

(2)
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RESULTS

In total we calculated pEPI scores for 21,740
clades, with the majority of values being calculated
for mammals and birds through the use of time-cal-
ibrated phylogenetic trees (10,136 Aves, 5,774
Mammalia, 280 Actinopterians, 103 Lepidosauria,
93 Amphibia, 18 other vertebrates, 2,049 Arthrop-
oda, 296 other metazoans, and 2,992 Embryo-
phyta). The majority of values were negative (pEPI
quantiles: -16.3–0%, -6.5–25%, -4.7–50%, -3.3–
75%, 3.5–100%). Many of the lowest scoring
clades have been considered “living fossils” by pre-
vious authors, Trichoplax (-16.2), coelacanths (-
15.6), lancelets (-14.9) and limulids (-13.6). For
EPI, scores were calculated for 2,433 and 3,012
clades for mammals and birds, respectively. The
resulting range of values was less negative com-
pared to pEPI (EPI quantiles: -5.1–0%, -2.8–25%, -
2.0–50%, -1.2–75%, 3.7–100%). Again, taxa regu-

larly considered to represent living fossils had the
lowest scores, monotremes (-5.4), hoatzin (-4.6),
marsupials (-4.9) and palaeognaths (-4.7). The
pEPI of Homo sapiens (-2.2) was near to the
median value, but for apes overall the score was
relatively low for both pEPI (-5.1) and EPI (-3.4).
(See Tables 1 and 2, see Appendix 6 for statistics
calculated for all 21,740 clades and Appendix 7 for
estimates of contrasted change.)

Many taxonomic groups had lower than
expected numbers of species in the NCBI data-
base. Embryophytes, metazoans and particularly
arthropods were under-sampled when compared
to estimated numbers of species for these groups
(see Table 3 for sampled and expected species
counts).

For clades that had both EPI and pEPI scores,
there was a strong correlation between the two
indices (Pearson’s R = 0.77, Spearman’s R = 0.75;
see Figure 2.1). We also found a positive correla-

FIGURE 1. How to calculate pEPI and EPI from a phylogenetic tree. Numbers above the branches are estimated
change scores. Clades A and B are sisters; their performance scores depend on each other. Contrasted change (Cc)

is calculated as the mean change score for a clade divided by its sister’s. Contrasted success (Sc) is calculated as the

number of species in a clade divided by its sister’s. Time (T) is the amount of time in MY since the clade first
appeared. EPI and pEPI are then calculated using equations 1 and 2.
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TABLE 1. Top five living fossils according to pEPI and their associated statistics for Amphibia, Arthropoda, Aves,

Embryophyta, Lepidosauria, Mammalia, Metazoa, Vertebrata and Actinopteria. “-” indicates no data is available.

Common name Scientific name Change Success Time ED EPI pEPI %

Amphibians Amphibia - 3.24E-01 351.80 - - -6.99 20%-21%

Tailed frog Ascaphus - 3.47E-04 183.50 - - -13.18 0%-1%

New Zealand primitive frogs Leiopelma - 6.95E-04 183.50 - - -12.48 0%-1%

Gastric-brooding frog Rheobatrachus silus - 1.49E-03 123.90 - - -11.33 1%-2%

Fire-bellied toads Bombinatoridae - 1.91E-03 156.90 - - -11.32 1%-2%

The Seychelles frogs Sooglossoidea - 1.80E-03 135.30 - - -11.23 1%-2%

Arthropods Arthropoda - 4.10E+02 680.50 - - -0.51 98%-99%

Kauri moth Agathiphaga queenslandensis - 2.64E-05 224.00 - - -15.95 0%-1%

Southern beech moth Heterobathmia pseuderiocrania - 2.64E-05 224.00 - - -15.95 0%-1%

- Andesiana lamellata - 2.70E-05 194.00 - - -15.79 0%-1%

Archaic bell moths Neopseustidae - 5.29E-05 194.00 - - -15.12 0%-1%

- Prionodiaptomus - 2.18E-04 507.35 - - -14.66 0%-1%

Birds Aves - 3.41E+02 236.50 - - 0.37 99%-100%

Hoatzin Opisthocomus hoazin 0.74 1.13E-04 72.45 72.69 -4.56 -13.37 0%-1%

New Zealand wrens Acanthisittidae 0.80 3.72E-04 73.10 41.68 -4.55 -12.19 0%-1%

Hoopoes, wood-hoopoes, 
scimitarbills

Upupiformes 0.96 3.41E-04 59.58 20.68 -4.13 -12.07 0%-1%

Grey hypocolius Hypocolius ampelinus - 1.86E-04 29.02 32.41 - -11.96 0%-1%

Mousebirds Coliidae 0.83 6.81E-04 81.59 38.97 -4.54 -11.69 0%-1%

Land Plants Embryophyta - 1.99E+02 919.80 - - -1.53 94%-95%

Coontails or hornworts Ceratophyllum - 7.91E-05 139.00 - - -14.38 0%-1%

- Berberidopsidales - 1.19E-04 113.70 - - -13.77 0%-1%

- Andreaeobryum macrosporum - 3.11E-04 220.00 - - -13.47 0%-1%

Griffith's oedipodium moss Oedipodium griffithianum - 3.24E-04 214.10 - - -13.40 0%-1%

Soap bark tree Quillaja saponaria - 1.13E-04 65.40 - - -13.27 0%-1%

Lepidosaurs Lepidosauria - 7.06E-01 279.70 - - -5.98 30%-31%

Tuatara Sphenodon - 3.06E-04 251.80 - - -13.62 0%-1%

Cat gecko Aeluroscalabotes felinus - 1.19E-03 116.00 - - -11.49 0%-1%

- Dibamidae - 2.15E-03 201.00 - - -11.45 0%-1%

- Altiphylax - 2.37E-03 110.67 - - -10.75 1%-2%

- Microgecko - 2.37E-03 108.00 - - -10.73 1%-2%

Mammals Mammalia - 3.54E-01 311.90 - - -6.78 22%-23%

Egg-laying mammals Monotremata 0.97 5.37E-04 166.20 80.13 -5.15 -12.64 0%-1%

Mountain beaver Aplodontia rufa - 5.34E-04 58.70 58.82 - -11.61 0%-1%

Springhare Pedetes capensis 0.85 5.34E-04 56.90 59.83 -4.20 -11.58 0%-1%

Flying lemurs Cynocephalidae - 1.10E-03 91.30 52.18 - -11.33 1%-2%

Beavers Castor 0.91 1.07E-03 71.60 41.88 -4.37 -11.11 1%-2%

Multicelled animals Metazoa - 3.39E+00 998.10 - - -5.68 34%-35%

- Limnognathia maerski - 5.77E-05 662.00 - - -16.26 0%-1%

Placozoans Trichoplax - 8.74E-05 951.80 - - -16.20 0%-1%

Mesozoans Mesozoa - 1.10E-04 951.80 - - -15.97 0%-1%

Jaw worms Gnathostomulida - 1.36E-04 745.60 - - -15.51 0%-1%

Comb jellies Ctenophora - 2.18E-04 824.00 - - -15.15 0%-1%
7
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TABLE 1 (continued).
tion between the change variable and pEPI (Spear-
man’s R = 0.45). Additionally, both indices showed
relatively strong correlations with ED (Pearson’s R
= -0.41 and -0.72 for pEPI and EPI respectively
against log ED; Figures 2.2 and 2.3).

Each variable experienced different levels of
dispersion, with success having the greatest coeffi-
cients of variation (39.5, 1.2 and 0.2 for success,
time and change, respectively). Despite these
great differences, all of the variables had an impact
on the overall scores (Spearman’s R 0.78, and -
0.68 for success and time against pEPI and Spear-
man’s R 0.21, 0.25 and -0.95 for success, change
and time, respectively for EPI). Both indices, also,
showed an increasing range of variables towards
higher values of time (Figure 3).

In total we sourced 13,898 Wikipedia articles
for all clades where we had calculated indices. Of
these articles, 62 contained the phrase “living fos-
sil”. EPI and pEPI both showed that the lower the
value, the more likely a clade’s article is to include
the term. Within the bottom 0-25% quantile of EPI
and pEPI clades, 23 and 40 included “living fossil”
in their articles, whereas there were only 2 and 19,
respectively in total in the subsequent three quan-
tiles (25-100%). For ED the pattern was as
expected given that higher values indicate greater
distinctness: 31 mentions in the 75-100%, and 4 in
the 0-75%. We did not identify any of these indices
to be significantly better; none of the binomial mod-
els for each of the indices differed significantly
when explaining the 62 instances of the phrase
(residual deviances of each metric modelled
against “living fossil” mentions: -1 – 168.4, ED –
115.4, pEPI – 120.8, EPI – 102.9) (see Figure 4).

DISCUSSION

We have developed practical metrics for
determining the extent to which clades can be
associated with the living fossil concept. We have
demonstrated that these indices, EPI and pEPI,
correspond well to the popular conception of the
living fossil by showing that low-scoring clades are
much more likely to be described as living fossils in
their Wikipedia articles. Furthermore, we have
demonstrated that the more easily calculated pEPI
correlates well with EPI. Many well-known living
fossil clades appeared in the top rankings for pEPI,
including, among others, coelacanths (Cavin and
Guinot, 2014), tadpole shrimps (Mathers et al.,
2013), lancelets (Garcia-Fernàndez and Benito-
Gutiérrez, 2009), lungfishes (Cavin and Kemp,
2011), limulids (Kin and Błazejowski, 2014), tuatara
(Hay et al., 2008, Herrera-Flores et al., 2017), croc-
odiles (Buckley et al., 2000) and the ginkgo (Royer
et al., 2003). By better describing what constitutes
a living fossil it will be easier to resolve conflicts
over its meaning, and investigate any underlying
causes that may lead to the condition.

Overlooked Living Fossils

We identified many clades that have not com-
monly been considered living fossils, but which
have low scores in our indices. These clades are
mainly microscopic metazoans that split early in
the evolution of eumetazoa. The top three living
fossils according to pEPI were the recently discov-
ered Limnognathia maerski, whose likely closest
relatives are the rotifers (Kristensen, 2002) from
which it split 662 m.y.a.; the amoeboid placozoa
(Trichoplax), which is possibly an early diverging
Vertebrates Vertebrata - 1.27E+02 680.20 - - -1.68 93%-94%

Coelacanth Latimeria - 7.06E-05 413.00 - - -15.58 0%-1%

Lungfishes Ceratodontimorpha - 4.23E-04 413.00 - - -13.79 0%-1%

Bichirs Polypteridae - 7.66E-04 386.30 - - -13.13 0%-1%

Jawless vertebrates Cyclostomata - 2.20E-03 615.00 - - -12.54 0%-1%

Crocodiles Crocodylia - 2.93E-03 236.50 - - -11.30 1%-2%

Actinopterians Actinopteria - 2.32E+03 314.70 - - 2.00 99%-100%

Salamanderfish Lepidogalaxias salamandroides - 8.32E-05 209.40 - - -14.74 0%-1%

- Holostei - 4.32E-04 314.70 - - -13.50 0%-1%

Beardfish Polymixia - 5.31E-04 148.00 - - -12.54 0%-1%

Convict/engineer blenny/goby Pholidichthys leucotaenia - 4.49E-04 93.00 - - -12.24 0%-1%

Jellynose fish Ateleopodidae - 8.33E-04 166.90 - - -12.21 0%-1%

Common name Scientific name Change Success Time ED EPI pEPI %
8
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TABLE 2. Top living fossils according to EPI and their associated statistics for birds (B) and mammals (M) for which the

change variable could be calculated.

TABLE 3. Number of species counted from NCBI taxonomy and number of expected for each taxonomic grouping.

Metazoan estimate is based on the sum of descendent clades.

Common name Scientific name B/M Change Success Time ED EPI pEPI

Egg-laying mammals Monotremata M 0.97 5.37E-04 166.20 80.13 -5.15 -12.64

Marsupials Metatheria M 1.00 6.68E-02 147.70 18.28 -4.93 -7.70

Ratites and Tinamous Palaeognathae B 1.01 6.24E-03 116.75 25.58 -4.74 -9.84

Anteaters, sloths and armadillos Xenarthra M 0.99 6.92E-03 101.10 25.48 -4.62 -9.59

Afrotherians Afrotheria M 0.98 2.08E-02 101.30 30.44 -4.62 -8.49

Fowl Galloanserae B 0.97 5.52E-02 103.54 7.23 -4.61 -7.54

Aardvark Orycteropus afer M 0.92 9.43E-03 93.20 93.34 -4.61 -9.20

Odd-toed ungulates Perissodactyla M 0.86 1.20E-02 87.30 29.38 -4.61 -8.89

Hoatzin Opisthocomus hoazin B 0.76 1.13E-04 72.45 72.69 -4.56 -13.37

New Zealand wrens Acanthisittidae B 0.77 3.72E-04 73.10 41.68 -4.55 -12.19

Trogons Trogonidae B 0.82 4.45E-03 77.23 12.35 -4.54 -9.76

Oilbird Steatornis caripensis B 0.83 1.10E-02 79.12 79.17 -4.54 -8.88

Mouse birds Coliidae B 0.87 6.81E-04 81.59 38.97 -4.54 -11.69

Pangolins Manis M 0.91 6.40E-03 84.90 25.73 -4.53 -9.49

Seriemas Cariamidae B 0.89 1.26E-02 82.20 48.49 -4.51 -8.78

Solenodons Solenodon M 0.94 4.72E-03 84.20 62.54 -4.49 -9.79

Rabbits and hares Lagomorpha M 0.98 4.64E-02 91.80 12.99 -4.49 -7.59

Dormice Gliridae M 0.85 9.16E-03 76.30 24.13 -4.49 -9.03

Tree shrews Tupaiidae M 1.05 9.95E-03 94.30 28.62 -4.49 -9.16

Divers/Loons Gavia B 0.75 5.68E-04 64.98 30.23 -4.46 -11.65

Shorebirds Charadriiformes B 0.97 3.56E-02 85.18 12.14 -4.44 -7.78

Mesites Mesitornithidae B 0.93 1.26E-02 77.54 36.09 -4.41 -8.73

Owls Strigiformes B 0.97 1.78E-02 80.44 10.57 -4.40 -8.42

Falcons and caracaras Falconiformes B 0.96 3.33E-02 80.68 11.15 -4.40 -7.79

Parrots Psittaciformes B 0.96 4.00E-02 80.48 8.76 -4.39 -7.61

Group Spp. Count Expected Count % Reference

Amphibia 6,936 7,571 92 (AmphibiaWeb, 2016)

Arthropoda 166,900 7,500,000 * 2 (Ødegaard, 2000)

Aves 8,867 10,050 88 (Gill and Wright, 2006)

Embryophyta 131,987 350,669 38 (The Plant List, 2006)

Lepidosauria 6,539 9,000 * 73 (Uetz, 2010)

Mammalia 5,593 5,416 103 (Wilson and Reeder, 2005)

Metazoa 265,332 7,980,706 3 -

Vertebrata 50,498 64,000 79 (Baillie et al. 2004)

Actinopetrians 20,847 34,000 * 61 (Froese and Pauly, 2017)

Mean % 60

*Author estimates based on description
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sister to all diploblasts (Syed and Schierwater,
2002; Voigt et al., 2004; Schierwater et al., 2009);
and the worm-like mesozoans, which are poten-
tially sister to all Lophotrochozoa (Suzuki et al.,
2010). Although their exact phylogenetic positions
and species counts have not yet been fully
resolved, their ages are in the 100s of m.y. and
their species counts are below 100; they fit most
people’s conception of a living fossil.

We also identified low scoring clades among
larger bodied metazoans that have been often
overlooked for living fossil status. For example, the
mountain beaver (Aplodontia rufa) is sister to all
rodents and had one of the lowest scores among
all mammals; the hoatzin (Opisthocomus hoazin) is
an early diverging neognath had the lowest score
among birds and the dwarf pencil fish (Lepidogal-
axias salamandroides) was the lowest scoring acti-
nopterian. These animals are not regularly cited as
living fossils in the most well-known literature that
discuss the phenomenon (e.g., Schopf, 1984;
Eldredge and Stanley, 1984; Fisher, 1990), yet our
analysis shows they are just as good candidates
for the term as many oft-cited examples. By includ-
ing previously overlooked groups such as these,
future work on the common causes of the living
fossil phenomenon will be able to sample a
broader set of clades.

Taxonomic Hierarchy

A few clades that have been described as liv-
ing fossils that did not have low scores belonged to

larger clades that did. For example, although the
term is commonly applied to the cycads, we found
this group to have a mid-ranging pEPI score. Nag-
alingum et al. (2011) argued against cycads being
living fossils due to recent radiations within the
group, but in our analysis their score is modest as
they perform comparably to their sister taxa, which
include other “low performing” gymnosperm clades
such as conifers, gnetophytes, and Ginkgo. How-
ever, the parent clade of these gymnosperm
clades, Acrogymnospermae, has a very low pEPI
score (in the lowest 2% of plants and metazoans).
We hence contend that acrogymnosperms as a
whole, rather than the cycads in particular, are
good candidates to receive the living fossil label.
Equally, although “sharks” (Elasmobranchii, a
grouping that includes rays) are commonly
described as living fossils, they had a high pEPI
score due to their relatively better performance
compared to their sister lineage (Holocephali - Chi-
maeriformes). Again the living fossil label for
“sharks” is not so much inappropriate as misplaced
in the hierarchy; we found the parent group of both
these groups, Chondrichthyes, to have a particu-
larly low pEPI score due to it being sister to all
bony fish and tetrapods (Euteleostomi). The Hula
painted frog (Latonia nigriventer) provides another
example; it was labelled a living fossil when first
described (Biton et al., 2013), but, as a species, we
did not find it among the top living fossils within
Amphibia. Instead, the family (Alytidae, painted
frogs) was among the top ten.

FIGURE 2. (1) pEPI and EPI show a strong correlation. Evolutionary distinctness (ED) when logged shows strong
correlations with both EPI (2) and pEPI (3).
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These examples demonstrate the benefit of
our larger scale approach based around monophy-
letic clades as it allows us to better pinpoint the full
extent of the region of the tree of life that has expe-
rienced evolutionary stagnation. Indeed, this trans-
fer of living fossil status to higher-level clades may
explain some inconsistencies in our Wikipedia
analysis. For example, Anispotera, Macroscelidi-
dae and Solenodon paradoxus are all described as
living fossils in their articles but have unexceptional
EPI/pEPI scores, yet their parents (Palaeoptera,
Afrotheria and Solenondon) all have low scores,
without necessarily being described as living fos-
sils themselves in Wikipedia.

Data Limits

We argue that pEPI and EPI are less prone to
sampling bias compared to ED because they only
require the clade and its sister to have equal levels
of sampling rather than a complete species-level
phylogenetic tree. Despite this, it was evident that
the relative sampling of the different clades
impacted the scores. Arthropods had less than
three percent of their expected number of species
accounted for in the NCBI taxonomy. According to
the pEPI ranking, among the top 10 clades there
were three lepidopteran species: Agathiphaga
queenslandensis, Heterobathmia pseuderiocrania
and Andesiana lamellata. We would not expect
these Lepidoptera to have lower scores than other
low diversity, early-branching (“basal”) arthropod

clades – such as the Diplura, Protura, Zygentoma
or Limulidae. Instead, it is likely that the unex-
pected low scores for these species are due to the
order of magnitude more DNA barcode records for
Lepidoptera than for other arthropods (BOLD,
2016). For example, although it is well known that
Coleoptera is the most species-rich insect order, in
the NCBI database it is less sampled (26,240 spp.)
than Lepidoptera (37,934 spp.). Low sampling
within a group is more likely to affect larger clades
than smaller ones because researchers tend to
sample a range of diverse groups, e.g., for phylo-
genetic analysis. With the amelioration of taxo-
nomic sampling of DNA databases, we would,
therefore, expect low-scoring clades within the
under-sampled plants and arthropods to have still
lower scores.

Variable Dominance

All the variables had an impact on the result-
ing EPI and pEPI values. In the case of EPI, how-
ever, the score was largely determined by the time
variable. This led to fewer single species clades
ranking at the bottom. This was in part due to the
stabilising impact of the change variable when
combined with the success variable. For example,
the Palaeognathae that ranked among the bottom
10 birds for pEPI, ranked as having the lowest EPI
score. Although its success (0.06) and change
(1.01) variables were not as low as for other bird
groups (e.g., 0.0006 and 0.849 for Menuridae,

FIGURE 3. Dispersion increases as a clade’s time since splitting increases for both success (1) and change (2). Liv-
ing fossil clades are found towards the bottom-right, clades that have likely experienced an adaptive radiation aggre-
gate in the top-right.
11
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0.0003 and 1.00 for Upupiformes), when added
they were closer to the values of other groups –
making the time variable the deciding factor. As a
consequence, fewer single species clades, which
tend to be younger, ranked among the most likely
living fossils according to EPI than was the case for
pEPI.

Improvements to Change

There was a significant correlation between
the change variable and pEPI. The strength of the
correlation was due to the correlation between the
change and success variable. Under a punctuated
equilibrium model of evolution in which most char-
acter evolution occurs during speciation events
(Gould and Eldredge, 1993), we should expect
there to be a correlation between taxic diversity
and observed morphological/ecological changes.
Although there is evidence that speciation events
can lead to morphological changes (Venditti and
Pagel, 2010; Ezard et al., 2013; Rabosky et al.,
2013), the correlation between change and suc-
cess can be alternatively explained by there being
more opportunity to observe changes in more spe-
ciose clades: character changes may remain hid-
den along long solitary branches as there are no
taxa to indicate any possibility of change. In our
calculation of the change metric we attempted to
control for this by weighting the amount of
observed change by the total branch length repre-
sented by the clade. An alternative approach may
instead be to count the number of uniquely derived

characters (autapomorphies) that have arisen for a
given clade, as these characters are by definition
independent of the number of species in a clade
(Cavin and Guinot, 2014). For such a large-scale
study as ours, however, an automated method of
identifying autapomorphic characters would need
to be developed. Furthermore, it is unlikely that
switching to an autapomorphic character change
variable would impact the overall rankings
because, as indicated in the results, the EPI char-
acter was mostly impacted by the time variable.

Progressivism and the Living Fossil

Amemiya et al. (2013) recently demonstrated
that the coelacanth lineage has experienced
reduced rates of evolution in protein-coding
sequences relative to other vertebrate lineages;
implicitly reinforcing the status of coelacanths as
living fossils. Equating little change at the molecu-
lar scale as evidence for the living fossil status for
coelacanths, however, has led to many rebuttals
(Bockmann et al., 2013; Chalopin et al., 2014;
Forconi et al., 2014; Naville et al., 2015). In particu-
lar, its publication and the publication of similar arti-
cles have reignited arguments over the need to
avoid ‘progressivist’ language in evolutionary dis-
course (Casane and Laurenti, 2013; Grandcolas et
al., 2014; Minelli and Baedke, 2014). As discussed
above, under a progressivist or gradist interpreta-
tion of evolution the term living fossil may be inter-
preted to mean a ‘low-ranked’ or ‘basal’ taxon that
is more closely related to an extinct ancestor than

FIGURE 4. Probability of the Wikipedia article for a clade containing the phrase “living fossil(s)” against different
scores for EPI (1), pEPI (2) and ED (3).
12
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any ‘high-ranked’ taxa. It is argued that the usage
of such progressivist language as living fossil is
detrimental as it can lead to the promotion of this
false interpretation of evolution, particularly among
the public (Rigato and Minelli, 2013). It should be
highlighted, however, that our use of the term living
fossil is based on a phylogenetic approach: we
only consider monophyletic clades and use sister-
comparisons. In no way is our use of the term ‘pro-
gressivist’. We developed metrics that measured
evolutionary activity relative to a clade’s sister, and
our interpretation of an ‘evolutionarily low perform-
ing clade’ is not distinct from similar, recent studies
that have re-appraised the status of well-known liv-
ing fossils (Cavin and Guinot, 2014; Herrera-Flores
et al., 2017). Do we consider taxa that have scored
low on our EPI/pEPI metrics as true living fossils?
Ultimately, this is an essentialist question, but we
consider the use of the term in conjunction with our
metrics, as a synonym for a clade experiencing lit-
tle evolutionary output, to be of potential utility.

CONCLUSIONS

The performance of ED, pEPI and EPI metrics
(measured against our Wikipedia-sourced mea-
sure of popular usage) is similar, but our metrics
(EPI and pEPI) have many practical advantages.
By covering all six identified aspects of the living
fossil, pEPI and EPI capture more elements of the
living fossil concept. Additionally, it is possible to
calculate our metrics above the species-level using
data that can be relatively easily sourced. pEPI

does not require a fully resolved time-calibrated
phylogenetic tree because estimates of success
can be determined from online taxonomies, and
large available datasets of “time since split” are
also now available online. EPI is more demanding
of information in that it requires a sufficient number
of character states and a phylogenetic tree in order
to infer ancestral states. This tree, however, need
not be time-calibrated nor fully resolved. Addition-
ally, sister contrasts result in there being less need
to ensure that characters selected are representa-
tive of a group as a whole; instead, they need only
be comparable with the sister.

In summary, EPI and pEPI can be readily cal-
culated from taxonomy, time since divergence and,
optionally, character matrices; they provide the
most reliable means available of quantifying the
degree to which a clade fits the “living fossil” con-
cept. These metrics enable the living fossil concept
to be investigated in a more quantitative manner,
and hence to provide a better grounding for investi-
gations of the reality, significance, and potential
causes of the phenomenon.
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APPENDIX 1.
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the search phrase “living fossil”. In total we read 56 papers, chapters and books. Below we list all
the references from which we found an explicit or implied definition.
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APPENDIX 2.

Identifying commonly cited aspects of the living fossil and the inconsistency of their use. Here we
demonstrate how our nine aspects of the living fossil are represented by examples taken from

the casebook of living fossils (Eldredge and Stanley 1984). 

Chapter 2: Tree 
squirrels (Emry 
and Thorington)

Chapter 5: 
Primates (Delson 
and Rosenberger)

Chapters 7 and 8: 
Ungulates (Janis)

Chapter 10: 
Crocodiles (Myers)

Chapter 16: 
Lepisosteid (Wiley 

and Schultze)

Existing for a long time Yes, 35 million years Yes, the older the 
more 'living fossily'

Yes, since in 
Eocene

Yes, implicitly, back 
to the Jurassic

No, because they 
have no evidence

Morphologically 
conserved

Yes, they have 
remained stable

Yes Yes Yes, a constant 
morphotype is 
maintained

Yes, they appear to 
be

Another conservatism Yes, they’re still 
arboreal and eat 
nuts

Not explicitly 
mentioned

Yes, behaviourally 
and ecologically

Yes, a constant 
lifestyle is 
maintained

Not explicitly 
mentioned

Having primitive 
features

Yes, they’ve kept 
the squirrel 
morphotype

No, a specialist 
species can be a 
living fossil 
e.g.Aotus

Yes, they lack 
derived behavioural 
group 
characteristics

Yes, implicitly Not explicitly 
mentioned

Phylogenetically 
distinct

Not explicitly 
mentioned

Not explicitly 
mentioned

Not explicitly 
mentioned

Not explicitly 
mentioned

Not explicitly 
mentioned

A survivor of a once 
large clade

Not explicitly 
mentioned

Not explicitly 
mentioned

Yes, they have 
shown a contraction

No, the idea is of a 
constant living fossil 
clade

Not explicitly 
mentioned

Geographically 
isolated

No, they’re very well 
distributed

Not explicitly 
mentioned

Yes, they have small 
ranges and exist in 
few places

No, they’re well 
distributed

Not explicitly 
mentioned

Having generalist 
niche

No, implicitly No, implicitly Yes, implicitly No, they maintain 
the same specialist 
niche

Not explicitly 
mentioned
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APPENDIX 3.

Estimated divergence times of top living fossil vetrebrates according to pEPI using the timetree
method and looking-up in fossilcalibration.org.

Scientific name NCBI ID Group
Timetree/ 

Phylogeny Fossil Callibration*

Latimeria 7896 Vertebrates 413.0 408-427.9 [Sarcopterygii]

Lepidogalaxias salamandroides 89578 Actinopterians 209.4 150.9-235 [Clupeocephala]

Ceratodontimorpha 118077 Vertebrates 413.0 408-427.9 [Sarcopterygii]

Sphenodon 8507 Lepidosaurs 251.8 238-252.7 [Lepidosauria]

Holostei 1489100 Actinopterians 314.7 250-331.1 [Holosteii]

Opisthocomus hoazin 30419 Aves 72.4 66-86.8 [Neognathae]

Ascaphus 8438 Amphbians 183.5 165.3-201.5 [Anura]

Polypteridae 8289 Vertebrates 386.3 378.19-422.4 [Actinopterygii]

Monotremata 9255 Mammals 166.2 157.3-169.6 [Theria]

*Closest available splits, e.g. no estimate is available for lungfishes or coelacanths so the origin of Sarcopterygii is used.
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APPENDIX 4

We used maximum parsimony reconstruction (MPR) (Narushima and Hanazawa, 1997) for esti-
mating the states of internal nodes. This requires that all character traits provided are numeric
integers. We, therefore, converted all continuous traits (such as body mass) by binning into ten
equally spaced units. For traits that were non-numeric, we made them numeric by randomly
assigning numbers. Because trait states are not available for all parts of a tree, we reduce the
tree by dropping absent tips and estimated ancestral states for this subset (Appendix 5.1).
MPR estimates upper and lower internal node states (Farris, 1970). We used these numbers to
estimate a change score (score) defined as one plus the absolute difference between the
summed upper and lower estimates for the ascending and descending nodes that define a
branch (eq. A1), see Appendix 5.2.

Values of one indicate no change has occurred, values between one and two indicate that
change must have occurred for some of the most parsimonious trees, values above two indicate
more than one change must have occurred. The score begins at one to prevent zero division
errors when calculated contrasted change.
The change scores for each trait were then mapped to the full tree using name matching based
on descendants. Scores per trait were equally shared between additional branches that are rep-
resented in the full tree (Appendix 5.3). Finally, when calculating the contrasted change score by
node, the mean score is calculated for all descendent branches from a node and its previous
branch (Appendix 5.4). The sister contrasted change (scorec) is then calculated from these data

as the mean of contrasted mean changes for all (n) shared traits (t) between a clade (a) and its
sister (b). Because traits are non-independent, and some show more possibility of variance than
others, our mean was weighted based on the absolute mean of Spearman’s R for shared traits
between a clade and its sister (r), and the number of states represented by a trait (s) (eq. A2).
Scorec was only calculated for clades with estimated change scores for more than four contrast-

able characters.

Farris, J.S. 1970. Methods for Computing Wagner Trees. Systematic Biology, 19(1):83-92. https:/
/doi.org/10.1093/sysbio/19.1.83

Narushima, H. and Hanazawa, M. 1997. A more efficient algorithm for MPR problems in 
phylogeny. Discrete Applied Mathematics, 80:231-238. https://doi.org/10.1016/S0166-
218X(97)00088-7

(A1)

(A2)
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APPENDIX 5. 

Calculating amount of change that has occurred for a single trait. (S1.1) Use maximum parsi-
mony reconstruction to estimate upper and lower states of trait at internal nodes. (S1.2) Calcu-
late change score based on the absolute difference of upper and lower states between previous
and next node. (S1.3) Map changes onto larger original tree by equally splitting scores for all
branch parts. (S1.4) Calculate score for every node and its sister by calculating mean scores
from parental and descendant branches.
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APPENDIX 6.

Information and statistics for all clades for which pEPI, EPI and ED scores were calculated.
Clades are ordered by pEPI. Common names are not available for all clades, these are automat-
ically taken from NCBI. If you are looking for a specific clade, you may not find it because we
only calculate values for clades that split. For example, lungfishes are represented by the clade
"Ceratodontimorpha" even though they are more commonly known as "Dipnoi". This is because,
according to NCBI taxonomy, the Dipnoi group only has a single child, Ceratodonitmorpha, which
from the perspective of evolutionary performance make them the same clade. To find a clade,
first search for it at the NCBI taxonomy website (www.ncbi.nlm.nih.gov/taxonomy) to ensure it is
splitting. Additionally, many clades were ommitted if their "Success" was greater than 0.01 and/or
their parent had fewer than 500 descendent species. This file is available as a CSV file at http://
palaeo-electronica.org/content/2018/2194-quantifying-the-living-fossil.

APPENDIX 7.

Contrasted change by character for bottom 250 clades most likely to be living fossils according
to pEPI. Values below one indicate character has changed more in sister clade, above one indi-
cate the inverse. This file is available as a CSV file at http://palaeo-electronica.org/content/2018/
2194-quantifying-the-living-fossil.
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