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On calibrating the completometer for the mammalian fossil record
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Abstract.—We know that the fossil record is incomplete. But how incomplete? Here we very coarsely
estimate the completeness of themammalian record in theMiocene, assuming that the duration of a mam-
malian species is about 1Myr and the species diversity has stayed constant and is structurally comparable
to the taxonomic diversity today. The overall completeness under these assumptions appears to be around
4%, but there are large differences across taxonomic groups.We find that the fossil record of proboscideans
and perissodactyls as we know it for the Miocene must be close to complete, while we might know less
than 15% of the species of artiodactyl or carnivore fossil species and only about 1% of primate species
of the Miocene. The record of small mammals appears much less complete than that of large mammals.
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Introduction

May (1988) asked how many species there are
on Earth today and, not surprisingly, showed
that we knowmore of some groups of organisms
than of others. The question of howmany species
have ever existed on Earth is even more challen-
ging (Simpson 1952). While incompleteness of
the fossil record is an everlasting concern (Dar-
win 1872: chap. 10; Foote and Sepkoski 1999;
Benton 2009), over the years more and more fos-
sil species have become known to research.
Attempts to assess completeness of the fossil

record quantitatively have a long history. In the
1950s–1960s, the prevailing opinion was that
we know a very small proportion of the fossil
species. The species-level completeness of the
fossil record was estimated to be up to 10% or
likely less (Newell 1959; Durham 1967; Valen-
tine 1970). Those estimates were primarily
based on the marine record, but terrestrial ver-
tebrates and plants have also been considered.
The perception of completeness shifted in the

1990s with development of more advanced

analytical methods, such as Foote and Raup’s
FreqRat (1996), based on the distribution of
taxonomic durations within fossil assemblages.
Their initial estimates of species-level complete-
ness of the fossil record of trilobites, bivalves or
American Cenozoic mammals ranged from 60%
to 90%. In the following years, researchers
applied this approach to various regions and
organismic groups (Alba et al. 2001; Johnson
and Curry 2001; Sims 2012; Davies et al. 2017)
and generally, except when applying it globally
for bats (Eiting and Gunnell 2009), obtained
similar results, suggesting relatively high or
very high completeness of the record.
Although statistical approaches on taxo-

nomic durations have been applied continen-
tally, they are primarily local approaches, in
that they require well-sampled fossil assem-
blages that would include multiple taxa repeat-
edly found within multiple stratigraphic
horizons. This means that such approaches
can realistically only be applied to some subsets
of the global fossil record, those that allow
intensive sampling possibilities. Naturally,
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estimates over such subsets show high com-
pleteness, but that does not reflect complete-
ness of the global fossil record as a whole, as
already noted by Foote and Raup (1996).
Thus, even though recent regional estimates

or estimates at individual sites suggest quite
high completeness, we still do not know how
much of the fossil record we know globally,
and, even more importantly, how evenly this
knowledge extends across groups of organisms.
Here we revisit the question of global complete-
ness of themammalian fossil record, placing it in
the perspective of present-day biodiversity.
One can argue that even if all the biodiversity

of todaywere to be preserved in the fossil record,
not all the species would be detectable. This is
because of cryptic species, which morphologic-
ally look identical, but do not interbreed and
remain genetically separate. Also, if some species
differ only by traits that are not preserved, they
will not be distinguishable in the fossil record,
which can make the fossil record appear less
complete than it really is. At the same time, sexu-
ally dimorphic members of the same species can
be described in the fossil record as separate spe-
cies, which can make the fossil record appear
spuriously more complete. These are questions
of detectability.
The question we ask here is what fraction of

species that lived during the Miocene are cap-
tured in the fossil record, not what fraction of
species that lived and are detectable are captured
in the fossil record. Thus, our purpose is not
to assess the efforts of the research community
(how much of those that are detectable have
actually been found), but to address a more
fundamental question—how much of the his-
tory of life we know from the fossil record.

Completeness of the Mammalian Fossil
Record

Consider the Miocene, a time when many of
the present mammalian families were already
established. The planetary cooling and asso-
ciated major ecosystem changes of the later
Miocene (ca. 15–5Ma), including the expansion
of grassland biomes and the evolution of fau-
nas adapted to open environments, have been
a subject of intensive research in paleoecology
and human evolution (Begun 2010; Raia et al.

2011; Stromberg 2011; Fortelius et al. 2014).
As a result of the great interest in this major eco-
system transition, the existing mammalian fos-
sil record of the Miocene has arguably been
resolved and scrutinized nearly as well as is
practically possible.
To make use of this exceptional opportunity

for the present purpose, we first need a baseline
of how many fossil mammal species could be
expected to have existed within the Miocene.
If we know the standing diversity of species
and the average species duration, we can com-
pute how many faunal replacements would
have happened over the time elapsed, and
from there, how many species must have
lived during the time period in total. This
approach was used by Simpson (1952) to esti-
mate the total number of fossil species that
ever lived.
The ASM Mammal Diversity Database*

reports 6363 living mammal species, excluding
domestic (19) and recently extinct species (101).
Considering that the duration of mammalian
species, while varying from group to group
(Table 1), is about 1Myr (May 2002), about 18
faunal replacements would have happened
during the nearly 18Myr of the Miocene. The
starting fauna could also potentially have
made it into the fossil record; thus, if the stand-
ing diversity stayed constant from the beginning
of the Miocene to the present day, we should
expect a complete mammalian fossil record of
the Miocene to contain roughly 19 times† more
species than the standing diversity today.
In this case, 19 × 6363∼ 121,000 fossil species

are to be expected in theMiocene record for it to
be considered complete or nearly complete. We
can check how this rough baseline compares
with the mammalian fossil record known to
research. The NOW database of fossil mam-
mals‡ reports 4505 mammal species for the
Miocene (23.000–5.333 Ma§) worldwide,

*https://www.mammaldiversity.org/, public version
downloaded on 24 September 2020.

†The total progeny (18 × standing diversity) plus their
ancestors (1 × standing diversity).

‡https://nowdatabase.org/, public version downloaded
on 16 February 2021 (NOW Community 2021).

§We take the narrow conservative range of 23.0–5.333Ma
from the set of various time boundaries associated with the
Miocene that also include 23.03, 23.04, and 5.3Ma for a tech-
nical reason to prevent some Oligocene or Pliocene
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excluding taxonomic names not identified to
the species level. Similarly, the Paleobiology
database PBDB¶ reports 3811 mammal species
for the Miocene, also excluding taxonomic
names not identified to the species level.*

There are 1787 species names in PBDB that
are not in NOW for the Miocene. Based on a
manual survey of a selected sample, quite a
few of those names, such as Bos taurus orMam-
muthus meridionalis, for example, are Pleisto-
cene species, leaking over to the Miocene in
PBDB because of very broad age ranges for
some reported localities. Another set of those
non-overlapping names are synonyms. Mer-
ging the two database lists for this analysis
without manual curation would carry a high
risk of many duplicated species, and manual
curation of a merger is simply intractable
for the purpose of this analysis. Some species
from the non-overlapping list may be genu-
inely missing in NOW, but as is, NOW has
given primary attention to resolving syno-
nyms over the years, and, while ever incom-
plete, for the purpose of this analysis it
appears to be a fairer representation of the
whole Miocene mammalian record than
PBDB or a merger of the two. Thus, we

analyze NOW data as is in this study. As
we know about 4500 fossil species from the
Miocene, and the baseline from the present
day suggests that there should have been
about 121,000 species during that period,
the mammalian fossil record for the Miocene
as we know it from NOW may only contain
about 4500/121,000 = 4% of all the species
that existed during that epoch.
More formally, we can compute the com-

pleteness of the fossil record as:

Completeness = nF/nD × d/(d+ t), (1)

where nF is the number of fossil species
recorded in the fossil record, nD is the standing
diversity, d is the average species duration (in
millions of years), and t is time elapsed in (mil-
lions of years). Details of this formulation are
given in Appendix A.1.
Whether the two main assumptions, a con-

stant diversity over the later Cenozoic and aver-
age species duration of 1Myr, are realistic is a
matter of broad perspective. Possibly they are
the best approximation we can currently achieve
without directly using the very same fossil record
whose completeness we are trying to assess.
Critically looking at Table 1, assuming that the

expected species duration is around 1Myr is per-
haps the best we can do for the main scenario, in
addition to sensitivity analysis. Figure 1A out-
lines how the estimate of completeness would
vary under different species durations (keeping
the standing diversity fixed for now).
If instead of assuming 1Myr species duration,

we increased it to 3Myr, which is near the max-
imum estimate in Table 1, the completeness esti-
mate would rise from 4% to around 10%. If, for
the purpose of an exercise, we assumed that spe-
cies duration was half a million years, close to
the minimum in Table 1, the completeness esti-
mate would fall to around 2%.
Similarly, Figure 1B shows sensitivity of the

completeness estimate to the assumption
about standing diversity. If instead of assuming
a constant standing diversity, we assumed that
the diversity has doubled during the last 23
Myr (while keeping the expected species dur-
ation at 1 million), the completeness estimate
of the record would rise from 4% to 6%, and
if we assumed that the diversity decreased by

TABLE 1. Estimated durations of mammalian species.

Taxa in

Average
lifespan,
Myr Reference

Mammals 1 Wilson 2016
Pleistocene mammals 1 Kurtén 1968
Mammals 1–2 Mace 1998
Cenozoic mammals 1–2 Raup and Stanley

1978
Cenozoic mammals of
America

1.7 Foote and Raup
1996

Cenozoic mammals
(selected)

3.2 Prothero 2014

Eastern African bovids 1.4 Bibi and
Kiessling 2015

Rodents 0.3–1 May 2002
Perissodactyls 0.5 May 2002
Insectivores 3 May 2002

mammalian time units that cross those nonconservative
boundaries leaking into the analysis dataset.

¶https://paleobiodb.org/, public version (“Miocene”)
downloaded on 16 February 2021.

*NOW records 36,564 occurrences for the Miocene
including those unidentified to the species level, and
PBDB records 32,651 occurrences attributed to the Miocene
including those unidentified to the species level.
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half during the Miocene, the completeness esti-
mate would fall to 2%.
We made one additional and important

assumption—we excluded from the main ana-
lysis those occurrences that were not identified
to the species level. It is unrealistic that each or
even any substantial part of unidentified spe-
cies would be new, and even if it were so, the
fact that the remains have not been identified
to the species level signals that they were prob-
ably inadequate in someway, and thus the spe-
cies, if indeed new, would not be adequately
known to research anyway. Out of those
excluded as unidentified, 742 are unnamed or
informal species (indicated as variants of “sp”
in NOW), which may eventually be recognized
as new species. If all of themwere recognized as
new species, the completeness estimate would
go up by about only 1%.
While completeness estimates vary under

different assumptions, these sensitivity ana-
lyses suggest that the variations here explored
are immaterial within realistic ranges. No mat-
ter howwe look at this from various angles and
with different assumptions, the estimates sug-
gest that the global mammalian fossil record
must still be quite incomplete.

Who Is Missing?

Could it be that the fossil record is missing
some groups more than others? For example,
small mammals? Or carnivores? Table 2

contrasts extant species counts by orders
along with species counts from the Miocene
fossil record in the NOW database. Coarsely
assuming that the relative structure of ecosys-
tems globally by taxonomic orders stays the
same,* the average species duration is 1Myr,
and the standing diversity stays constant over
the Miocene, the last column of Table 2 gives
estimates of completeness of the fossil record
within each taxonomic group. We see from the
table that while estimates vary considerably
across groups, one general finding is that the
record of smallmammals appears to be less com-
plete than that of largemammals. And if the dur-
ation of some groups of small mammals is
indeed shorter than 1Myr, as Table 1 suggests
for rodents, the actual completeness of their
record would be about half of what our main
scenario estimates.
Even within large mammals contrasts are

large. The estimates for Perissodactyla and Pro-
boscidea imply that the record for these groups
as we know it must be close to complete. That
the estimates run over 100% is very likely,
because the present-day diversity of those
groups is dramatically lower than it should be
in natural ecosystems, owing to both long-term
decline and recent megafaunal extinctions. It is,

FIGURE 1. (A) Completeness estimates under different assumptions of expected species duration and standing diversity.
(B) The diversity factor in the plot indicates what fraction of the present-day diversity is assumed at the beginning of the
Miocene; e.g., 0.5 on the x axis means that the diversity at the start of the Miocene was half of the diversity today and has
been linearly increasing since, and 2.0 means that it was twice of the diversity today and has been decreasing since.

*This is a strong assumption, but arguably best for the
purpose, unlesswe infer the structure from the fossil record,
which would somewhat defeat the purpose.
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for example, commonly thought (Janis 1993)
that artiodactyls have gradually replaced peri-
ssodactyls over the course of the Cenozoic
and that the diversity of proboscideans has
greatly declined in the geologically recent
past. If we, fully speculatively and ignoring
variations in the primary productivity,
assumed that the recent extinctions of probosci-
deans have not happened, the standing diver-
sity of proboscideans would be about 18–20
species including dwarf species on islands, or
about 14–15 species if island dwarfs were

excluded.* The former would give a 32% com-
pleteness estimate for proboscideans. If such
perceptions were to be correct and held for

TABLE 2. Number of species within orders today and in the Miocene fossil record (NOW database), as well as estimated
completeness of the record. Completeness of the record is computed assuming that the proportions of orders and the
diversity ofmammalian species stay the same over the last 23Myr and the duration of allmammalian species is 1Myr. Italic
gray type in brackets indicates interim sums. “Extinct” and “NA” in italics indicate the groups that are not available in that
time unit. Bold indicates the main result.

Mammalian orders
Number of
species today

Number of fossil
species (Miocene)

Estimated completeness
main scenario

Proboscidea 3 121 216%
Astrapotheria Extinct 5
(Proboscidea and Astrapotheria) (3) (126) (225%)
Perissodactyla 16 410 137%
Notoungulata Extinct 36
(Perissodactyla and Notoungulata) (16) (446) (149%)
Artiodactyla (including Cetacea) 339 889 14%
Litopterna Extinct 23
(Artiodactyla and Litopterna) (339) (912) (14%)
Carnivora (including Pinnipedia) 299 706 13%
Creodonta Extinct 24
Dasyuromorphia 77 1 <1%
Sparassodonta Extinct 36
(Carnivora, Creodonta, Dasyuromorphia,
Sparassodonta)

(376) (767) (11%)

Hyracoidea 5 16 17%
Tubulidentata 1 10 54%
Primates 511 133 1%
Rodentia 2570 1390 3%
Eulipotyphla 544 338 3%
Macroscelidea 20 7 2%
Scandentia 23 2 <1%
Dermoptera 2 NA
Ptolemaiida Extinct 1
Afrosoricida 55 6 1%
Lagomorpha 108 131 6%
Didelphimorphia 125 10 <1%
Diprotodontia 149 11 <1%
Paucituberculata 7 17 13%
Peramelemorphia 22 4 1%
Microbiotheria 3 5 9%
Notoryctemorphia 2 NA
Polydolopimorphia Extinct 2
Monotermata 5 NA
Cingulata 21 40 10%
Pilosa 16 30 10%
Sirenia 4 7 9%
Pholidota 8 2 1%
Chiroptera 1428 87 <1%
incertae sedis 5
Sum: 6363 4505 4%

*Large mainland species: in Africa: Loxodonta africana,
Loxodonta cyclotis, and perhapsPalaeoloxodon jolensis; in Eur-
asia: Elephas maximus, Elephas hysudrindicus, Mammuthus
primigenius, Palaeoloxodon antiquus, Palaeoloxodon namadicus,
Palaeoloxodon naumanni, and Stegodon orientalis; in North
America: Mammuthus primigenius, Mammuthus columbi,
and Mammut americanum; in South America: Cuvieronius
hyodon andNotiomastodon platensis; island dwarfs: Palaeolox-
odon tiliensis, Palaeoloxodon creutzburgi, Palaeoloxodon
cypriotes, Stegodon florensis, and perhaps Mammuthus exilis.
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perissodactyls as well, the true completeness of
the ungulate orderswould bemore even, some-
what above the 15% obtained for artiodactyls
and carnivores. Even with this speculative rea-
soning, the estimate for ungulates of around
20% would be much higher than the average
estimate of 4% for all mammals.
Of all the large mammalian orders, the

intensely studied primates appear to be most
underrepresented, with a completeness esti-
mate around 1%. If we were to reduce present-
day primate diversity to what can be distin-
guished based on craniodental anatomy, this
estimatewould of course be higher, but it none-
theless appears that this intensely studied order
is relatively poorly represented in the fossil
record, notably below the average across all
mammals.
Appendix A.2 gives complementary esti-

mates by taxonomic groups with assumptions
of shorter and longer average species durations,
as well as increasing and decreasing standing
diversity over time. The resulting estimates
vary to an extent (from half to double as com-
pared with the main scenario) but the main
conclusion about structurally varying incom-
pleteness firmly stands.

Are We Looking under a Streetlamp?

Our analysis suggests that the global com-
pleteness is low and much more in accord
with the earlier estimates for the global record
to be below 10% (Newell 1959; Durham 1967;
Valentine 1970) than more recent regional esti-
mates for mammals of around 60%–90%
(Foote and Raup 1996; Alba et al. 2001). Indi-
vidual regions may well represent the com-
pleteness of local fossil communities, but this
does not necessarily generalize to global com-
pleteness, as some communities may be far
less represented than others.
One may wonder why local completeness is

expected to be greater than global. The first,
trivial reason is self-selection bias due to meth-
odological constraints. Advanced statistical
approaches require good samples. Foote and
Raup’s FreqRat (1996) needs at last four fossil-
iferous horizons and at least some fossils
should be preserved in at least three horizons.
In environments like tropical rain forests,

where long-term preservation is inherently
unlikely (Behrensmeyer at al. 2000), although
not impossible (Archer et al. 1991), the likeli-
hood of finding such fossiliferous sequences
must be very low. One can only dream of
such resolution for the fossil record of homi-
nins, for instance. Evidently, if advanced statis-
tical estimates come only from well-sampled
assemblages, they would represent the com-
pleteness of those well-sampled assemblages
and would not be representative of global com-
pleteness on average.
To be sure, large-scale analyses can include

material from a wide range of depositional
environments, and in this way species even
from less fossiliferous environments (including
outcrop unavailability) can potentially enter
the data occasionally. But unless the proportion
of environments in the fossil record reflects the
proportion of environments in the real world
(an extremely unlikely conjecture), estimates of
completeness obtained this way will be biased
in favor of the most fossiliferous environments.
Aside from whether a fossil locality is

sampled more or less well, entire provinces or
biomes may escape preservation because they
do not intersect depositional basins or intersect
them only partly. Today, only 16% of Earth’s
terrestrial land surface is within sedimentary
basins; the remainder of the land is in upland
areas that will not be represented in the future
rock record (Nyberg and Howell 2015), and
this 16% does not represent current climatic
zones of the Earth uniformly.
In general, fossil preservation is nonuniform

over time and space and varies among taxa,
depositional environments, sedimentary
basins, and topography (Behrensmeyer at al.
2000; Holland 2016; Badgley et al. 2017). More-
over, “the pull of the recent” (Raup 1979), the
notion that recent past is better represented in
the fossil record than the more distant past,
may also bias estimates, although there is no
consensus on this (Jablonski et al. 2003). Most
importantly, there is much that does not pre-
serve and can never be discovered, no matter
how intensively explored (Nyberg and Howell
2015; Holland 2016).
From early arithmetic attempts to sophisti-

cated computational models, approaches to
quantitative estimation of completeness of the
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fossil record have been grounded in three main
approaches: reasoning about fossil collection,
preservation patterns, or macroevolutionary
processes. Transitioning of methods toward
the more and more computationally elaborate
has come at the cost of requiring better sampled
or more refined data to back them up.
Many early estimates of completeness were

based on statistics about the collection pro-
cesses, such as rates of discovery of new taxa
over time (Newell 1959) or species-to-specimen
ratios (Durham 1967), borrowing general rea-
soning from collector curve analyses in ecology
(Preston 1948), tailored for paleontology (Ben-
ton 2009).
Later came approaches that draw upon

assumptions about the preservation process
and the configuration of stratigraphic
sequences and fossil finds within them. Com-
pleteness estimates can be approached indi-
vidually as the probability of sampling per
species per time interval (Paul 1982) or jointly
via the distribution of taxonomic durations
(Foote and Raup 1996; Foote et al 2019).
Related, but solving a different task, are meth-
ods that estimate completeness of stratigraphic
sequences (Schindel 1982).
The third type of approaches drew upon

assumptions and models of macroevolutionary
processes, including speciation rates or species
durations. Simpson’s (1952) early attempt to
estimate the number of species that ever lived
falls under this category. The approach we
use falls under this category as well. A numeric
estimate of completeness comes from compar-
ing the number of observed fossil taxa to the
estimated total progeny (Kendall 1948). The
total progeny can be estimated via assumptions
about diversity dynamics (Valentine 1970), it
may as well come from phylogenetically expli-
cit speciation models (Benton et al. 2000).
Apart from those three types of approaches,

researchers have compared living species with
the fossil record directly (Raup 1979; Valentine
1989), without extrapolating over time. Such
comparisons can only be plausible across the
fossil record of the most recent past, the Pleisto-
cene at most.
It is no news that fossil databases are incom-

plete. In addition to differences in preservation

and biases in collection and study, there are
synonymity challenges and challenges of taxo-
nomic identification from incomplete specimens.
Estimates of mammalian species duration are
approximate averages, and changes in diversity
over time, as well as relative proportions of dif-
ferent taxonomic groups in the past, are uncer-
tain. The degree of this incompleteness is
poorly known. Our coarse analysis suggests
that completeness of the fossil record of terres-
trial mammals might actually be both lower
and far less even than has been lately expected.
It seems that there is still a lot to discover—and
not least for the long-term favorite order of
Primates. Perhaps this is one reason why
discoveries of new species of fossil primates
tend to result in more phylogenetic tree-shaking
than discoveries of new species of fossil
rhinoceroses?
One way or another, it is clear that the fossil

record as we know it is structurally imbal-
anced and will so remain. Beyond such super-
ficial considerations, our results also suggest
that it might be time to look more closely at
the representativeness of the data available
for analysis and consider its implications for
our understanding of the evolutionary history
of terrestrial mammals and their living envir-
onments. Are we in fact sampling mainly
from the savanna-like environments of the
past? How much is happening out of sight,
in the less fossiliferous environments or out-
side the active sedimentary basins? Will we
even ever know?
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Appendix

A.1. Derivation and Alternative Formulations
of the Completeness Estimate

A.1.1. Main Variant with Constant Species
Duration
Completeness of the fossil record over a time

period (t) can be defined as a fraction of the
number of species in the fossil record over the
number of species that lived during the time
period, denote the two numbers nF and nL,
respectively. Then,

Completeness = nF/nL. (A.1)

nF comes from the fossil record at hand. nL.
can be estimated if we know the expected dur-
ation of a species (d) and the standing diversity
(nD). Then, assuming that the species duration
and the standing diversity stayed constant over
the analysis period, the number of species that
lived during the analysis period and thus
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potentially could have made into the fossil
record, is

nL = nD + nDt/d, (A.2)
where nD is the standingdiversity, d is the average
species duration (in millions of years), and t is
time elapsed (in millions of years). The first com-
ponent is needed to account for the initial set of
species at “time zero” that could have potentially
made it into the fossil record as well. Then,

Completeness = nF/(nD + nDt/d)

= nF/nD × d/(d+ t). (A.3)

A.1.2. An Alternative with Assumptions about
Speciation Rates instead of Species Duration
An alternative equivalent formulation of

completeness measure is possible using speci-
ation rates instead of species duration. Note
that in a closed world (without immigration),
the speciation rate is inverse of the average spe-
cies duration, that is,

r = 1/d. (A.4)
Continuing to assume a closed world, the

number of species that lived during the analysis
period is a sum of the number of ancestors
at the start of the analysis period and their
total progeny during the analysis period,
that is,

nL = nD + nDrt, (A.5)
and from here

Completeness = nF/(nD + nDrt)

= nF/nD × 1/(1+ rt). (A.6)

A.1.3. An Alternative with Increasing or
Decreasing Standing Diversity over Time
For relaxing the assumption about constant

species duration, we need to assume how the
duration changes over time. The most straight-
forward way for present purposes is to assume
that the duration changes linearly over time
and that the expected species duration is

attributed to the point of species origination
in time. Then, the expected number of species
that lived over the analysis period can be
approximated as

n∗L ≈ n0 + nAt/d, (A.7)

where n0 is the standing diversity at the begin-
ning of the analysis period, nA is the average
standing diversity over the analysis period, d
is the expected species duration, and t is time
elapsed.
If a linear increase in the standing diversity is

assumed, then

nA = (n0 + nt)/2, (A.8)

where nt is the standing diversity at the end of
the analysis period.
In this analysis, because we use the standing

diversity of the present day as a reference and
the analysis period is from 23.000 Ma to 5.333
Ma, computing the average standing diversity
for our analysis is slightly more entangled.
We assume that the standing diversity has
doubled (scenario 1) and reduced by half (scen-
ario 2) during the last 23Myr; thus, in scenario 1,

n0 = 2nL, (A.9)

and in scenario 2,

n0 = 0.5nL, (A.10)

where nL is the standing diversity today. More
generally,

n0 = anL. (A.11)

We need to compute the average standing
diversity not from the beginning of theMiocene
to today, which would be a simple average
(αnnow + nnow)/2, but across the Miocene,
which is

nA = (nt = 23Ma+ nt=5.333Ma)/2. (A.12)
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Assuming linear change in the standing
diversity,

nt=5.333Ma = n0

+ (23− 5.333)(nL − n0)/23

= anL + 0.768(nL − anL)

= nL(0.768+ 0.232a).

(A.13)

Then, under scenario 1 (increasing diversity, α
= 0.5), nt=5.333Ma = 0.884 nL, and under scenario
2 (decreasing diversity, α = 2) nt=5.333Ma = 1.232
nL.

Then,

nA = (nt=23Ma + nt=5.333Ma)/2

= [anL+nL(0.768+ 0.232a)]/2

= nL(0.384+ 0.616a). (A.14)
Under scenario 1, nA = 0.692, and under

scenario 2, nA = 1.616.

A.2. Complementary Sensitivity Analysis

Table A.1 gives completeness estimates for
different taxonomic groups under different
assumptions about the excepted duration of
species and standing diversity.
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TABLE A1. Number of species within orders today and in theMiocene fossil record (NOWdatabase), as well as estimated
completeness of the record with different assumptions. For the main scenario (“main”) completeness of the record is
computed assuming that the proportions of orders and the diversity of mammalian species stay the same over the last 23
Myr and the duration of all mammalian species is 1Myr. Italic gray type in brackets indicates interim sums. “Extinct” and
“NA” in italics indicate the groups that are not available in that time unit. Bold indicates the main result.

Mammalian orders

Number
of species
today

Number of
fossil
species

(Miocene)

Estimated
completeness

main

With
species
duration
0.5Myr

With
species
duration
3Myr

With
increasing
diversity 2x

to now

With
decreasing

diversity 0.5x
to now

Proboscidea 3 121 216% 111% 585% 317% 132%
Astrapotheria Extinct 5
(Proboscidea and
Astrapotheria)

(3) (126) (225%) (116%) (610%) (330%) (137%)

Perissodactyla 16 410 137% 71% 372% 201% 84%
Notoungulata Extinct 36
(Perissodactyla and
Notoungulata)

(16) (446) (149%) (77%) (405%) (219%) (91%)

Artiodactyla
(including Cetacea)

339 889 14% 7% 38% 21% 9%

Litopterna Extinct 23
(Artiodactyla and
Litopterna)

(339) (912) (14%) (7%) (39%) (21%) (9%)

Carnivora (including
Pinnipedia)

299 706 13% 6% 34% 19% 8%

Creodonta Extinct 24
Dasyuromorphia 77 1 <1% <1% <1% <1% <1%
Sparassodonta Extinct 36
(Carnivora, Creodonta,
Dasyuromorphia,
Sparassodonta)

(376) (767) (11%) (6%) (30%) (16%) (7%)

Hyracoidea 5 16 17% 9% 46% 25% 10%
Primates 511 133 1% 1% 4% 2% 1%
Rodentia 2570 1390 3% 1% 8% 4% 2%
Eulipotyphla 544 338 3% 2% 9% 5% 2%
Macroscelidea 20 7 2% 1% 5% 3% 1%
Scandentia 23 2 <1% <1% 1% 1% <1%
Dermoptera 2 NA
Ptolemaiida Extinct 1
Afrosoricida 55 6 1% <1% 2% 1% <1%
Lagomorpha 108 131 6% 3% 18% 10% 4%
Didelphimorphia 125 10 <1% <1% 1% 1% <1%
Diprotodontia 149 11 <1% <1% 1% 1% <1%
Paucituberculata 7 17 13% 7% 35% 19% 8%
Peramelemorphia 22 4 1% 1% 3% 1% 1%
Microbiotheria 3 5 9% 5% 24% 13% 5%
Notoryctemorphia 2 NA
Polydolopimorphia Extinct 2
Monotermata 5 NA
Cingulata 21 40 10% 5% 28% 15% 6%
Pilosa 16 30 10% 5% 27% 15% 6%
Sirenia 4 7 9% 5% 25% 14% 6%
Tubulidentata 1 10 54% 28% 145% 79% 33%
Pholidota 8 2 1% 1% 4% 2% 1%
Chiroptera 1428 87 <1% <1% 1% <1% <1%
incertae sedis 5

Sum: 6363 4505 4% 2% 10% 6% 2%
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