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Reliable estimates of when hominin taxa originated and went extinct are central to addressing many
paleoanthropological questions, including those relating to macroevolutionary patterns. The timing of
hominin temporal ranges can be used to test chronological predictions generated from phylogenetic
hypotheses. For example, hypotheses of phyletic ancestoredescendant relationships, based on
morphological data, predict no temporal range overlap between the two taxa. However, a fossil taxon's
observed temporal range is almost certainly underestimated due to the incompleteness of both the fossil
record itself and its sampling, and this decreases the likelihood of observing temporal overlap. Here, we
focus on a well-known and widely accepted early hominin lineage, Australopithecus anamensiseafarensis,
and place 95% conﬁdence intervals (CIs) on its origination and extinction dates. We do so to assess
whether its temporal range is consistent with it being a phyletic descendant of Ardipithecus ramidus and/
or a direct ancestor to the earliest claimed representative of Homo (i.e., Ledi-Geraru). We ﬁnd that the last
appearance of Ar. ramidus falls within the origination CI of Au. anamensiseafarensis, whereas the claimed
ﬁrst appearance of Homo postdates the extinction CI. These results are consistent with Homo evolving
from Au. anamensiseafarensis, but temporal overlap between Ar. ramidus and Au. anamensiseafarensis
cannot be rejected at this time. Though additional samples are needed, future research should extend our
initial analyses to incorporate the uncertainties surrounding the range endpoints of Ar. ramidus and
earliest Homo. Overall, our ﬁndings demonstrate the need for quantifying the uncertainty surrounding
the appearances and disappearances of hominin taxa in order to better understand the timing of
evolutionary events in our clade's history.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Reliable estimates of when hominin taxa originated and went
extinct are of critical importance in human origins research. The
timing of external events is often linked with the appearances and
disappearances of hominin taxa, potentially suggesting a causal
relationship between the two. For example, global climate change
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at around 2.8 million years ago (Ma) has been implicated in episodes of late Pliocene faunal turnover that included the origin of the
genus Homo (deMenocal, 2004, 2011). Accurate origination and
extinction dates are also needed to properly time-scale hominin
 mez-Robles et al., 2017) and to infer
phylogenetic trees (e.g., Go
evolutionary relationships. For instance, sister taxa should have the
same origination dates (Paul, 1982; Marshall, 1990), and species
proposed to be phyletic ancestors and descendants should have
non-overlapping temporal ranges (Paul, 1982, 1992).
Despite the longstanding practice of portraying observed hominin temporal ranges as reality, these data are almost certainly
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underestimates due to the incompleteness of both the fossil record
itself and its sampling (Marshall, 2010; Wang and Marshall, 2016;
Wood and Boyle, 2016). Yet, few researchers have statistically estimated hominin origination and extinction dates and quantiﬁed the
uncertainty surrounding them. Bobe and Leakey (2009) and Bobe
and Carvalho (2019) calculated conﬁdence intervals (CIs) for the
appearances and disappearances of various hominin taxa (i.e., Paranthropus aethiopicus, P. boisei, Homo habilis sensu stricto,
H. rudolfensis, and H. erectus) in the Omo-Turkana Basin of northern
Kenya and southern Ethiopia. However, the method they use (Koch,
1987) requires extensive data in the form of number of fossil specimens, not only for the hominin taxon in question but also for the
greater mammalian record. Consequently, this method can be used
only for sites where large databases are available (e.g., the Turkana
Database [Bobe, 2011]), and it provides CIs for local ﬁrst and last
appearance data (FAD and LAD, respectively), not the taxon's global
origination and extinction dates. Maxwell (2018) recently placed CIs
on the temporal ranges of 13 hominin taxa ranging from the Miocene
to the Pleistocene, though he acknowledges that the assumptions of
his chosen method (Strauss and Sadler, 1989) were violated, thus
rendering his estimated CIs potentially suspect.
In an attempt to remedy the paucity of estimated dates and CIs
for hominin originations and extinctions, we use the Australopithecus anamensiseafarensis lineage (Kimbel et al., 2006; Kimbel
and Delezene, 2009) from the Pliocene of eastern Africa as a test
case. We chose this lineage for two reasons. First, within the
context of other early hominins, its fossil record is well sampled,
documented, and studied. The hypodigm comprises over 400
specimens, which are well distributed throughout the species'
temporal range (Kimbel et al., 2006; Kimbel and Delezene, 2009).
Second, the Au. anamensiseafarensis lineage is widely accepted to
have been a probable phylogenetic link between early and late
Pliocene hominins (White et al., 2006, 2009b, 2015; Villmoare et al.,
2015), so more reliable information about when this taxon originated and went extinct should help test the phylogenetic hypotheses we explore in more detail in the following paragraph.
Previous phylogenetic hypotheses have proposed an anagenetic
relationship between Ardipithecus ramidus and Au. anamensiseafarensis (one of three hypotheses proposed by White et al.,
2009b) and a scenario where Au. anamensiseafarensis cladogenetically bifurcates into Homo and Paranthropus (Wood, 1992). These
hypotheses and modes of speciation generate clear expectations as
to how ancestor and descendant temporal ranges should relate to
each other: speciﬁcally, the ranges should not overlap (Fig. 1A and B).
Currently, the known temporal range of Au. anamensiseafarensis

(4.15e3.04 Ma using age midpoints; see section 2.2) does not overlap
the LAD of Ar. ramidus (4.493e4.300 Ma [Simpson et al., 2019]) or the
FAD of the currently unnamed Homo species from Ledi-Geraru
(2.80e2.75 Ma [DiMaggio et al., 2015; Villmoare et al., 2015]),
which we hereafter refer to as “earliest Homo”. As mentioned previously, however, the temporal range of Au. anamensiseafarensis is
most likely underestimated. Therefore, based on the current hominin fossil record, one cannot rule out that Au. anamensiseafarensis
did in fact overlap with Ar. ramidus or earliest Homo, which obfuscates our understanding of how Au. anamensiseafarensis may have
arisen from or given rise to these species, respectively.
Here, we use the method developed by Strauss and Sadler
(1989) to estimate the origination and extinction dates of Au.
anamensiseafarensis as a way of evaluating whether this species
temporally overlapped with Ar. ramidus and/or earliest Homo. This
method is based on the principle that the observed distribution of
fossil horizons and the temporal gaps between them contain information on the gaps between a taxon's FAD and origination date
and its LAD and extinction date (Paul, 1982). We place 95% conﬁdence intervals on these estimates to determine whether the LAD
of Ar. ramidus and the FAD of earliest Homo signiﬁcantly predate
and postdate, respectively, the temporal range of Au. anamensiseafarensis. Our analyses offer an initial assessment, based on
temporal grounds, of whether Au. anamensiseafarensis (1) phyletically descended from Ar. ramidus and/or (2) gave rise to earliest
Homo via bifurcating cladogenesis. Future work should incorporate
the uncertainties surrounding the LAD and FAD of Ar. ramidus and
earliest Homo, respectively (see section 4.44.4).
2. Materials and methods
2.1. Data collection
Information on the temporal distribution of Au. anamensiseafarensis came from fossil horizons, each of which is
denoted by the presence of at least one identiﬁable specimen for a
given time period. We collected data from the published literature
on both the lower and upper bracketing ages for these horizons at
the ﬁnest temporal resolution possible (Table 1).
The Strauss and Sadler method (1989) makes the implicit
assumption that depositional environments and sediments
conducive to the preservation of hominin fossils can be found just
outside the observed temporal range of Au. anamensiseafarensis
because otherwise the estimated CIs will be too small (Marshall,
1990) (see section 2.4). In order to test this assumption, we
collected data from Faith et al. (2018) on the ages and species lists
for terrestrial large mammal sites from eastern Africa between 5 Ma
to 2 Ma (Table 2). We focused on sites that preserve large-bodied
primates (hominins or papionins), which serves as a taphonomic
indicator of conditions conducive to the preservation of hominin
fossils (Campisano et al., 2004; Maxwell et al., 2018).
2.2. Treatment of fossil horizon ages

Figure 1. Different modes of speciation. Temporal ranges are expected to not overlap if
a descendant arose from an ancestor via A) anagenesis or B) bifurcating cladogenesis,
whereas ranges are expected to overlap if C) budding cladogenesis is the mode of
speciation. “A” and “D” represent the ancestor and descendant lineage, respectively,
and “D1” and “D2” denote two different descendant lineages. The x-axis is arbitrary
and not meant to signify morphological change. This ﬁgure is modiﬁed after ﬁgure 1 in
Foote (1996).

We estimated the age of each fossil horizon using the midpoint
(i.e., [lower bracketing age þ upper bracketing age]/2), which is
equivalent to the mean of the bracketing ages. Using the age
midpoint is common practice in paleobiological studies investigating fossil patterns through time (e.g., Behrensmeyer et al., 1997;
Alroy et al., 2000; Barry et al., 2002; Hone et al., 2005; NovackGottshall and Lanier, 2008; Tomiya, 2013; Bibi and Kiessling,
2015; Smith and Marcot, 2015; Kaya et al., 2018; Maxwell et al.,
2018). Absent any information on a fossil's location between two
radiometrically dated beds, the uncertainty surrounding the fossil's
stratigraphic position is uniformly distributed between the two
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Table 1
Site, stratigraphic, and age data for Australopithecus anamensiseafarensis fossil horizons.a
Site

Country

Stratigraphic location

Lower age
(Ma)

Upper age
(Ma)

Midpoint age
(Ma)b

Hadar
Usno
Hadar
Hadar
WoransoMille
Hadar
Hadar
Dikika

Ethiopia
Ethiopia
Ethiopia
Ethiopia
Ethiopia

References

BKT-1 complex to BKT-2 complex
U-12
Kada Hadar Tuff to BKT-1 complex
Triple Tuff 4 to Kada Hadar Tuff

3.120
NAc
3.200
3.240
3.330

2.950
NA
3.120
3.200
3.207

3.035
3.050
3.160
3.220
3.269

Campisano and Feibel (2008)
Feibel et al. (1989)
Campisano and Feibel (2008)
Campisano and Feibel (2008)
Haile-Selassie et al. (2016)

Ethiopia KMB to Triple Tuff 4
Ethiopia Kada Me'e Tuff to KMB
Ethiopia Sidi Hakoma Tuff to Sidi Hakoma graptolite

3.300
3.360
3.440

3.240
3.300
3.280

3.270
3.330
3.360

Koobi Fora
Hadar

Kenya
Tulu Bor Tuff to Toroto Tuff
Ethiopia Sidi Hakoma Tuff to Kada Me'e Tuff

3.440
3.440

3.310
3.360

3.375
3.400

Dikika

Ethiopia Basal Member

3.450

3.400

3.425

Maka

Ethiopia Right below tuff, which is correlated with Sidi
Hakoma Tuff
Kenya
Chad

NA

NA

3.440

3.600
NA

3.300
NA

3.450
3.580

Campisano and Feibel (2008)
Campisano and Feibel (2008)
McDougall and Brown (2008) and Wynn et al.
(2006)
Kimbel (1988) and McDougall and Brown (2008)
Campisano and Feibel (2008) and McDougall and
Brown (2008)
Alemseged et al. (2005) and Campisano and Feibel
(2008)
McDougall and Brown (2008) and White et al.
(1993)
Mbua et al. (2016)
Lebatard et al. (2008)

Ethiopia

3.600

3.580

3.590

Haile-Selassie et al. (2010)

Kantis
Bahr-elGhazal
WoransoMille
Laetoli
Laetoli
WoransoMille
Laetoli
Laetoli
Laetoli
Laetoli
Galili
Belohdelie
Allia Bay

Tanzania Tuff 8 to Yellow Marker Tuff
Tanzania Tuff 7 to Tuff 8
Ethiopia Mille Tuff to Kilaytoli Tuff

3.630
3.660
3.760

3.630
3.630
3.570

3.630
3.645
3.665

Harrison (2011a)
Harrison (2011a)
Deino et al. (2010)

Tanzania
Tanzania
Tanzania
Tanzania
Ethiopia
Ethiopia
Kenya

3.700
3.790
3.800
3.830
4.100
3.890
NA

3.660
3.700
3.790
3.810
3.600
3.860
NA

3.680
3.745
3.795
3.820
3.850
3.875
3.970

Allia Bay
Fejej
Kanapoi
Kanapoi
Asa Issie

Kenya
below Moiti Tuff
Ethiopia
Kenya
Upper pumiceous tuff to Kanapoi tuff
Kenya
Lower pumiceous tuff to Upper pumiceous tuff
Ethiopia

NA
4.18
4.12
4.17
4.2

NA
4
4.07
4.12
4.1

4.000
4.090
4.095
4.145
4.15

Harrison (2011a)
Harrison (2011a)
Harrison (2011a)
Harrison (2011a)
Kullmer et al. (2008)
White et al. (1993)
Leakey et al. (1995) and McDougall and Brown
(2008)
Cofﬁng et al. (1994) and Leakey et al. (1995)
Kappelman et al. (1996)
Leakey et al. (1998)
Leakey et al. (1998)
White et al. (2006)

a
b
c

Tuff 6 to Tuff 7
Tuff 5 to Tuff 6
Tuff 3 to Tuff 4
Tuff 1 to Tuff 2
Shabeley Laag Member
in Moiti Tuff

Stratigraphic and age data were collected at the ﬁnest resolution possible.
Fossil horizons are organized by midpoint age from youngest to oldest.
NA lower and upper ages represent those hominin horizons where only one age estimate was provided. Additional notes can be found in the SOM data ﬁle.

beds. The expected value of a uniformly distributed random variable is the midpoint, so this is the best possible age estimate.
However, estimation of origination and extinction dates requires
age information on the FAD and LAD only (see section 2.5), so we
also ran our analyses assuming an extreme scenario where the FAD
and LAD correspond to the lower and upper bracketing ages for
these dates, respectively.
2.3. The Strauss and Sadler (1989) method
The Strauss and Sadler method assumes that the temporal distribution of fossil horizons can be modeled using a stochastic
Poisson process. In a Poisson process, points are randomly placed
on some mathematical space (Kingman, 1993), which in our case is
a one-dimensional timeline. A property of this type of Poisson
process is that points are uniformly and independently distributed
through time, i.e., the points are distributed as if they are independently sampled from a uniform distribution, bounded by the
ends of the timeline (Kingman, 1993). It then follows that the
probability of sampling a point is constant throughout the timeline.
In the case of a species' temporal range, n fossil horizons are
randomly placed within the species' range according to a Poisson
process, thereby producing n þ 1 gaps (Fig. 2A and B). The main age
gaps of interest for estimating origination and extinction dates are
the ones separating the origination date from the FAD and the

extinction date from the LAD (the white gaps in Fig. 2A and B).
Because the n fossil horizons are uniformly distributed over the
species' range, these gaps are on average the same size as any other
gap between adjacent fossil horizons. Therefore, the best estimate for
the size of these gaps is the expected value of the age gap distribution,
i.e., the mean of all age gaps between the species' FAD and LAD (we
demonstrate this mathematically in section 2.5). Note that if a species
has a smaller number of sampled fossil horizons, this translates to a
larger mean age gap (Fig. 2C), which offsets the larger gaps between
the species' FAD and origination date and its LAD and extinction date
(compare Fig. 2A and B). By estimating the gaps between observed
and true range endpoints in this way, we arrive at a point estimate
(i.e., a single value) for the true origination and extinction dates.
Conﬁdence intervals for the true origination and extinction dates
provide a margin of error on our estimates (Strauss and Sadler, 1989;
see also Gingerich and Uhen, 1998; Marshall, 1990). These CIs for
origination or extinction dates are interpreted in the same way as any
frequentist conﬁdence interval: if one randomly samples n horizons
from a species' range many times and calculates 95% CIs for the
range's true endpoint each time, on average 95% of those CIs will
capture the true endpoint, and 5% will miss it (i.e., the Type I error
rate is 5%; Fig. 3A). Each CI is one out of many possible outcomes
(sensu Fig. 3A), and any single CI either includes the true endpoint or
it does not. The CIs will shrink as more fossil horizons are discovered
(Fig. 3B) because a larger sample size decreases the sampling error

4

A. Du et al. / Journal of Human Evolution 138 (2020) 102688

Table 2
Site, stratigraphic, age, and presence of large-bodied primates data for 5e2 Ma terrestrial large mammal sites in eastern Africa.a
Site

Country Stratigraphic location Lower age Upper age Midpoint age
Large
(Ma)
(Ma)
(Ma)b
primates?

Hadar (Danauli)

Ethiopia Busidima Formation

NAc

NA

2.000

Y

Rowan et al. (in prep.)

Omo (Shungura)

Ethiopia Member G

2.270

1.870

2.070

Y

McDougall et al. (2012)

West Turkana

Kenya

Kalochoro

2.330

1.870

2.100

Y

McDougall et al. (2012)

Omo (Shungura)

Ethiopia Member F

2.320

2.270

2.300

Y

McDougall et al. (2012)

Hadar
(Maka'amitalu)

Ethiopia Busidima Formation

NA

NA

2.350

Y

Kimbel et al. (1996) and
Campisano (2007)

Omo (Shungura)

Ethiopia Member E

2.400

2.320

2.360

Y

McDougall et al. (2012)

West Turkana

Kenya

2.530

2.330

2.430

Y

McDougall et al. (2012)

Omo (Shungura)

Ethiopia Member D

2.530

2.440

2.490

Y

McDougall et al. (2012)

Middle Awash
(Bouri)

Ethiopia Hata

2.500

2.500

2.500

Y

de Heinzelin et al. (1999)

Ledi-Geraru (Lee
Adoyta)

Ethiopia

2.670

2.580

2.630

Y

DiMaggio et al. (2015)

Laetoli
West Turkana

Tanzania Upper Ndolanya
Kenya
upper Lomekwi

2.660
2.820

2.660
2.530

2.660
2.680

Y
Y

Deino (2011)
McDougall et al. (2012)

Ledi Geraru
(Gurumaha)

Ethiopia

2.820

2.750

2.790

Y

DiMaggio et al. (2015)

Omo (Shungura)

Ethiopia Member C

3.070

2.530

2.800

Y

McDougall et al. (2012)

West Turkana

Kenya

3.130

2.820

2.980

Y

Interpolation (Division of
member into three units)

Hadar

Ethiopia Kada Hadar 2

3.120

2.950

3.035

Y

Reed (2008)

Koobi Fora

Kenya

3.440

2.640

3.040

Y

McDougall et al. (2012)

Hadar

Ethiopia Kada Hadar 1

3.200

3.120

3.160

Y

Reed (2008)

Hadar

Ethiopia Denen Dora 3

NA

NA

3.200

Y

Reed (2008)

Omo (Shungura)

Ethiopia Member B

3.440

2.970

3.210

Y

McDougall et al. (2012)

Hadar

Ethiopia Denen Dora 2

NA

NA

3.250

Y

Reed (2008)

Lothagam

Kenya

3.500

3.000

3.250

Y

Sanders et al. (2010)

Hadar

Ethiopia Sidi Hakoma 4 to
Denen Dora 1

NA

NA

3.250

Y

Reed (2008)

Lokalalei

middle Lomekwi

Tulu Bor

Kaiyumung

Age references

Faunal references
Geraads et al. (2012, 2013b),
Reed (2008), Rowan et al. (in
prep.), and Werdelin and Lewis
(2013)
Geraads (2010), Werdelin and
Lewis (2013), White and Suwa
(2004), and Omo French &
American Catalogs
Fortelius et al. (2016) and
Werdelin and Lewis (2013)
Geraads (2010), White and
Suwa (2004), and Omo French
& American Catalogs
Geraads et al. (2012, 2013b),
Reed (2008), Rowan et al. (in
prep.), and Werdelin and Lewis
(2013)
Geraads (2010), White and
Suwa (2004), and Omo French
& American Catalogs
Fortelius et al. (2016) and
Geraads (2010)
Geraads (2010), White and
Suwa (2004), and Omo French
& American Catalogs
Bibi et al. (2017), Boisserie and
White (2004), de Heinzelin
et al. (1999), and White and
Suwa (2004)
Bibi et al. (2017), DiMaggio et al.
(2015), Lazagabaster et al.
(2018), and Rowan et al. (2017)
Harrison (2011b)
Fortelius et al. (2016) and
Werdelin and Lewis (2013)
Bibi et al. (2017), DiMaggio et al.
(2015), Lazagabaster et al.
(2018), and Rowan et al. (2017)
Geraads (2010), Sanders et al.
(2010), Werdelin and Lewis
(2013), and Omo French &
American Catalogs
Fortelius et al. (2016), Geraads
(2010), and Werdelin and Lewis
(2013)
Geraads et al. (2012, 2013b),
Reed (2008), Rowan et al. (in
prep.), and Werdelin and Lewis
(2013)
Fortelius et al. (2016), Werdelin
and Lewis (2013), and Weston
and Boisserie (2010)
Geraads et al. (2012, 2013b),
Reed (2008), Rowan et al. (in
prep.), and Werdelin and Lewis
(2013)
Geraads et al. (2012, 2013b),
Reed (2008), and Werdelin and
Lewis (2013)
Geraads (2010), Sanders et al.
(2010), Werdelin and Lewis
(2013), and Omo French &
American Catalogs
Geraads et al. (2012, 2013b),
Reed (2008), and Werdelin and
Lewis (2013)
Boisserie et al. (2014), Geraads
(2010), Leakey and Harris
(2003), and Werdelin and
 (2010)
Peigne
Geraads et al. (2012, 2013b),
Reed (2008), and Werdelin and
Lewis (2013)
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Table 2 (continued )
Site

Country Stratigraphic location Lower age Upper age Midpoint age
Large
(Ma)
(Ma)
(Ma)b
primates?

West Turkana

Kenya

Hadar

3.440

3.130

3.290

Y

McDougall et al. (2012)

Ethiopia Sidi Hakoma 3

NA

NA

3.300

Y

Reed (2008)

Hadar

Ethiopia Sidi Hakoma 2

NA

NA

3.350

Y

Reed (2008)

Hadar

Ethiopia Sidi Hakoma 1

NA

NA

3.400

Y

Reed (2008)

Kantis
Koobi Fora

Kenya
Kenya

3.500
3.600

3.400
3.440

3.450
3.520

Y
Y

Mbua et al. (2016)
McDougall et al. (2012)

Omo (Shungura)

Ethiopia Member A

3.600

3.440

3.520

Y

McDougall et al. (2012)

Woranso-Mille
(Aralee Issie)
Woranso-Mille
(Mesgid Dora)
West Turkana
Laetoli
Koobi Fora
Koobi Fora

Ethiopia

3.570

3.760

3.665

Y

Ethiopia

3.570

3.760

3.665

Y

Kenya
Tanzania
Kenya
Kenya

3.970
3.850
3.970
4.000

3.440
3.600
3.600
3.970

3.710
3.730
3.790
3.990

Y
Y
N
Y

Curran and Haile-Selassie
(2016)
Curran and Haile-Selassie
(2016)
McDougall et al. (2012)
Deino (2011)
McDougall et al. (2012)
McDougall et al. (2012)

Omo (Mursi)

Ethiopia

NA

NA

4.000

N

Drapeau et al. (2014)

Laetoli
Asa Issie
Kanapoi

Tanzania Lower Laetolil
Ethiopia
Kenya
Kanapoi

4.360
NA
4.170

3.850
NA
4.070

4.110
4.120
4.120

N
Y
Y

Deino (2011)
White et al. (2006)
Feibel (2003)

Manonga Valley

Tanzania Kiloleli

4.500

4.000

4.250

N

Werdelin (2010)

Aramis

Ethiopia Aramis

4.400

4.400

4.400

Y

WoldeGabriel et al. (2009)

Lothagam

Kenya

Apak

5.000

4.200

4.600

Y

Sanders et al. (2010)

Manonga Valley

Tanzania Tinde

5.000

4.500

4.750

N

Werdelin (2010)

Tugen Hills

Kenya

NA

NA

5.000

Y

Werdelin (2010)

a
b
c

lower Lomekwi

Age references

Lokochot

Kataboi
Upper Laetolil
Moiti
Lonyumun

Chemeron/Mabaget

Faunal references
Fortelius et al. (2016), Geraads
(2010), and Werdelin and Lewis
(2013)
Geraads et al. (2012, 2013b),
Reed (2008), and Werdelin and
Lewis (2013)
Geraads et al. (2012, 2013b),
Reed (2008), and Werdelin and
Lewis (2013)
Geraads et al. (2012, 2013b),
Reed (2008), and Werdelin and
Lewis (2013)
Mbua et al. (2016)
Fortelius et al. (2016), Werdelin
and Lewis (2013), and Weston
and Boisserie (2010)
Sanders et al. (2010) and Omo
French & American Catalogs
Curran and Haile-Selassie
(2016)
Curran and Haile-Selassie
(2016)
Fortelius et al. (2016)
Harrison (2011b)
Fortelius et al. (2016)
Fortelius et al. (2016), Werdelin
and Lewis (2013), and Weston
and Boisserie (2010)
Drapeau et al. (2014) and
Geraads et al. (2015)
Harrison (2011b)
White et al. (2006)
Geraads (2010), Geraads et al.
(2013a), Harris et al. (2003),
Sanders et al. (2010), and
Werdelin and Lewis (2013)
Harrison and Baker (1997) and
Sanders et al. (2010)
Bernor et al. (2013), García
(2008), Sanders et al. (2010),
and White et al., 2009a
Boisserie et al. (2014), Geraads
(2010), Leakey and Harris
(2003), and Werdelin and
 (2010)
Peigne
Harrison and Baker (1997) and
Sanders et al. (2010)
Bernor et al. (2010), Geraads
(2010), Harrison (2010), Hill
et al. (1985), Jablonski and Frost
(2010), MacLatchy et al. (2010),
Morales et al. (2005), and
Sanders et al. (2010)

The stratigraphic and temporal resolution for these data are coarser than those from Table 1 because faunal lists are usually only published at the geological member level.
Sites are organized by midpoint age from youngest to oldest.
NA lower and upper ages represent those sites where only one age estimate was provided.

associated with estimating a parameter. In the extreme case, if an
entire population is sampled, the CI will be of zero length.
Several studies have conﬁrmed the effectiveness of the Strauss
and Sadler method and demonstrated that when the probability of
sampling a species' fossil horizon is uniform throughout its temporal range, this method is the minimum-variance unbiased estimator i.e., it is the most precise estimator that can possibly be
calculated among all accurate estimators (Strauss and Sadler, 1989;
Rivadeneira et al., 2009; Wang et al., 2009, 2016). This method has
only recently been applied to the hominin fossil record (Maxwell,
2018), but in other clades, it has been used to predict the ages of
future fossil ﬁnds (Marshall, 1990), test whether hypothesized sister species appear simultaneously (Marshall, 1990), test the order of
species appearances predicted from cladograms (Wagner, 1995),

and estimate the stratigraphic position of a mass extinction (Wang
et al., 2009).
2.4. Testing the assumptions of the Strauss and Sadler method
The assumptions of uniformity and independence are critical, and
if they are not met, the average gap size between adjacent horizons
will not be an accurate estimate of the gaps between the observed
and estimated range endpoints. It is also imperative that the uniform
probability of recovering a species' fossil horizon extends beyond the
observed temporal range, so that the gaps between the observed and
estimated range endpoints follow the same distribution as the
observed gaps within the species' range. We discuss how to test each
of these assumptions in the remainder of this section, but ﬁrst we
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Figure 2. A hypothetical species' temporal range with (A) 5 or (B) 30 uniformly and independently distributed fossil horizons (vertical lines). Each temporal range was simulated by
drawing n points from a uniform distribution bounded by 3.0 and 4.0 Ma (i.e., the species' true extinction and origination dates, respectively). The oldest and youngest fossil
horizons (i.e., the FAD and LAD, respectively) deﬁne the species' observed range (in gray). The distribution of age gaps between adjacent fossil horizons is used to estimate the gap
between the species' FAD (LAD) and origination (extinction) date (gaps in white). (C) The distribution of age gaps between fossil horizons from (A) and (B). The mean of the age gap
distribution is the minimum-variance unbiased estimate of the gap between a species' FAD (LAD) and origination (extinction) date.

consider how the probability of sampling a fossil horizon can be
uniform and random throughout a species' range.
It is well established that fossil recovery potential is a function of
non-random factors such as a species' abundance, rock availability,
fossil preservation, and collection intensity at any given site
(Behrensmeyer et al., 2000; Holland, 2003). Given this, the
assumption of uniformly and independently distributed fossil horizons might be considered unrealistic. However, fossil distributions through time are scale-dependent (Wang et al., 2009, 2016),
and the aforementioned smaller-scale (i.e., site-speciﬁc), deterministic processes interact in complex ways to produce random
noise around an emergent pattern at the scale of an entire species'
temporal range (Maurer, 1999). The concept of emergence, which
comes from complexity science, is deﬁned as a large-scale entity
possessing an orderly structure that cannot be predicted from the
properties of its constituent parts due to the latter's sheer numbers
and complex interactions with each other (Maurer, 1999). For
example, although the result of a coin ﬂip is deterministically
caused by many factors (e.g., ﬂick placement and strength, the

coin's face, air temperature and movement), the complex interactions between them generate an emergent binomial distribution with a 50% chance of getting heads or tails (Gotelli and
Ellison, 2013). Thought of another way, patterns are scaledependent in that a strong trend at one scale becomes part of
some greater noise structure surrounding a different emergent
pattern at a larger scale (Fig. 4) (see also Du et al., 2018).
Recall that the Strauss and Sadler method assumes the distribution of a species' fossil horizons can be modeled with a Poisson
process, such that within a species' temporal range, its fossil horizons
are uniformly and independently distributed through time (see
section 2.3). To test if this is the case for the Au. anamensiseafarensis
fossil horizons, we created a uniform probability plot (Solow et al.,
2006; Vogel et al., 2009; Wang et al., 2009; Oldford, 2016),
wherein the observed ages of fossil horizons are sorted and plotted
against quantiles from a standard uniform distribution (which is
deﬁned from 0 to 1). The linearity of this relationship is used to assess
the assumptions of uniformity and independence. The expected
quantile values are simply n (the number of observed fossil horizons)

Figure 3. (A) Twenty examples of sampling 30 fossil horizons from the temporal range of a species and calculating a one-sided 95% conﬁdence interval (CI) for the extinction age,
which is 3 Ma (dashed line). On average, one 95% CI iteration will exclude the true extinction age, as has happened here (red CI). Fossil horizons were randomly sampled from a
uniform distribution bounded by 3.0 Ma and 4.0 Ma (i.e., the extinction and origination ages, respectively). The formula for calculating a one-sided 95% CI, expressed as a proportion
of the observed range, is ð1  0:95Þ1=ðn1Þ  1, where n is the number of fossil horizons (equation (20) from Strauss and Sadler [1989]). (B) Scatterplot demonstrating the relationship between the width of 95% CIs versus the number of fossil horizons analyzed. CIs are expressed as the proportion of the observed temporal range.
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intervals (Strauss and Sadler, 1989). A two-sided CI is conservative
because the estimated interval at either end is larger than the estimate generated by a one-sided CI (i.e., for origination or extinction) (Fig. 3B; Strauss and Sadler, 1989; Marshall, 1990). If fossil
horizons are uniformly and independently distributed through
time, the estimated origination, O, and extinction, E, ages are
equivalent to adding the mean age gap, calculated as ðFAD 
LADÞ =ðn  1Þ, to the FAD, and subtracting the mean age gap from
the LAD, respectively (see section 2.3). To show that this is the case,
note that the estimated origination date is given by:

b ¼ FAD þ ðFAD  LADÞ=ðn  1Þ
O
b ¼ FAD$ðn  1Þ þ FAD  LAD
O
n1
n1
b ¼ FAD$n  FAD þ FAD  LAD
O
n1
Figure 4. A theoretical time series of some arbitrary variable, illustrating how patterns
are scale dependent. (A) At some scale, the time series exhibits a strong trend through
time. (B) If one zooms out, the signal at the smaller scale (dashed rectangle) becomes
part of some greater random noise structure surrounding a mean value showing zero
net change through time (solid ordinary least squares line). In the context of the
temporal distribution of hominin fossil horizons, non-random processes and patterns
at the site scale can become random noise surrounding some emergent pattern at the
scale of a species' temporal range.

points evenly distributed between 0 and 1, non-inclusive. To estimate 95% conﬁdence bounds for the linear relationship, we generated and sorted n independent random values from a standard
uniform distribution, repeated this procedure 10,000 times to get
10,000 vectors with n uniformly distributed random numbers in
each, and then calculated 95% conﬁdence bounds across these vectors for each of the n quantiles. In order to scale the 95% conﬁdence
bounds to the range of observed fossil horizon ages, we regressed the
observed ages against the expected quantile values to get location
(intercept) and scale (slope) parameters, and then multiplied the 95%
conﬁdence bounds by the slope and added the intercept. This is
permissible because the uniform distribution is a location-scale
family, where shifting the location and/or scaling the width of a
given uniform distribution will still result in a distribution being
uniform (Casella and Berger, 2002).
The Strauss and Sadler method also makes the assumption that
the constant rate of fossil recovery extends from within the
observed temporal range to immediately outside it (see section
2.3). It is not possible to test this assumption using the observed
distribution of Au. anamensiseafarensis fossil horizons, which by
deﬁnition is bounded by the taxon's FAD and LAD. The best we can
do is note whether there are deposits amenable to the preservation
of Au. anamensiseafarensis just outside its observed temporal
range. This suggests that if the taxon was present then, we would
have a good chance of sampling it. To assess the presence of such
deposits, we noted whether there are fossil sites conducive to the
preservation of hominins e that is, those sites preserving terrestrial
large mammals and large-bodied primates (see section 2.1) e
immediately older and younger than the FAD and LAD of Au. anamensiseafarensis, respectively.

2.5. Estimating origination and extinction dates
We calculated the minimum-variance unbiased estimate of
origination and extinction ages, along with two-sided conﬁdence

b ¼ ðn $ FAD  LADÞ=ðn  1Þ
O
which is the estimated origination equation from Strauss and
Sadler (1989) (their equation (8)). Likewise, the estimated extinction date is given by

b
E ¼ LAD  ðFAD  LADÞ=ðn  1Þ
LAD$ðn  1Þ FAD  LAD
b

E¼
n1
n1
LAD$n  LAD  FAD þ LAD
b
E¼
n1
b
E ¼ ðn $ LAD  FADÞ=ðn  1Þ
which is Strauss and Sadler's (1989) estimated extinction equation
(their equation (8)).

Figure 5. Uniform probability plot assessing the uniformity and independence of
Australopithecus anamensiseafarensis fossil horizon ages (n ¼ 30). Observed midpoint
ages, along with their bracketing dates as error bars, are plotted against expected
quantiles from a standard uniform distribution (see section 2.4). A least squares model
(solid diagonal line) is ﬁt to the data to illustrate linearity. The 95% conﬁdence bounds
(dashed lines) are calculated from 10,000 draws from a uniform distribution.
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We estimated a two-sided 95% conﬁdence interval for both
origination and extinction ages using equation (19) from Strauss
and Sadler (1989):


C¼1  2 1 þ

ðn1Þ 
ðn1Þ
m
m
þ 1þ2
FAD  LAD
FAD  LAD

where C is the selected conﬁdence level (here, 0.95), and m is the
conﬁdence interval estimated as an extension of the FAD and LAD.
Here, m was solved using a root-ﬁnding algorithm (the uniroot()
function in R).
All analyses were performed using R v3.3.3 (R Core Team, 2017),
and all of the analyzed data and code are provided as
Supplementary Online Material (SOM).
3. Results
The observed temporal distribution of Au. anamensiseafarensis
fossil horizons (n ¼ 30) closely matches the distribution expected
if horizons are uniformly and independently distributed through
time (Fig. 5). The uniformity assumption is not violated because
the points fall on a straight line and inside the 95% conﬁdence
bounds. The dating uncertainty surrounding fossil horizons is
mostly circumscribed within the bounds, suggesting that no
matter where the horizon's true date falls between each set of
bracketing ages, the resulting temporal distribution will be
consistent with uniformity. The independence assumption is not
violated because we do not see large vertical gaps or horizontal
“stripes” in the patterning of points (Fig. 5), which would be expected if non-random preservation and sampling biases created
large gaps or clusters of fossil horizons, respectively, at the scale of
the entire Au. anamensiseafarensis temporal range (Wang et al.,
2009). Therefore, the temporal distribution of Au. anamensiseafarensis fossil horizons is consistent with uniformity and
independence, so we can reliably estimate its origination and
extinction ages, as well as their 95% CIs.
The observed Au. anamensiseafarensis age gap distribution
(n ¼ 29) is right-skewed with a mean of 0.038 million years (Myr)

(Fig. 6). The mean age gap reﬂects how much estimated origination
and extinction dates extend the FAD and LAD, respectively, if fossil
recovery potential is uniform through time (see section 2.5).
Analyzing midpoint ages, the FAD of the Au. anamensiseafarensis
lineage is 4.15 Ma, so the estimated origination date is 4.19 Ma (i.e.,
4.15 þ 0.038) (Table 3). Likewise, the LAD of Au. anamensiseafarensis is 3.04 Ma, so the estimated extinction date is
3.00 Ma (i.e., 3.04  0.038) (Table 3). Overall, the estimated temporal range extends the observed one by only 7% (Table 3; Fig. 7).
The estimated 95% CIs for origination and extinction dates extend
the FAD and LAD each by 0.15 Myr to 4.30 and 2.88 Ma, respectively
(Table 3; Fig. 7). When the lower (older) bracketing age for the FAD
(4.20 Ma) and the upper (younger) bracketing age for the LAD
(2.95 Ma) are used (an extreme scenario maximizing dating uncertainty), the origination date becomes 4.24 Ma (95% CI: 4.37 Ma)
and the extinction date is 2.91 Ma (95% CI: 2.78 Ma) (Table 3).
There are no trends or large gaps in the temporal distribution of
terrestrial large mammal sites from 5 Ma to 2 Ma (n ¼ 45), and most
sites preserve large-bodied primates (n ¼ 40) (Table 2; Fig. 7). There
are two sites just before the FAD of Au. anamensiseafarensisdKiloleli (4.5e4 Ma) and the lower Laetolil Beds
at Laetoli (4.36e3.85 Ma)dand these have no large-bodied primates (Table 2). There are three sites slightly younger than the LAD
of Au. anamensiseafarensisdmiddle Lomekwi at West Turkana
(3.13e2.82 Ma), Shungura Member C in the lower Omo Valley
(3.07e2.53 Ma), and Gurumaha at Ledi-Geraru (2.82e2.75 Ma)d
and these all preserve large-bodied primates (Table 2).
4. Discussion
We estimated origination and extinction dates, along with their
95% CIs, for the Au. anamensiseafarensis lineage. By quantifying the
uncertainty surrounding these dates, we can begin to evaluate
whether this lineage's temporal range is consistent with it being a
phyletic descendant of Ar. ramidus (Ward et al., 1999; White et al.,
2006, 2009b) or a direct ancestor of earliest Homo (Wood, 1992;
Villmoare et al., 2015) (via bifurcating cladogenesis). We are not
claiming that temporal analyses should take precedence over
morphological data, but that both criteria need to be satisﬁed
before asserting a particular evolutionary relationship between two
taxa (Fig. 1; Paul, 1992; Du and Alemseged, 2019). For example, if
species A's LAD is found before the origination CI of species B, it is
likely that species B originated after the disappearance of species A,
which would be temporally consistent with an anagenetic or
bifurcating cladogenetic ancestoredescendant relationship. On the
other hand, if species A's LAD falls within the origination CI of
species B, then their coexistence cannot be falsiﬁed, which is
inconsistent with such relationships. We later discuss inferences
that incorporate the uncertainty surrounding species A's extinction
(see section 4.4).
4.1. Implications for the evolutionary relationship between Ar.
ramidus and Au. anamensiseafarensis

Figure 6. Histogram of the Australopithecus anamensiseafarensis age gap distribution
(n ¼ 29). Age gaps are deﬁned as the amount of time separating adjacent fossil horizons. The asterisk represents the mean age gap, i.e., 0.038 million years. If fossil horizons are uniformly and independently distributed through time, the mean age gap is
the minimum-variance unbiased estimate for the gap between the FAD (LAD) and true
origination (extinction) date.

Our results show that the LAD of Ar. ramidus (4.493e4.300 Ma
[Simpson et al., 2019]) falls within the origination CI for Au. anamensiseafarensis, regardless of whether we used the age midpoint
or lower bracketing age for the FAD of Au. anamensiseafarensis
(though overlap is miniscule when using midpoint ages). The lower
bracketing age (4.20 Ma) might actually be more accurate than the
midpoint age (4.15 Ma) because the oldest Au. anamensis specimen
(ARA-VP-14/1) was found in situ immediately above a paleomagnetic reversal dated to 4.21 Ma (White et al., 2006). Moreover,
though there are terrestrial large mammal sites preserved just
before the FAD of Au. anamensiseafarensis, the fact that those sites
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Table 3
First (FAD) and last appearance data (LAD) of Australopithecus anamensiseafarensis, along with estimated origination and extinction dates and their 95% conﬁdence intervals
(CIs).a

Midpoint agesb
Maximizing dating uncertaintyc
a
b
c

FAD

Estimated origination date

Origination CI

LAD

Estimated extinction date

Extinction CI

4.15
4.20

4.19
4.24

4.30
4.37

3.04
2.95

3.00
2.91

2.88
2.78

All numbers are in Ma.
“Midpoint ages” results are from using the midpoints of bracketing ages for the FAD and LAD.
“Maximizing dating uncertainty” results are from using the oldest and youngest bracketing ages for the FAD and LAD, respectively.

Figure 7. Observed temporal range of Australopithecus anamensiseafarensis (gray rectangle) along with estimated origination and extinction ages (white rectangle extensions) and
their 95% conﬁdence intervals (CIs; error bars). Estimated ages and CIs were calculated using bracketing age midpoints for the FAD and LAD of Au. anamensiseafarensis (see Table 3).
The vertical lines inside the gray rectangle show the observed temporal distribution of Au. anamensiseafarensis fossil horizons (n ¼ 30). The LAD of Ardipithecus ramidus (Simpson
et al., 2019) and FAD of earliest Homo at Ledi-Geraru, Ethiopia (Villmoare et al., 2015) are presented as error bars representing their dating uncertainty. The points below indicate
midpoint ages of sites where terrestrial large mammals are preserved in eastern Africa (n ¼ 45). Gray-ﬁlled points represent those sites where large-bodied primates are found (i.e.,
hominins or papionins; n ¼ 40).

do not preserve any large-bodied primates suggests the estimated
origination CI might be too recent. Therefore, our results indicate
that given the current Au. anamensiseafarensis record, the hypothesis of temporal overlap between Ar. ramidus and Au. anamensiseafarensis cannot be falsiﬁed, and we should be cautious
about positing a phyletic relationship between them. In fact, it
would take the discovery of 19 additional Au. anamensiseafarensis
fossil horizons to shrink the origination 95% CI in the extreme
dating scenario to less than 4.3 Ma, and these additional horizons
would all need to be younger than the FAD of Au. anamensiseafarensis or else the origination CI will be shifted even
earlier. Furthermore, the 3.4 Ma Burtele foot from Woranso-Mille,
Ethiopia (Haile-Selassie et al., 2012) belongs to a taxon morphologically similar to Ar. ramidus and hence may have descended from
some Ardipithecus species (White et al., 2015; Simpson et al., 2019).
If the Burtele foot belongs to the phyletic descendant of Ar. ramidus,
the contemporaneity of the Burtele foot and the Au. anamensiseafarensis lineage would falsify a phyletic relationship between Au. anamensiseafarensis and Ar. ramidus, as their temporal
ranges would overlap substantially.
4.2. Implications for the evolutionary relationship between Au.
anamensiseafarensis and earliest Homo
The FAD of earliest Homo (2.8e2.75 Ma [DiMaggio et al., 2015;
Villmoare et al., 2015]) postdates the extinction CI of Au. anamensiseafarensis when analyzing age midpoints, but not when
using the upper bracketing age for the LAD of Au. anamensiseafarensis. The youngest published Au. afarensis specimen
(A.L. 444-2) is located 10.5 m below the BKT-2 marker tuff
(2.95 Ma) (Kimbel et al., 1994). Assuming a sedimentation rate of

10 cm/1000 years (Campisano and Feibel, 2007), the age of A.L.
444-2 is estimated to be 3.06 Ma, which is slightly older than the
analyzed Au. anamensiseafarensis LAD using age midpoints
(3.04 Ma), making the midpoint a more accurate estimate for the
LAD than the upper bracketing age (2.95 Ma). Together with the
fact that the earliest Homo mandible (LD 350-1) is located 10 m
above the Gurumaha Tuff (2.82 Ma) (DiMaggio et al., 2015;
Villmoare et al., 2015), we can be conﬁdent that the species' current FAD lies outside the extinction CI of Au. anamensiseafarensis
(2.88 Ma). This result is therefore consistent with a bifurcating
cladogenetic ancestoredescendant relationship between the two
taxa. Furthermore, Au. afarensis specimens from nearby Hadar
share many morphological similarities with LD 350-1 (Villmoare
et al., 2015), so a potential ancestoredescendant relationship
should not be controversial. Indeed, based on hominin dental evidence from the Shungura Formation, Suwa et al. (1996, pp.
270e271) noted that “the circa 2.9 to 2.7 myr time range is likely to
be the transitional period when evolution occurred from an
A. afarensis-like to a more advanced species … close in overall
dental morphology to the A. africanus condition but also mostly
within the A. afarensis and/or early Homo ranges of variation.” We
note, however, that if an earlier Homo specimen is discovered
within the extinction CI of Au. anamensiseafarensis, an
ancestoredescendant relationship via bifurcating cladogenesis
should be viewed with skepticism. The hypothesis would be falsiﬁed if an earliest Homo specimen is found before the LAD of Au.
anamensiseafarensis, barring any taxonomic misidentiﬁcations
(e.g., the earlier Homo specimen is a misidentiﬁed Au. afarensis). In
this case, both morphological and temporal evidence would suggest a budding cladogenetic relationship between the two taxa
(Fig. 1C).
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4.3. The Au. anamensiseafarensis extinction CI and the post2.95 Ma unconformity in the lower Awash
Aside from several tooth crowns from Usno (3.05 Ma), tentatively attributed to Au. afarensis (Kimbel and Delezene, 2009), the
end of the Au. anamensiseafarensis temporal range is dominated by
specimens from one site: Hadar (Table 1). At Hadar, the Hadar
(~3.45e2.95 Ma) and Busidima (~2.7e0.8 Ma) Formations are
separated by an angular unconformity above the BKT-2 complex
(Campisano and Feibel, 2008; Wynn et al., 2008). The post-2.95 Ma
unconformity resulted from shifts in rift tectonics in the Hadar
region that ultimately formed the half-graben in which the Busidima Formation was deposited (Wynn et al., 2008; Campisano,
2012). Thus, it is worth considering whether the HadareBusidima
unconformity might have caused our estimated Au. anamensiseafarensis extinction CI to be too old. To the northeast away
from the localized unconformity, the 3.0e2.5 Ma period in the
lower Awash is represented by the Lee Adoyta Basin of Ledi-Geraru
(2.82e2.58 Ma), which does not have any Au. afarensis fossils
despite being only ~30 km away from Hadar (DiMaggio et al., 2015;
Villmoare et al., 2015). Ledi-Geraru's spatiotemporal extent and
fossil productivity are comparable to that of the youngest member
at Hadar (i.e., Kada Hadar). Ledi-Geraru's deposits represent 105
years, are distributed over 101 km2, and have produced 103
vertebrate fossil specimens (DiMaggio et al., 2015; Bibi et al., 2017;
Rowan et al., 2017; Lazagabaster et al., 2018). Similarly, the Kada
Hadar Member represents 105 years, 101 km2, and 103 vertebrate
specimens (Campisano, 2007; Reed, 2008; Hadar Geoinformatics
Database: http://gis1.asurite.ad.asu.edu/hadarv3/). Therefore, we
conclude that the post-2.95 Ma unconformity in the Afar did not
appreciably decrease fossil recovery potential after the LAD of Au.
anamensiseafarensis, and the estimated extinction CI is robust.
4.4. Incorporating uncertainty surrounding the range endpoints of
both ancestor and descendant taxa

Ardipithecus kadabba form a lineage (Haile-Selassie, 2004; White
et al., 2009b, 2015), while earliest Homo at Ledi-Geraru might be
linked to one or more species of Homo from the early Pleistocene
(e.g., H. habilis sensu stricto, H. rudolfensis) (Villmoare et al., 2015).
However, we advise that doing so should await further fossil evidence bearing on these potential relationships, given the considerable uncertainties around hominin phylogeny in general (Collard
and Wood, 2000; Wood and Harrison, 2011; Kimbel, 2013).
5. Conclusions
For the Au. anamensiseafarensis lineage, we estimate ages of
origination and extinction, along with their 95% CIs, to be 4.19 Ma
(CI: 4.30 Ma) and 3.00 Ma (CI: 2.88 Ma), respectively. For a scenario
where dating uncertainty is maximized, those dates become 4.24 Ma
(CI: 4.37 Ma) and 2.91 Ma (CI: 2.78 Ma). We conclude that these dates
are consistent with Au. anamensiseafarensis being a direct ancestor
of earliest Homo (via bifurcating cladogenesis), but temporal overlap
between Ar. ramidus and Au. anamensiseafarensis cannot be ruled
out at this time. We reiterate that our analysis should be considered
preliminary, and that future research should incorporate the uncertainties surrounding the LAD and FAD of Ar. ramidus and earliest
Homo, respectively, when sample sizes increase for these taxa. We
also emphasize that we are not claiming that temporal tests of
phylogenetic hypotheses should supersede morphological ones, but
instead that the former be considered as an additional necessary test
for assessing evolutionary relationships between two taxa. For
example, hypothesized phyletic ancestors and descendants must be
sufﬁciently similar morphologically to the exclusion of other species
in their clade and their temporal ranges must not overlap. Given the
insight gained from quantifying the uncertainty surrounding the
appearance and disappearance of Au. anamensiseafarensis, similar
analyses for other hominin taxa should be a high priority in the study
of human origins.
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