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Abstract

Paleontology has long relied on assumptions about the genetic and developmental influences on skeletal variation. The last few
decades of developmental genetics have elucidated the genetic pathways involved in making teeth and patterning the dentition.
Quantitative genetic analyses have refined this genotype:phenotype map even more, especially for primates. We now have the
ability to define dental traits with a fair degree of fidelity to the underlying genetic architecture; for example, the molar module
component (MMC) and the premolar-molar module (PMM) that have been defined through quantitative genetic analyses. We
leverage an extensive dataset of extant and extinct hominoid dental variation to explore how these two genetically patterned
phenotypes have evolved through time. We assess MMC and PMM to test the hypothesis that these two traits reveal a more
biologically informed taxonomy at the genus and species levels than do more traditional measurements. Our results indicate that
MMC values for hominids fall into two categories and that Homo is derived compared with earlier taxa. We find a more variable,
species-level pattern for PMM. These results, in combination with previous research, demonstrate that MMC reflects the
phenotypic output of a more evolutionarily stable, or phylogenetically congruent, genetic mechanism, and PMM is a reflection
of a more evolutionarily labile mechanism. These results suggest that the human lineage since the split with chimpanzees may not
represent as much genus-level variation as has been inferred from traits whose etiologies are not understood.
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Introduction

With every discovery of a new hominid fossil comes intense
scrutiny of its evolutionary relationship to other hominid taxa
(e.g., Chen et al. 2019; Daura et al. 2017; Haile-Selassie et al.
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2019; Harvati et al. 2019; Hershkovitz et al. 2018).
Phylogenetic systematics is the most widely used approach
for inferring these evolutionary relationships (Argue et al.
2017; Dembo et al. 2016; Mongle et al. 2019). This approach
assesses a range of characters (i.e., traits) for each of the
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taxonomic units included in the analysis, forming a charac-
ter matrix. From this matrix, analytical methods identify a
nested hierarchy of taxonomic units with the most parsimo-
nious pattern of primitive and derived characters. The result
is presented as the most reasonable hypothesis to explain
the evolutionary relationships among the taxonomic units
included in the analysis. Two of the most essential deci-
sions that go into this analytical method are as follows: (1)
which fossils are clustered together as a species or popula-
tion to form an operational taxonomic unit (OTU) and (2)
the definition of the characters and the character states that
are included in the matrix. We will first consider the defi-
nition of characters and then demonstrate what two genet-
ically defined traits can reveal about the evolutionary his-
tory of the family Hominidae.

The characters employed in phylogenetic systematics are
assumed to reflect genetically, developmentally, and function-
ally independent anatomical traits that can be discretely coded
for each OTU (e.g., Dembo et al. 2015; Nevell and Wood
2008; Smith and Grine 2008; Strait and Grine 2004).
Knowing that some error is included in these matrices due to
our lack of knowledge about the underlying biology, many
researchers have increasingly relied on the more-is-better ap-
proach. For example, previous analyses include a range from
99 to 380 characters within the primate dentition and skull
(e.g., Dembo et al. 2015; Nevell and Wood 2008; Smith and
Grine 2008; Strait and Grine 2004). The craniodental charac-
ter matrices employed in these hominid phylogenetic analy-
ses, while well-intentioned, are hindered by a lack of knowl-
edge about the anatomy’s biological etiology. The vertebrate
skull is significantly influenced by pleiotropic, epistatic, epi-
genetic, and systemic effects (Square et al. 2017; Ziermann
etal. 2019), calling into question the ability to define hundreds
of developmentally, genetically, and functionally independent
traits. While there have been repeated warnings over the last
30 years about the use of so many characters blind to their
underlying genetic and developmental architectures (e.g.,
Hawks 2004; Hlusko 2004; Lovejoy et al. 1999, 2003;
McCollum 1999; Trinkaus 1990), these cautions have largely
gone unheeded because there was no immediate solution to
the issues raised. Most paleoanthropologists agree that atom-
izing anatomical variation blind to the underlying biology is
likely misleading, but until that biology is better understood
and operationalized, there is no clear path forward.

Scientific knowledge of the developmental and genetic eti-
ology of the dentition is now at the level that it can be opera-
tionalized for phylogenetic systematics. Before we describe
how, we briefly review the deep understanding that biologists
have gained about the relationship between genotype and phe-
notype for the mammalian dentition. Our insight comes from
two distinct—and sometimes seemingly disparate—ap-
proaches, those that are gene-forward and those that are phe-
notype-back.
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Research in developmental genetics takes a gene-forward
approach to mapping the relationship between genotype and
phenotype. Decades of dental developmental research on
model organisms, such as mice, has been motivated by the
goal to bioengineer teeth (Thesleff 2018). These developmen-
tal genetic studies have revealed that mesenchymal—epithelial
interactions are involved at all stages of dental development,
as are major gene signaling networks such as the WNT, BMP,
FGF, SHH, and EDA pathways (reviewed in Balic 2019 and
Balic and Thesleff 2015). At the earliest stage of tooth devel-
opment (which occurs at embryonic day 11 in mice, E11),
epithelial tissues in the dorsal region of the oral cavity initiate
tooth development by migrating ventrally through the oral
mesenchyme to points of Sk signaling, forming a concentrat-
ed band of epithelial cells called the dental lamina (Prochazka
et al. 2015). By mouse E12, a cluster of epithelial cells forms
an “initiation knot,” the first of three subsequent signaling
centers. The initiation knot is matched by a concentration of
mesenchymal cells that take over the developmental potential,
forming a localized placode that serves as a precursor to an
individual tooth (reviewed in Balic 2019). The placodal epi-
thelium is induced to differentially grow further into the mes-
enchyme, forming the tooth bud stage of development.
Condensations of epithelial cells then form the second signal-
ing center, the enamel knot (Balic 2019; Balic and Thesleff
2015; Thesleff and Jernvall 1997), and locally express signal-
ing molecules that stimulate epithelial growth even more,
forming cervical loops that demarcate the cap stage of tooth
development. More specific differential epithelial growth
shapes the tooth crown via the third stage of signaling
centers—secondary enamel knots—that pattern the position
and size of each cusp during the bell stage of development
(Matalova et al. 2005). Computer modeling of the interactions
among the signaling molecules involved in the enamel knots
provides interesting recapitulation of the evolution of some
dental morphologies (Harjunmaa et al. 2014; Salazar-Ciudad
2012; Salazar-Ciudad and Jernvall 2010), suggesting that we
may well be close to understanding the G:P map for tooth
morphogenesis. These advances in our understanding of
how a tooth initiates and matures demonstrate how close we
are to the ultimate goal of re-growing a patient’s lost tooth (Li
etal. 2019).

However, from an evolutionary phylogenetic systematics
perspective, these major gene signaling networks (e.g., WNT,
BMP, FGF, SHH, and EDA pathways) represent a complicat-
ing factor for defining use-able traits and character states.
While variation in the spatial expression of these pathways
corresponds to differences in dental patterning across verte-
brates (Lainoff et al. 2015; Moustakas et al. 2011), these net-
works are involved at essentially all stages of dental develop-
ment, and significant shifts in their activities have effects that
span far beyond individual teeth (reviewed in Balic and
Thesleff 2015). For example, in mice, increased Wn¢ signaling
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in the mesenchyme inhibits the sequential formation of teeth
(Jarvinen et al. 2018), whereas an increase in the activity of the
ectodysplasin pathway results in larger and supernumerary
teeth (Mustonen et al. 2003). Ectodysplasin’s influence is
even more pervasive; it also influences a suite of ectodermally
derived structures, ranging from hair to mammary glands, that
are often targets of selective pressures distinct from those act-
ing on the dentition (Sadier et al. 2014; and for example,
Hlusko et al. 2018). Due to the pleiotropic effects of these
pathways, the dentition is difficult to parse into developmen-
tally and genetically independent characters that will accord
with the assumptions of phylogenetic systematics.

Quantitative genetic analyses are a phenotype-back ap-
proach that serves as a nice complement to developmental
genetics. In quantitative genetics, researchers can identify
and quantify pleiotropic effects on phenotypic variation using
anatomical assessments that are commonly used by paleontol-
ogists. While the specific gene or base pair sequence underly-
ing variation in these anatomies may not immediately be iden-
tified using this approach, the architecture of the genetic in-
fluences is discernible, i.e., the magnitude of genetic influence
and patterns of genetic correlations. This information is ex-
tremely useful for paleontologists as it reframes how pheno-
typic variation is conceptualized. Most critically, results from
quantitative genetic analyses of primate dental variation reveal
that individual teeth are not genetically or developmentally
independent structures, as they have long appeared to be.
The size of the anterior teeth is genetically independent of
the size of the postcanine dentition (Hlusko et al. 2011), but
there is significant pleiotropy between the premolars and mo-
lars (Grieco et al. 2013; Hlusko et al. 2011). Furthermore,
while molar width is genetically correlated with body size,
molar length is not (Hlusko et al. 2006). We have also learned
that different aspects of a tooth are underlain by different
biological etiologies. For example, quantitative genetic anal-
yses have revealed that minor shape variants on the crown are
genetically independent of tooth size (Stojanowski et al.
2018). Detailed histological investigations have shown that
genetic effects on enamel mineralization affect all teeth
(Smith et al. 2017), but species-specific timing of enamel de-
position can differ by tooth (Smith et al. 2007). These different
patterns of pleiotropy highlight how important it is for pale-
ontologists to understand anatomical variation as the output of
underlying genetic/developmental processes.

Accordingly, hypotheses about the evolution of the dental
arcade should focus on assessments of phenotypic variation
that best reflect the underlying genetic architecture (Hlusko
2016; Hlusko et al. 2016). From the perspective of how the
dentition is patterned by genetic effects (as described above),
we know that it is variation in relative sizes of the teeth that
will evolve over time and not the specific size of any one
tooth. Our research group previously identified two traits that
capture the output of two postcanine genetic patterning
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>
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Fig. 1 Qualitative visualization of the molar module component (MMC)
and premolar—molar module (PMM) phenotypic axes

mechanisms via ratios that reflect relative sizes of teeth in
the submodules (Fig. 1; Hlusko et al. 2016). They are defined
as

Molar Module Component : MMC = M3L/M L
Premolar—Molar Module : PMM = M,L/P,L

where M and P refer to molar and premolar, respectively;
subscripts denote the tooth position; and L refers to
mesiodistal tooth crown diameter. The genetic variance that
underlies the phenotypic variance in relative lengths of the
premolars versus molars is reflected in the PMM (x-axis of
Fig. 1; Hlusko et al. 2016). The MMC reflects the genetic
variance that underlies the phenotypic variance within the
molar submodule (y-axis of Fig. 1; Hlusko et al. 2016).
These traits are heritable, uncorrelated, and independent of
body size (Hlusko et al. 2016), making them ideal for eluci-
dating the evolutionary history of the postcanine dentition
independently from the evolution of body size, sex, the ante-
rior dentition, etc.

Variation in MMC may well be due, in part, to genetic
variation associated with the inhibitory cascade (IC) identified
through developmental studies on mice (Kavanagh et al.
2007). However, the direct connection between MMC and
the IC developmental mechanism has yet to be confirmed
outside of the Murinae. Additionally, the IC alone has been
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shown to be a poor model for the variation observed in molar
size among primates (Roseman and Delezene 2019), and par-
ticularly hominoids (Carter and Worthington 2016).
Therefore, we prefer to be conservative and use the term
MMC rather than IC for this phenotype until the developmen-
tal causality is determined.

These two genetically patterned dental traits were recently
assessed in a large sample of extant boreoeutherian mammals,
for which a secure molecular phylogeny was available
(Monson et al. 2019). Both MMC and PMM were found to
have significant phylogenetic signal, supporting the taxonom-
ic and phylogenetic utility of these traits in evolutionary anal-
yses. Building on our primate genetic—neontological-paleon-
tological research (Hlusko et al. 2016), the boreoeutherian
research further demonstrated that MMC and PMM can be
reliably used to understand phylogenetic relationships in fossil
taxa. With the confidence derived from these other studies, we
now apply the MMC and PMM traits to a detailed paleonto-
logical investigation of the evolutionary history of one mam-
malian family, the Hominidae.'

Material and methods
Sample

We calculated MMC and PMM from the mesiodistal mea-
surements of the mandibular fourth premolar and first through
third molars (data reported in Online Resource 2) for fossil
hominid groups as well as African Miocene apes and extant
apes (n =325 total specimens). The African Miocene apes
provide context for the phenotypic evolution of hominids
and extant apes, as they record the range of variation known
to have existed before the chimp:human last common ances-
tor. Extant apes provide a sense of the range of variation
today.

We gathered data for fossil groups from publications and
for extant taxa from original specimens (see Table 1 for
sample sizes and repositories). Following Hlusko et al.
(2016), we collected only mandibular data, and we focused
on the left side of the dentition, although right side data were
used if the left was unavailable. The limited and unequal sam-
ple sizes across groups are a reflection of the fossil material
available.

Given the controversy that surrounds the taxonomy of the
included fossil assemblage, we describe in detail our
terminology:

! To maintain consistency with the traditional adaptive grade-based definition
of the human clade, from here on we refer to all taxa on the human side of the
chimpanzee/human divergence as the Hominidae.

@ Springer

—  There is debate as to whether or not the species boisei and
robustus belong in Australopithecus or represent the ge-
nus Paranthropus (McCollum 1999; Ungar and Hlusko
2016; Wood and Schroer 2017). We refer to them as
Australopithecus boisei and Au. robustus herein.

— It has been suggested that the recently named species
Australopithecus deyiremeda (Haile-Selassie et al.
2015) is likely a junior synonym for Australopithecus
afarensis (Wood and Boyle 2016). We follow this more
conservative taxonomic classification here and include
the single mandibular specimen with dentition from this
hypodigm within Australopithecus afarensis.

—  Considering the unstable nature of species definitions and
identifications in early Homo taxa (Antoén et al. 2014;
Suwa et al. 2007), Homo habilis and Homo rudolfensis
are pooled in all analyses as “Early Homo.”

—  Homo erectus is divided into African and Asian samples
as a means of partitioning the large geographic span of
this taxon. While each of these samples encompasses a
broad temporal range, we have not further parsed this
taxon into temporal categories in order to maintain more
moderate sample sizes.

— Homo sapiens (Levant), which includes Skhul and
Qafzeh specimens, is included as a separate group since
these specimens have been noted as distinct from modern
humans in various aspects of their anatomy (Thackeray
et al. 2005; Trinkaus 2005).

—  For the Miocene apes, following Hlusko et al. (2016),
specimens from Kelley et al. (2002) described as
Equatorius africanus are included here as
Kenyapithecus africanus (following Pickford and
Kunimatsu 2005), and specimens from Pickford et al.
(2009) described as Ugandapithecus major are included
here as Proconsul major (Harrison and Andrews 2009).
Ekembo heseloni and Ekembo nyanzae are included here
as distinct from Proconsul following recent systematic
revision (McNulty et al. 2015).

Analytical methods

Statistical analyses were completed in the R statistical envi-
ronment v3.2.2 (R Core Team 2015). We first calculated uni-
variate descriptive statistics for MMC and PMM values for all
taxa included in the study, using built-in functions in R.
We next visualized the distribution of the MMC and PMM
traits across taxa in boxplot and bivariate plot form, produced
in R using the package ggplot2 (v1.0.1; Wickham 2009). Our
subsequent statistical tests fall into two main categories of
analysis: species-level comparisons and genus-level
comparisons.

In order to determine if MMC and PMM could discrimi-
nate between taxa at the species-level, we first employed the
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Table 1 Number of specimens per group included in this study

Number Source/Repository
Pongo pygmaeus 10 Cleveland Museum of Natural History, Cleveland, Ohio, USA
Gorilla gorilla 41 Cleveland Museum of Natural History, Cleveland, Ohio, USA
Pan troglodytes 59 Cleveland Museum of Natural History, Cleveland, Ohio, USA
Pan paniscus 39 Royal Museum of Central Africa, Tervuren, Belgium
Homo sapiens (Modern) 27 Phoebe A. Hearst Museum of Anthropology, Berkeley, California, USA
Homo sapiens (Levant)® 2 Suwa et al. (2009)
Homo neanderthalensis® 15 Quam et al. (2001), Suwa et al. (2009), Trinkaus (1978), and Wolpoff (1979)
Homo heidelbergensis 26 Bermudez de Castro (1993), Gabunia and Vekua (1995),
Howell (1960), and Martinén-Torres et al. (2012)
Homo antecessor 1 Carbonell et al. (2005)
Homo floresiensis 1 Kaifu et al. (2015)
Homo erectus (Asia) 9 Kaifu et al. (2005), Lordkipanidze et al. (2013),
Macaluso Jr. (2010), Rightmire (1990), and Weidenreich (1937)
Homo erectus (Africa)® 8 Arambourg and Hoffstetter (1963), Rightmire (1990), Suwa et al. (2009),
Walker and Leakey (1993), Wood (1991), and
Wood and Van Noten (1986)
Homo naledi® 3 Hawks et al. (2017)
Early Homo® 8 Leakey et al. (2012), Suwa et al. (2009), Villmoare et al. (2015), and Wood (1991)
Australopithecus robustus® 13 Suwa et al. (2009)
Australopithecus africanus® 5 Suwa et al. (2009)
Australopithecus boisei 5 Wood (1991)
Australopithecus garhi® 2 Suwa et al. (2009)
Australopithecus afarensis® 15 Haile-Selassie et al. (2015); Suwa et al. (2009), White et al. (2000)
Australopithecus anamensis 3 Ward et al. (2001)
Ardipithecus ramidus 3 White et al. (2015)
Kenyapithecus africanus 2 Kelley et al. (2002) and Pickford (1985)
Rangwapithecus gordoni 3 Cote et al. (2014) and Hill et al. (2013)
Ekembo nyanzae 5 Le Gros Clark (1952), Le Gros Clark and Leakey (1951), and Pickford et al. (2009)
Ekembo heseloni 6 Pickford et al. (2009)
Proconsul major 6 Le Gros Clark and Leakey (1951), Pickford et al. (2009), and Martin (1981)
Proconsul africanus 4 Le Gros Clark (1952); Le Gros Clark and Leakey (1951)
Limnopithecus legetet 1 Harrison (1981)
Micropithecus clarki 2 Harrison (1981)
Afropithecus turkanensis 1 Rossie and MacLatchy (2013)
Total 325

*Includes data from Suwa and colleagues (Suwa et al. 2009) and references therein

® Includes data provided by L. Delezene

Wilcoxon rank-sum test, a non-parametric alternative to the
two-sample ¢ test, using built-in functions in R. This analytical
approach enabled us to include all of the samples for which
n>2, regardless of the differences in sample size and vari-
ance. For the samples with n>20, we then employed the
Shapiro—Wilk normality test (p > 0.05) and Levene’s test for
homogeneity of variance across groups (p > 0.05) in R using
the package car (v2.1.0; Fox and Weisberg 2011). Samples
found to be normally distributed and with equal variances
were also subjected to a two-sample ¢ test, using built-in

functions in R. Our goal for conducting this second set of
analyses was to provide a parametric comparison for the
non-parametric analysis conducted on the full set of data.

We then pursued a set of analyses aimed at probing the
genus-level questions posed by the visualization of the data.
As for the species-level analyses, we employed both the
Wilcoxon rank-sum test for the full data set and the two-
sample ¢ test when appropriate, as described above. In order
to assess variance within (putative) genera and evaluate
whether patterns differ between MMC and PMM, we

@ Springer
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employed a non-parametric ANOVA, the Kruskal-Wallis
rank sum test, using built-in functions in R.

As all of these sets of analyses are comprised of multiple
comparisons, there is a concern about false positives. In addi-
tion to the statistics embedded in the analyses themselves, we
also applied a Bonferroni adjustment and a Welch’s ANOVA
with a Games—Howell post hoc test (which is robust against
variance differences and allows for samples of different sizes).
The latter test was completed using the package
userfriendlyscience (v0.7.2; Peters 2018) in R v3.5.1. That said,
Bonferroni’s adjustment is an extremely harsh correction. For
example, with 231 comparisons (as we conduct for the species-
level Wilcoxon rank-sum test), the significance would be set at
p <0.0002165 rather than p < 0.05. We present results from all
three approaches—no correction for multiple tests,
Bonferroni’s adjustment, and Welch’s ANOVA with the
Games—Howell post hoc test. Statistical significance is a fairly
arbitrary convention, in which the researcher imposes an artifi-
cial division between significant and non-significant p-values
along a continuous range of values (Berger and Berry 1988;
Johnson 1999). Here we follow general convention by placing
our significance threshold at p < 0.05, but we focus more close-
ly on the pattern of p-values across comparisons and less on the
arbitrarily defined degree of statistical significance.

Results

Univariate descriptive statistics for MMC and PMM are pre-
sented in Tables 1 and 2 in Online Resource 1 and shown
visually in boxplots (Fig. 2) and a bivariate plot (Fig. 3).

Results for MMC

From the visualization of MMC in Fig. 3, specimens in genus
Homo primarily cluster at the lower part of the y-axis, and all
other fossil specimens are in the upper portion. Figure 2 dem-
onstrates this same pattern but also includes data from the
extant great apes. We see that most of the Miocene apes and
species within Ardipithecus, Australopithecus, and Gorilla
fall at the higher range of MMC, whereas Homo, Pan, and
Pongo have lower MMC values. Within Homo, H. naledi and
Early Homo cluster near the values observed for all species of
Australopithecus and Ardipithecus save for Au. boisei. The
Wilcoxon rank-sum test reveals the statistical significance of
this same pattern (Fig. 4), and the more stringent statistical
significance standards reported in Figs. 1 and 2 in
Online Resource 1 demonstrate the same pattern, though to
varying degrees of statistical significance. The Gorilla MMC
is distinct from Miocene apes and Homo, but not from
Ardipithecus, Australopithecus, Early Homo, and H. naledi
(as similarly reported elsewhere, Monson et al. 2018a).
Pongo and Pan MMC means are distinct from the Miocene
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apes, Ardipithecus, Australopithecus, Early Homo, and
H. naledi, but are not distinct from Homo.

We then pooled these data into groups that accord with
these qualitative observations. We created a group for Homo
that excluded Early Homo and H. naledi and compared this
with Early Homo and Australopithecus. Wilcoxon rank-sum
test results (Table 3 in Online Resource 1) also show the
distinction in MMC between Homo and Australopithecus,
and the similarity of Early Homo with Australopithecus.

Eight of our samples were large enough to probe using
parametric tests, with sample sizes that range from n =20 to
n =382 (Table 1; Table 4 in Online Resource 1). Shapiro—Wilk
normality test results and Levene’s test for homogeneity of
variance identified six samples that could be employed in a
two-sample ¢ test (Tables 4 and 5 in Online Resource 1).
Results from these analyses reveal the same pattern observed
for the larger non-parametric series of analyses, with all sam-
ples being different save for Homo sapiens (modern) com-
pared with Pan paniscus (Table 6 in Online Resource 1).
Results from the Kruskal-Wallis rank sum test are also con-
sistent with results from pairwise comparisons. The results
reveal statistically significant differences across species within
all pooled groups for MMC, except for Australopithecus and
the group for Homo that excludes Early Homo and H. naledi
(Table 7 in Online Resource 1).

Results for PMM

Turning to the PMM results, we see a more varied pattern
across species within the same genus (Figs. 2 and 3). Within
the fossil hominids, we see a gradual decrease in PMM from
Ardipithecus ramidus to Australopithecus anamensis to Au.
afarensis. Within Homo, neanderthalensis and
heidelbergensis show comparatively higher PMM values,
similar to those for Ar. ramidus, Au. anamensis, an Au.
afarensis and generally above those of fossil and modern
H. sapiens. At the opposite end of the PMM range, Au. boisei
stands out as having low values among the fossil taxa, similar
to Pongo among the extant apes. Pan, Gorilla, and modern
Homo all have overlapping ranges of variation around a more
moderate PMM mean. The Miocene apes reveal a consider-
able range of variation in PMM.

The Wilcoxon rank-sum test reveals that there is statistical
significance to these observations (Fig. 4), and the parametric
tests further bolster the pattern (Table 6 in Online Resource 1;
see Figs. 1 and 2 in Online Resource 1 for results that address
multiple testing). Results from the Kruskal-Wallis rank sum
test also indicate a more variable pattern across congeneric
species than observed for MMC. The results reveal statistical-
ly significant differences across species within all pooled
groups for PMM (Table 7 in Online Resource 1). In contrast
to MMC, variation in PMM across taxa/species does not ap-
pear to cluster in genus-level patterns.
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Fig. 2 Boxplots of the molar module component (MMC) and premolar—
molar module (PMM) phenotypes, demonstrating the variation across
extant apes, members of genus Homo, early hominids, and African
Miocene apes. Note that MMC values are similar within genus Homo

Discussion

We tested the hypothesis that two traits, MMC and PMM—
defined to reflect the output of two genetic mechanisms un-
derlying variation in the primate postcanine dentition—would
provide new insight into hominid evolution by revealing sig-
nificant shifts in the output of those genetic mechanisms over
geologic time. As would be predicted when analyzing two

1.3 15 1.7
PMM

and within early hominids, with the exception of Homo naledi and early
Homo, which align more closely with early hominids than with the other
Homo groups. PMM values are recognizably less similar within Homo
and early hominids than MMC values

genetically independent traits (Hlusko et al. 2016), we find
that PMM and MMC reveal different patterns of variation
and evolution. Our results, taken together with previous find-
ings from boreoeutherian mammals (Monson et al. 2019),
suggest that MMC is relatively stable, by which we mean
more congruent with phylogeny, whereas PMM is more evo-
lutionary labile. We will focus our discussion first on MMC, a
ratio that captures the relative size variation within the molar
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Fig. 3 Bivariate plot of the molar
module component (MMC) and
premolar—-molar module (PMM)
phenotypes for all fossil groups
and extant modern humans. The
phenotypes discriminate between
Homo, early hominids, and the
African Miocene apes. The
dashed line is a qualitative indi-
cation of the separation between
Homo and early hominids; the
overlap between Homo and early
hominids is due in large part to the
position of Homo naledi and
Early Homo

MMC

0.8+

1.3

Homo

@ Homo sapiens (Modern)

@ Homo sapiens (Levant)

@ Homo neanderthalensis
Homo heidelbergensis
Homo antecessor
Homo floresiensis
Homo erectus (Asia)

® Homo erectus (Africa)

@ Homo naledi

@ Early Homo

series, and then turn to PMM, which captures relative size
variation between the premolar and molar modules. We then
apply these results to three taxonomic questions within hom-
inid evolution.

Evolutionary history of MMC
The hominid MMC decreases from the Late Miocene through
to modern humans (Fig. 2; taxa are generally arranged from

more recent toward the top to deeper in time toward the
bottom). Paleontologists have not yet recovered a fossil record

@ Springer

PMM

Early hominids

A Australopithecus robustus
Australopithecus africanus
Australopithecus boisei
Australopithecus garhi
Australopithecus afarensis

A Australopithecus anamensis

A Ardipithecus ramidus

1.7

Miocene hominoids

B Kenyapithecus africanus
Rangwapithecus gordoni
Ekembo nyanzae
Ekembo heseloni
Proconsul major
Proconsul africanus

B Limnopithecus legetet

W Micropithecus clarki
W Afropithecus turkanensis

of the chimp:human last common ancestor. However, Gorilla
MMC values are in the same range as the early hominids
Ardipithecus and Australopithecus, suggesting that the last
common ancestor likely had an MMC range similar to these
taxa. A recent machine learning-based assessment of homi-
noid variation in PMM and MMC supports this inference
(Monson et al. 2018a). While Miocene apes are more similar
to Pan than Gorilla in absolute dental size and tooth area, they
are more similar to Gorilla in terms of dental proportions. This
similarity in MMC and PMM between Miocene taxa and
Gorilla suggests that humans, chimpanzees, and orangutans
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Fig. 4 Wilcoxon rank-sum test results for the molar module component
(MMC) and premolar—molar module (PMM), visualized as pairwise

are derived in their dental proportions and that Gorilla is a
better extant model for the chimp:human last common ances-
tor when considering postcanine proportions (Monson et al.
2018a).

There is a distinct shift to lower MMC values first observed
with Homo erectus that persists through later populations in
the genus Homo. Although we have not yet identified the
specific genetic mechanism that underlies MMC, variation
in this trait may well reflect major shifts in dietary adaptation
(e.g., Kavanagh et al. 2007) or possibly systemic effects such

0.032 |A. afarensis
0.111 |A. boisei
A. africanus

A. robustus
Early Homo

PMM

comparison matrices. Only groups with n>2 were included in this anal-
ysis. Pairs with significant differences (p < 0.05) are shaded gray

as ontogenetic variation in growth rates (e.g., Monson et al.
2018b). Either way, based on our current understanding of
MMC, it is not unreasonable to interpret these clusters of
MMC values as a reflection of adaptive niches, or adaptive
plateaus (e.g., White et al. 2015).

Prior studies of hominid evolution concluded that there is
no clear adaptive shift between Australopithecus and early
Homo (Kimbel and Villmoare 2016). Consequently, these sci-
entists conclude that the rank of genus is a necessary unit for
classification but essentially irrelevant to evolutionary theory.
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Foley etal. (2016) suggest that the apparent lack of a transition
between Australopithecus and Homo could be due to the in-
correct placement of the boundary between genera. Indeed,
Wood and Collard (1999b) recommend transferring early
Homo taxa to Australopithecus on the basis of a shared adap-
tive strategy. An adaptive shift could also be elusive because
the investigation of the anatomical variation in previous stud-
ies does not accurately capture the output of the evolving
genetic mechanism(s). By using a G:P mapped trait, our anal-
ysis of MMC supports the hypothesis that there is a distinction
between Australopithecus and Homo (Foley et al. 2016;
Wood and Collard 1999b). We find that the Early Homo sam-
ple reflects the earlier MMC niche and therefore may be more
appropriately designated Australopithecus. A previous at-
tempt to apply “rules” about the inhibitory cascade to hominid
evolution similarly interpreted Homo as distinct from other
hominids, although their use of 2-dimensional crown area
(rather than G:P defined ratios) incorporated the pleiotropic
effects of body size into their analysis, leading to a more
convoluted set of results (Evans et al. 2016).

While we see MMC as a highly informative trait, we want
to be clear that genus definitions cannot rely on one trait alone.
For example, Ardipithecus, Australopithecus, and Gorilla
have indistinguishable MMC values, but simultaneously have
dramatically different locomotory repertoires (Tuttle and
Watts 1985; Ward 2013; White et al. 2015). The similarity
of their MMC values indicates that the different adaptive
niches these genera occupy/ied did not drive a differentiation
in the genetic mechanism that influences the relative sizes of
the molars. Different phenotypes can, and often do, yield dif-
ferent conclusions about boundaries and relationships be-
tween hominid genera (Strait et al. 1997; Wood and Collard
1999a). As we learn more about the relationship between ge-
notype and phenotype, and hone our paleontological studies
to rely more on traits that have a higher fidelity to the under-
lying genetic architecture, the seemingly mosaic nature of
evolution will shift from a conundrum to a rich source of
paleobiological insight (Hlusko 2004, 2016).

Evolutionary history of PMM

In contrast to the stability we observe for MMC, variation in
PMM appears to capture the influence of a more evolvable
mechanism. In early hominids, PMM values decrease over
time, from Ardipithecus ramidus at the older end to
Australopithecus anamensis =» Australopithecus afarensis
=> Australopithecus garhi at the younger end, likely evidence
of an evolving lineage (Asfaw et al. 1999; Kimbel et al. 2006;
Leakey et al. 1998; White et al. 2009). In later Homo, PMM
values increase in the Homo erectus =» Homo heidelbergensis
=> H. neanderthalensis lineage (following the phyletic
relationships of Arsuaga et al. 2014 and Meyer et al. 2016),
resulting in a statistically significant difference from modern
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humans. These two trends suggest that PMM (reflecting var-
iation between the premolar and molar modules) may permit
division of niche space on a different and more evolvable
phenotypic axis relative to MMC, perhaps in some cases be-
tween contemporaneous, sympatric species that may be com-
peting for resources (i.e., Schroer and Wood 2015a).

Application to phylogenetic quandaries

The distinct evolutionary patterns of MMC and PMM are not
surprising given that they capture the phenotypic output of
two genetically independent modules (Grieco et al. 2013;
Hlusko et al. 2011; Hlusko and Mahaney 2009; Goémez-
Robles and Polly 2012). Genetic modularity is known to in-
fluence the evolutionary trajectory of a lineage (Goswami and
Polly 2010; Marroig et al. 2009; Schluter 1996, 2000). As we
further understand the genetic underpinnings of MMC and
PMM, both may prove to be informative of paleobiology,
the mode and pace of evolution, and at different levels of
taxonomic classification. Even at this early stage of discovery
through G:P mapping, there are several taxonomic puzzles
within hominid evolution to which our analyses of MMC
and PMM provide insight and intrigue.

Paranthropus or Australopithecus?

Variation in MMC can be brought to bear on the long-
standing debate of how to classify the two dentally robust
species, boisei and robustus. There is considerable debate
as to whether or not the robust masticatory features and
megadontia of these two species are shared derived char-
acters (synapomorphies) or reflect convergence
(homoplasy) (Ungar and Hlusko 2016; Wood and
Schroer 2017). The answer to this question determines
whether we place these two species in their own genus
Paranthropus or keep them in Australopithecus. For
PMM, we see that both boisei and robustus differ signif-
icantly from other species of Australopithecus. But for
MMC, we find no statistically significant differences be-
tween the six species of Australopithecus included in our
analysis, including boisei and robustus (Fig. 4). However,
robustus and boisei do differ to some degree in their
MMC values. Au. robustus falls well within the observed
ranges of variation for other species of Australopithecus,
while boisei MMC values are noticeably higher. Given
how stable MMC is over evolutionary time across the
hominid taxa sampled here, and the primates published
previously (Hlusko et al. 2016), this observation suggests
that the megadontia is underlain by similarity in PMM but
potentially different MMC niches. However, we must be
mindful of the small sample sizes (Table 1), which may
inadequately sample variation in these fossil species and
create an artificial distinction between them. Looking to
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taxa with larger samples, such as modern H. sapiens, we
observe a much greater PMM range relative to most fossil
Homo samples, which is most likely an effect of more
thorough sampling. Nonetheless, given the limited avail-
able data, Au. boisei appears to deviate from its congener-
ic species in both PMM and MMC, whereas Au. robustus
only differs in PMM. As mentioned above, it may be that
these differences between the two robust species reflect
variation in growth rates during ontogeny, perhaps an in-
dication of variation in dietary niche; the precise underly-
ing cause of these differences remains unclear until the
specific genetic loci influencing MMC and PMM are
identified.

While cladistic analyses continue to cluster these two spe-
cies together exclusively (supporting the genus level distinc-
tion as Paranthropus), research that approaches the anatomi-
cal variation from a genetic/developmental perspective con-
sistently reaches the opposite conclusion. For example,
Schroer and Wood (2015b) tested predictions based on the
inhibitory cascade hypothesis and similarly concluded that
the megadontia of these two species is a convergence rooted
in different developmental bases. A developmentally based
approach to palatal structure also concluded that boisei and
robustus represent convergence (McCollum 1999).
Megadontia may well be an evolutionary path of least resis-
tance that offers a common solution to a variety of different
selective pressures (Ungar and Hlusko 2016). As the evidence
of convergence continues to build, the insight gained from our
analysis of MMC and PMM further supports the conclusion
that boisei and robustus are most appropriately classified in
the genus Australopithecus.

Homo or Australopithecus?

There is also considerable debate regarding the classification
of the small-bodied hominid from Indonesia, Homo
floresiensis (Brown et al. 2004), and its systematic relation-
ship to modern humans (Falk et al. 2007; Gordon et al. 2008,
Hershkovitz et al. 2007; Martin et al. 2006; Morwood et al.
2005; Oxnard et al. 2010; Richards 2006). Following recent
additional discoveries (van den Bergh et al. 2016), and a re-
vised chronology that places these hominids on the islands
prior to the documented arrival of modern humans (Sutikna
et al. 2016), two main hypotheses for the evolutionary origins
of Homo floresiensis have been proposed: (1) Homo
floresiensis descended from the larger-bodied Homo erectus,
undergoing an extreme reduction in size, or (2) Homo
floresiensis descended from an earlier, smaller-bodied homi-
nid, such as Homo habilis or a late member of
Australopithecus (Argue et al. 2006; van den Bergh et al.
2016). We find that the Homo floresiensis MMC value is
indistinguishable from Homo erectus and falls outside of the
range of Early Homo and all species of Australopithecus. This

alignment indicates that Homo floresiensis presents the de-
rived MMC condition of the genus Homo.

Variation in MMC adds a surprising twist to the taxo-
nomic affinity of Homo naledi (Berger et al. 2015). In
MMC values, H. naledi aligns with Early Homo and
Australopithecus, nearly outside the range of other mem-
bers of Homo. This suggests that H. naledi, like Early
Homo, may be more consistent with the ancestral MMC
niche. This is surprising given the most recent geological
age estimate of 236335 ka (Dirks et al. 2017) and dem-
onstrates our earlier point that classification should rely on
multiple traits. The small sample size for H. naledi MMC
values also makes any interpretation tentative at best.

The issue of rank equivalency

As we conclude, there is one additional implication of our
research that merits discussion: the widely recognized di-
lemma within clade-based phylogenetic nomenclature that
“equal ranks imply only exclusivity, not comparability”
(Kuntner and Agnarsson 2006:777). Primates provide a
few excellent examples of why a distinction between rank
exclusivity and comparability is important. For example,
current taxonomic practice is for the Linnacan Family
Hylobatidae to refer to the gibbons and siamangs, and
Hominidae to refer to all of the great apes—from the
suspensory Asian orangutans to the knuckle-walking
African gorillas and chimpanzees to the globally dis-
persed, bipedal, technology-dependent humans (Rowe
and Myers 2016; Watts 2012). While these clades are
equal in terms of systematic exclusivity, they clearly en-
compass very different degrees of adaptation. The amount
of adaptive breadth across the great apes even exceeds the
adaptive variation within the Cercopithecidae, the Family
that includes all genera involved in the last six million
years of the Old World Monkey radiation (Frost et al.
2011; Jablonski and Frost 2010). While a discussion
about the loss of equivalency at the Family level needs
to be had at some point, we raise this point here in order
to focus attention on how genetically defined phenotypes
can bring us toward establishing rank equivalency at least
at the level of genera.

Linnaean rank equivalency may seem like an academic
point, but this is an issue that should not be dismissed lightly
given that evolutionary and conservation biologists widely
assume that it exists at numerous hierarchical levels. This
assumption is evident in pervasive rank-comparison state-
ments, taxon counts, and analyses that rely on comparability
across a particular rank (e.g., Kuntner and Agnarsson 2006).
These analyses extend beyond the realm of neontology and
conservation studies to impact our understanding of biodiver-
sity and ecology in the past. Paleoecological inferences are
often based on vertebrate faunal lists without consideration
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of issues introduced by a lack of rank equivalency across the
taxa being counted and compared (Bobe 2011; Curran and
Haile-Selassie 2016; Patterson et al. 2017; Reed 2008; Su
and Harrison 2015).

While taxonomy is rife with such conundrums, there is a
strong argument for maintaining Linnaean binomial nomen-
clature (Kuntner and Agnarsson 2006:776). There is a con-
vincing case as to why species should not be held to the rule of
monophyly, as speciation is often reticulate and complex
(Rogers and Gibbs 2014; Zinner et al. 2011). As just one
example, recent findings from molecular genomics reveal
complexity in species formation within cercopithecid mon-
keys (Detwiler 2019; Fan et al. 2018; Roos et al. 2019a, b;
Wall et al. 2016) and highlight that species distinctions are
highly labile and complicated by interbreeding (Rogers et al.
2019; Svardal et al. 2017). But how much variability should
be accepted at the generic level? These studies (and others,
e.g., Burrell et al. 2009; Osterholz et al. 2008) make apparent
that genomics has had difficulty grappling with genus-level
polyphyly and has not yet provided a clear solution to defining
the boundaries of genera via genetic similarity, at least not in a
way that reflects adaptive similarity (Di Fiore et al. 2015;
Rogers et al. 2019; Svardal et al. 2017). Evolutionary biology
is therefore at a crossroads: should we define genera to convey
information about adaptive regime or prioritize taxonomic
exclusivity in a way that species cannot?

As biologists continue to make gains in mapping the rela-
tionship between genotype and phenotype (Hlusko et al.
2016; Pigliucci 2010; Wagner and Zhang 201 1), these insights
can be incorporated into taxonomy to bring biological com-
parability back into our taxonomic ranks. We have demon-
strated that these insights are now operational and that they
enable us to utilize the genus as an adaptively informative
taxon.

Conclusion

Biological organisms are not found with taxonomic labels
affixed; it is the task of the researcher to classify organisms
based on the available evidence. Whereas the neontologist has
many lines of evidence from which they can draw taxonomic
classifications (physiology, behavior, pelage, etc.), the pale-
ontologist is reliant on a much more restricted dataset, primar-
ily bones and teeth. We have shown that the use of anatomical
traits developed through quantitative genetic analyses reveals
novel patterns within the evolutionary history of the hominid
dentition. The molar module component (MMC) is a relative-
ly stable trait that may well reflect genus-level shifts in adap-
tation. The premolar—molar module (PMM) is more evolu-
tionarily labile, providing insight to species-level distinctions.
Our results demonstrate the promise of employing genetically
defined traits, such as MMC and PMM, to classifying
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organisms in a more biologically informed way, and to eluci-
dating their evolutionary histories.

Acknowledgments We thank David Polly and two anonymous reviewers
for their critical feedback on an earlier version of this manuscript. We
thank Gen Suwa and Tim D. White for access to dental metric data, and L.
Delezene for providing Homo naledi dental metric data. The following
museums permitted access to collections: Cleveland Museum of Natural
History, Phoebe A. Hearst Museum of Anthropology, and the Royal
Museum of Central Africa. M. Brasil was supported during this
project by the University of California Berkeley Chancellor’s
Fellowship and Portuguese Studies Program, and the John Templeton
Foundation.

Data availability All data are included in the supplementary materials
(Online Resource 2).

References

Anton SC, Potts R, Aiello LC (2014) Evolution of early Homo: an inte-
grated biological perspective. Science 345:1236828

Arambourg C, Hoffstetter R (1963) Le gisement de Ternifine II.
L’Atlanthropus mauritanicus. Arch Inst Paléontol Humaine 32:37—
190

Argue D, Donlon D, Groves C, Wright R (2006) Homo floresiensis:
microcephalic, pygmoid, Australopithecus, or Homo? J Hum Evol
51:360-374

Argue D, Groves CP, Lee MSY, Jungers WL (2017) The affinities of
Homo floresiensis based on phylogenetic analyses of cranial, dental,
and postcranial characters. ] Hum Evol 107:107-133

Arsuaga JL, Martinez I, Amold LJ, Aranburu A, Gracia-Téllez A, Sharp
WD, Quam RM, Falguéres C, Pantoja-Pérez A, Bischoff J, Poza-
Rey E, Parés JM, Carretero JM, Demuro M, Lorenzo C, Sala N,
Martinoén-Torres M, Garcia N, Alcazar de Velasco A, Cuenca-
Bescos G, Gomez-Olivencia A, Moreno D, Pablos A, Shen CC,
Rodriguez L, Ortega Al, Garcia R, Bonmati A, Bermtdez de
Castro JM, Carbonell E (2014) Neanderthal roots: cranial and chro-
nological evidence from Sima de los Huesos. Science 344:1358—
1363

Asfaw B, White T, Lovejoy O, Latimer B, Simpson S, Suwa G (1999)
Australopithecus garhi: a new species of early hominid from
Ethiopia. Science 284:629-635

Balic A (2019) Concise review: cellular and molecular mechanisms reg-
ulation of tooth initiation. Stem Cells 37:26-32

Balic A, Thesleft I (2015) Tissue interactions regulating tooth develop-
ment and renewal. Curr Top Dev Biol 115:157-186

Berger JO, Berry DA (1988) Statistical analysis and the illusion of ob-
jectivity. Am Sci 76:159-165

Berger LR, Hawks J, de Ruiter DJ, Churchill SE, Schmid P, Delezene
LK, Kivell TL, Garvin HM, Williams SA, DeSilva JM, Skinner
MM, Musiba CM, Cameron N, Holliday TW, Harcourt-Smith W,
Ackermann RR, Bastir M, Bogin B, Bolter D, Brophy J, Cofran ZD,
Congdon KA, Deane AS, Dembo M, Drapeau M, Elliot MC,
Feuerriegel EM, Garcia-Martinez D, Green DJ, Gurtov A, Irish
JD, Kruger A, Laird MF, Marchi D, Meyer MR, Nalla S, Negash
EW, Orr CM, Radovcic D, Schroeder L, Scott JE, Throckmorton Z,
Tocheri MW, VanSickle C, Walker CS, Wei P, Zipfel B (2015)
Homo naledi, a new species of the genus Homo from the Dinaledi
Chamber, South Africa. eLife 4:¢09560

Bermudez de Castro JM (1993) The Atapuerca dental remains. New
evidence (1987-1991 excavations) and interpretations. J Hum Evol
24:339-371



Sci Nat (2020) 107:40

Page 130f 16 40

Bobe R (2011) Fossil mammals and paleoenvironments in the Omo-
Turkana Basin. Evol Anthropol 20:254-263

Brown P, Sutikna T, Morwood MJ, Soejono RP, Jatmiko, Saptomo EW,
Due RA (2004) A new small-bodied hominin from the Late
Pleistocene of Flores, Indonesia. Nature 431:1055-1061

Burrell AS, Jolly CJ, Tosi AJ, Disotell TR (2009) Mitochondrial evidence
for the hybrid origin of the kipunji, Rungwecebus kipunji (Primates:
Papionini). Mol Phylogenet Evol 51:340-348

Carbonell E, Bermudez de Castro JM, Arsuaga JL, Allue E, Bastir M,
Benito A, Caceres I, Canals T, Diez JC, van der Made J, Mosquera
M, Oll¢ A, Pérez-Gonzalez A, Rodriguez J, Rodriguez XP, Rosas A,
Rosell J, Sala R, Vallverdu J, Vergés JM (2005) An Early
Pleistocene hominin mandible from Atapuerca-TD6, Spain. Proc
Natl Acad Sci U S A 102:5674-5678

Carter KE, Worthington S (2016) The evolution of anthropoid molar
proportions. BMC Evol Biol 16:110

Chen F, Welker F, Shen CC, Bailey SE, Bergmann I, Davis S, Xia H,
Wang H, Fischer R, Freidline SE, Yu TL, Skinner MM, Stelzer S,
Dong G, Fu Q, Dong G, Wang J, Zhang D, Hublin JJ (2019) A late
Middle Pleistocene Denisovan mandible from the Tibetan Plateau.
Nature 569:409-412

Cote S, Malit N, Nengo I (2014) Additional mandibles of
Rangwapithecus gordoni, an early Miocene catarrhine from the
Tinderet localities of Western Kenya. Am J Phys Anthropol 153:
341-352

Curran SC, Haile-Selassie Y (2016) Paleoecological reconstruction of
hominin-bearing middle Pliocene localities at Woranso-Mille,
Ethiopia. ] Hum Evol 96:97-112

Daura J, Sanz M, Arsuaga JL, Hoffman DL, Quam RM, Ortega MC,
Santos E, Gomez S, Rubio A, Villaescuca L, Souto P, Mauricio J,
Rodrigues F, Ferreira A, Godinho P, Trinkaus E, Zilhdo J (2017)
New Middle Pleistocene hominin cranium from Gruta de Aroeira
(Portugal). Proc Natl Acad Sci U S A 114:3397-3402

Dembo M, Matzke NJ, Mooers A@, Collard M (2015) Bayesian analysis
of a morphological supermatrix sheds light on controversial fossil
hominin relationships. P Roy Soc Lond B Bio 282:20150943

Dembo M, Radov¢i¢ D, Garvin HM, Laird MF, Schroeder L, Scott JE,
Brophy J, Ackermann RR, Musiba CM, de Ruiter DJ, Mooers AQ,
Collard M (2016) The evolutionary relationships and age of Homo
naledi: an assessment using dated Bayesian phylogenetic methods. J
Hum Evol 97:17-26

Detwiler KM (2019) Mitochondrial DNA analyses of Cercopithecus
monkeys reveal a localized hybrid origin for C. mitis doggetti in
Gombe National Park, Tanzania. Int J Primatol 40:28-52

Di Fiore A, Chaves PB, Cornejo FM, Schmitt CA, Shanee S, Cortés-Ortiz
L, Fagundes V, Roos C, Pacheco V (2015) The rise and fall of a
genus: complete mtDNA genomes shed light on the phylogenetic
position of yellow-tailed woolly monkeys, Lagothrix flavicauda,
and on the evolutionary history of the family Atelidae (Primates:
Platyrrhini). Mol Phylogenet Evol 82:495-510

Dirks PHGM, Roberts EM, Hilbert-Wolf H, Kramers JD, Hawks J,
Dosseto A, Duval M, Elliott M, Evans M, Griin R, Hellstrom J,
Herries AIR, Joannes-Boyau R, Makhubela TV, Placzek CJ,
Robbins J, Spandler C, Wiersma J, Woodhead J, Berger LR
(2017) The age of Homo naledi and associated sediments in the
Rising Star Cave, South Africa. eLife 6:¢24231

Evans AR, Daly ES, Catlett KK, Paul KS, King SJ, Skinner MM, Nesse
HP, Hublin J-J, Townsend GC, Schwartz GT, Jernvall J (2016) A
simple rule governs the evolution and development of hominin tooth
size. Nature 530:477-480

Falk D, Hildebolt C, Smith K, Morwood MJ, Sutikna T, Jatmiko SEW,
Imhof H, Seidler H, Prior F (2007) Brain shape in human microce-
phalics and Homo floresiensis. Proc Natl Acad Sci U S A 104:2513—
2518

Fan Z, Zhou A, Osada N, Yu J, Jiang J, Li P, Du L, Niu L, Deng J, Xu H,
Xing J, Yue B, Li J (2018) Ancient hybridization and admixture in

macaques (genus Macaca) inferred from whole genome sequences.
Mol Phylogenet Evol 127:376-386

Foley RA, Martin L, Lahr MM, Stringer C (2016) Major transitions in
human evolution. Philos T Roy Soc B 371:20150229

Fox J, Weisberg S (2011) An {R} companion to applied regression. Sage,
Thousand Oaks

Frost SR, Rosenberger AL, Hartwig WC (2011) Old World monkeys.
eLS. https://doi.org/10.1002/9780470015902.a0001561.pub2

Gabunia L, Vekua A (1995) A Plio-Pleistocene hominid from Dmanisi,
East Georgia, Caucasus. Nature 373:509-512

Gomez-Robles A, Polly PD (2012) Morphological integration in the
hominin dentition: evolutionary, developmental, and functional fac-
tors. Evolution 66:1024—-1043

Gordon AD, Nevell L, Wood B (2008) The Homo floresiensis cranium
(LB1): size, scaling, and early Homo affinities. Proc Natl Acad Sci U
S A 105:4650-4655

Goswami A, Polly PD (2010) The influence of modularity on cranial
morphological disparity in Carnivora and Primates (Mammalia).
PLoS One 5:¢9517

Grieco TM, Rizk OT, Hlusko LJ (2013) A modular framework charac-
terizes micro- and macroevolution of Old World monkey dentitions.
Evolution 67:241-259

Haile-Selassie Y, Gibert L, Melillo SM, Ryan TM, Alene M, Deino A,
Levin NA, Scott G, Saylor BZ (2015) New species from Ethiopia
further expands Middle Pliocene hominin diversity. Nature 521:
483-488

Haile-Selassie Y, Melillo SM, Vazzana A, Benazzi S, Ryan TM (2019) A
3.8-million-year-old hominin cranium from Woranso-Mille,
Ethiopia. Nature 573:214-219

Harjunmaa E, Seidel K, Hakkinen T, Renvoisé E, Corfe 1J, Kallonen A,
Zhang ZQ, Evans AR, Mikkola ML, Salazar-Ciudad I, Klein OD,
Jernvall J (2014) Replaying evolutionary transitions from the dental
fossil record. Nature 512:44-48

Harrison T (1981) New finds of small fossil apes from the Miocene
locality at Koru in Kenya. J Hum Evol 10:129-137

Harrison T, Andrews P (2009) The anatomy and systematic position of
the early Miocene proconsulid from Meswa Bridge, Kenya. J] Hum
Evol 56:479-496

Harvati K, Roding C, Bosman AM, Karakostis FA, Griin R, Stringer C,
Karkanas P, Thompson NC, Koutoulidis V, Moulopoulos LA,
Gorgoulis VG, Kouloukoussa M (2019) Apidima Cave fossils pro-
vide earliest evidence of Homo sapiens in Eurasia. Nature 571:500—
504

Hawks J (2004) How much can cladistics tell us about early hominid
relationships? Am J Phys Anthropol 125:207-219

Hawks J, Elliott M, Schmid P, Churchill SE, de Ruiter DJ, Roberts EM,
Hilbert-Wolf H, Garvin HM, Williams SA, Delezene LK,
Feuerriegel EM, Randolph-Quinney P, Kivell TL, Laird MF,
Tawane G, DeSilva JM, Bailey SE, Brophy JK, Meyer MR,
Skinner MM, Tocheri MW, VanSickle C, Walker CS, Campbell
TL, Kuhn B, Kruger A, Tucker S, Gurtov A, Hlophe N, Hunter R,
Morris H, Peixotto B, Ramalepa M, van Rooyen D, Tsikoane M,
Boshoff P, Dirks PHGM, Berger LR (2017) New fossil remains of
Homo naledi from the Lesedi Chamber, South Africa. eLife 6:
€24232

Hershkovitz I, Kornreich L, Laron Z (2007) Comparative skeletal features
between Homo floresiensis and patients with primary growth hor-
mone insensitivity (Laron syndrome). Am J Phys Anthropol 134:
198-208

Hershkovitz I, Weber GW, Quam R, Duval M, Griin R, Kinsley L,
Ayalon A, Bar-Matthews M, Valladas H, Mercier N, Arsuaga JL,
Martinén-Torres M, Bermudez de Castro JM, Fornai C, Martin-
Francés L, Sarig R, May H, Krenn VA, Slon V, Rodriguez L,
Garcia R, Lorenzo C, Carretero JM, Frumkin A, Shahack-Gross
R, Bar-Yosef Mayer DE, Cui Y, Wu X, Peled N, Groman-
Yaroslavski I, Weissbrod L, Yeshurun R, Tsatskin A, Zaidner Y,

@ Springer


https://doi.org/10.1002/9780470015902.a0001561.pub2

40  Page 14 of 16

Sci Nat (2020) 107:40

Weinstein-Evron M (2018) The earliest modern humans outside
Africa. Science 359:456—459

Hill A, Nengo 10, Rossie JB (2013) A Rangwapithecus gordoni mandi-
ble from the early Miocene site of Songhor, Kenya. ] Hum Evol 65:
490-500

Hlusko LJ (2004) Integrating the genotype and phenotype in hominid
paleontology. Proc Natl Acad Sci U S A 101:2653-2657

Hlusko LJ (2016) Elucidating the evolution of hominid dentition in the
age of phenomics, modularity, and quantitative genetics. Ann Anat
203:3-11

Hlusko LJ, Mahaney MC (2009) Quantitative genetics, pleiotropy, and
morphological integration in the dentition of Papio hamadryas.
Evol Biol 36:5-18

Hlusko LJ, Lease LR, Mahaney MC (2006) Evolution of genetically
correlated traits: tooth size and body size in baboons. Am J Phys
Anthropol 131:420-427

Hlusko LJ, Sage RD, Mahaney MC (201 1) Modularity in the mammalian
dentition: mice and monkeys share a common dental genetic archi-
tecture. J Exp Zool (Mol Dev Evol) 316:21-49

Hlusko LJ, Schmitt CA, Monson TA, Brasil MF, Mahaney MC (2016)
The integration of quantitative genetics, paleontology, and
neontology reveals genetic underpinnings of primate dental evolu-
tion. Proc Natl Acad Sci U S A 113:9262-9267

Hlusko LJ, Carlson JP, Chaplin G, Elias SA, Hoffecker JF, Huffman M,
Jablonski NG, Monson TA, O’Rourke DH, Pilloud MA, Scott GR
(2018) Environmental selection during the last ice age on the
mother-to-infant transmission of vitamin D and fatty acids through
breast milk. Proc Natl Acad Sci U S A 115:E4426-E4432

Howell FC (1960) European and northwest African Middle Pleistocene
hominids. Curr Anthropol 1:195-232

Jablonski NG, Frost S (2010) Cercopithecoidea. In: Werdelin L, Sanders
W1 (eds) Cenozoic mammals of Africa. University of California
Press, Berkeley

Jarvinen E, Shimomura-Kuroki J, Balic A, Jussila M, Thesleff I (2018)
Mesenchymal Wnt/B-catenin signaling limits tooth number.
Development 145:dev158048

Johnson DH (1999) The insignificance of statistical significance testing. J
Wildl Manag 63:763-772

Kaifu Y, Aziz F, Baba H (2005) Hominid mandibular remains from
Sangiran: 1952-1986 collection. Am J Phys Anthropol 128:497-519

Kaifu Y, Kono RT, Sutikna T, Saptomo EW, Jatmiko, Awe RD, Baba H
(2015) Descriptions of the dental remains of Homo floresiensis.
Anthropol Sci 123:129-145

Kavanagh KD, Evans AR, Jernvall J (2007) Predicting evolutionary pat-
terns of mammalian teeth from development. Nature 449:427-432

Kelley J, Ward S, Brown B, Hill A, Duren DL (2002) Dental remains of
Equatorius africanus from Kipsaramon, Tugen Hills, Baringo
District, Kenya. ] Hum Evol 42:39-62

Kimbel WH, Villmoare B (2016) From Australopithecus to Homo: the
transition that wasn’t. Philos T Roy Soc B 371:20150248

Kimbel WH, Lockwood CA, Ward CV, Leakey MG, Rak Y, Johanson
DC (2006) Was Australopithecus anamensis ancestral to
A. afarensis? A case of anagenesis in the hominin fossil record. J
Hum Evol 51:134-152

Kuntner M, Agnarsson I (2006) Are the Linnean and phylogenetic no-
menclatural systems combinable? Recommendations for biological
nomenclature. Syst Biol 55:774-784

Lainoff AJ, Moustakas-Verho JE, Hu D, Kallonen A, Marcucio RS,
Hlusko LJ (2015) A comparative examination of odontogenic gene
expression in both toothed and toothless amniotes. J Exp Zool Part B
324:255-269

Le Gros Clark WE (1952) Report on fossil hominoid material collected
by the British-Kenya Miocene expedition, 1949-1951. P Zool Soc
Lond 122:273-286

@ Springer

Le Gros Clark WE, Leakey LSB (1951) Fossil mammals of Africa, no. 1:
the Miocene Hominoidea of East Africa. British Museum (Natural
History), London

Leakey MG, Feibel CS, McDougall I, Ward C, Walker A (1998) New
specimens and confirmation of an early age for Australopithecus
anamensis. Nature 393:62-66

Leakey MG, Spoor F, Dean MC, Feibel CS, Anton SC, Kiarie C, Leakey
LN (2012) New fossils from Koobi Fora in northern Kenya confirm
taxonomic diversity in early Homo. Nature 488:201-204

Li L, Tang Q, Wang A, Chen Y (2019) Regrowing a tooth: in vitro and
in vivo approaches. Curr Opin Cell Biol 61:126-131

Lordkipanidze D, Ponce de Leon MS, Margvelashvili A, Rak Y,
Rightmire GP, Vekua A, Zollikofer CPE (2013) A complete skull
from Dmanisi, Georgia, and the evolutionary biology of early
Homo. Science 342:326-331

Lovejoy CO, Cohn MJ, White TD (1999) Morphological analysis of the
mammalian postcranium: a developmental perspective. Proc Natl
Acad Sci U S A 96:13247-13252

Lovejoy CO, McCollum MA, Reno PL, Rosenman BA (2003)
Developmental biology and human evolution. Annu Rev
Anthropol 32:85-109

Macaluso PJ Jr (2010) Variation in dental remains from Dmanisi,
Georgia. Anthropol Sci 118:31-40

Marroig G, Shirai LT, Porto A, de Oliveira FB, De Conto V (2009) The
evolution of modularity in the mammalian skull II: evolutionary
consequences. Evol Biol 36:136-148

Martin L (1981) New specimens of Proconsul from Koru, Kenya. ] Hum
Evol 10:139-150

Martin RD, MacLarnon AM, Phillips JL, Dobyns WB (2006) Flores
hominid: new species or microcephalic dwarf? Anat Rec 288A:
1123-1145

Martindén-Torres M, Bermtdez de Castro JM, Gomez-Robles A, Prado-
Simén L, Arsuaga JL (2012) Morphological description and com-
parison of the dental remains from Atapuerca-Sima de los Huesos
site (Spain). J] Hum Evol 62:7-58

Matalova E, Antonarakis GS, Sharpe PT, Tucker AS (2005) Cell lineage
of primary and secondary enamel knots. Dev Dyn 233:754-759

McCollum MA (1999) The robust australopithecine face: a morphoge-
netic perspective. Science 284:301-305

McNulty KP, Begun DR, Kelley J, Manthi FK, Nbua EN (2015) A
systematic revision of Proconsul with the description of a new genus
of early Miocene hominoid. ] Hum Evol 84:42-61

Meyer M, Arsuaga JL, de Filippo C, Nagel S, Aximu-Petri A, Nickel B,
Martinez I, Gracia A, Bermudez de Castro JM, Carbonell E, Viola
B, Kelso J, Priifer K, Pdabo S (2016) Nuclear DNA sequences from
the Middle Pleistocene Sima de los Huesos hominins. Nature 531:
504-507

Mongle CS, Strait DS, Grine FE (2019) Expanded character sampling
underscores phylogenetic stability of Ardipithecus ramidus as a bas-
al hominin. ] Hum Evol 131:28-39

Monson TA, Armitage DW, Hlusko LJ (2018a) Using machine learning
to classify extant apes and interpret the dental morphology of the
chimpanzee-human last common ancestor. PaleoBios 35:1-20

Monson TA, Coleman JL, Hlusko LJ (2018b) Craniodental allometry,
prenatal growth rates, and the evolutionary loss of the third molars in
New World monkeys. Anat Rec 302:1419-1433

Monson TA, Boisserie J-R, Brasil MF, Clay SM, Dvoretzky R,
Ravindramurthy S, Schmitt CA, Souron A, Takenaka R, Ungar
PS, Yoo S, Zhou M, Zuercher ME, Hlusko LJ (2019) Evidence of
strong stabilizing effects on the evolution of boreoeutherian
(Mammalia) dental proportions. Ecology and Evolution 9:7597—
7612

Morwood MJ, Brown P, Jatmiko ST, Saptomo EW, Westaway KE, Due
RA, Roberts RG, Maeda T, Wasisto S, Djubiantono T (2005)
Further evidence for small-bodied hominins from the Late
Pleistocene of Flores, Indonesia. Nature 437:1012—-1017



Sci Nat (2020) 107:40

Page 150f 16 40

Moustakas JE, Smith KK, Hlusko LJ (2011) Evolution and development
of the mammalian dentition: insights from the marsupial
Monodelphis domestica. Dev Dynam 240:232-239

Mustonen T, Pispa J, Mikkola ML, Pummila M, Kangas AT, Pakkasjérvi
L, Jaatinen R, Thesleff I (2003) Stimulation of ectodermal organ
development by Ectodysplasin-A1l. Dev Biol 259:123—-136

Nevell L, Wood B (2008) Cranial base evolution within the hominid
clade. J Anat 212:455-468

Osterholz M, Walter L, Roos C (2008) Phylogenetic position of the lan-
gur genera Semnopithecus and Trachypithecus among Asian
colobines, and genus affiliations of their species groups. BMC
Evol Biol 8:58

Oxnard C, Obendorf PJ, Kefford BJ (2010) Post-cranial skeletons of
hypothyroid cretins show a similar anatomical mosaic as Homo
floresiensis. PLoS One 5:¢13018

Patterson DB, Braun DR, Behrensmeyer AK, Merritt S, Zliobaite I,
Reeves JS, Wood BA, Fortelius M, Bobe R (2017) Ecosystem evo-
lution and hominin paleobiology at East Turkana, northern Kenya
between 2.0 and 1.4 Ma. Palaecogeogr Palaeoclimatol Palaeoecol
481:1-13

Peters G (2018) Userfriendlyscience: quantitative analysis made accessi-
ble. https://doi.org/10.17605/osf.io/txequ

Pickford M (1985) A new look at Kenyapithecus based on recent discov-
eries in western Kenya. J Hum Evol 14:113-143

Pickford M, Kunimatsu Y (2005) Catarrhines from the Middle Miocene
(ca. 14.5 Ma) of Kipsaraman, Tugen Hills, Kenya. Anthropol Sci
113:189-224

Pickford M, Senut B, Gommery D, Musiime E (2009) Distinctiveness of
Ugandapithecus from Proconsul. Estud Geol 65:183-241

Pigliucci M (2010) Genotype-phenotype mapping and the end of the
‘genes as blueprint’ metaphor. Philos T Roy Soc B 365:557-566

Prochazka J, Prochazkova M, Du W, Spoutil F, Tureckova J, Hoch R,
Shimogori T, Sedlacek R, Rubenstein JL, Wittmann T, Klein OD
(2015) Migration of founder epithelial cells drives proper molar
tooth positioning and morphogenesis. Dev Cell 35:713-724

Quam RM, Arsuaga JL, Bermutdez de Castro JM, Diez CJ, Lorenzo C,
Carretero M, Garcia N, Ortega Al (2001) Human remains from
Valdegoba Cave (Huérmeces, Burgos, Spain). J] Hum Evol 41:
385435

R Core Team (2015) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna

Reed KE (2008) Paleoecological patterns at the Hadar hominin site, Afar
Regional State, Ethiopia. ] Hum Evol 54:743-768

Richards G (2006) Genetic, physiologic and ecogeographic factors con-
tributing to variation in Homo sapiens: Homo floresiensis
reconsidered. J Evolution Biol 19:1744-1767

Rightmire GP (1990) The evolution of Homo erectus. Comparative ana-
tomical studies of an extinct human species. Cambridge University
Press, Cambridge

Rogers J, Gibbs RA (2014) Comparative primate genomics: emerging
patterns of genome content and dynamics. Nat Rev Genet 15:347—
359

Rogers J, Raveendran M, Harris RA, Mailund T, Leppild K,
Athanasiadis G, Schierup MH, Cheng J, Munch K, Walker JA,
Konkel MK, Jordan V, Steely CJ, Beckstrom TO, Bergey C,
Burrell A, Schrempf D, Noll A, Kothe M, Kopp GH, Liu Y,
Murali S, Billis K, Martin FJ, Muffato M, Cox L, Else J, Disotell
T, Muzny DM, Phillips-Conroy J, Aken B, Eichler EE, Marques-
Bonet T, Kosiol C, Batzer MA, Hahn MW, Tung J, Zinner D, Roos
C, Jolly CJ, Gibbs RA, Worley KC, Baboon Genome Analysis
Consortium (2019) The comparative genomics and complex popu-
lation history of Papio baboons. Sci Adv 5:eaau6947

Roos C, Kothe M, Alba DM, Delson E, Zinner D (2019a) The radiation
of macaques out of Africa: evidence from mitogenome divergence
times and the fossil record. J Hum Evol 133:114-132

Roos C, Liedigk R, Thinh VN, Nadler T, Zinner D (2019b) The hybrid
origin of the Indochinese gray langur Trachypithecus crepusculus.
Int J Primatol 40:9-27

Roseman CC, Delezene LK (2019) The inhibitory cascade is not a good
predictor of molar size covariation. Evol Biol 46:229-238

Rossie JB, MacLatchy L (2013) Dentognathic remains of an Afropithecus
individual from Kalodirr, Kenya. J Hum Evol 65:199-208

Rowe N, Myers M (2016) All the world’s primates. Pogonias Press,
Charleston

Sadier A, Viriot L, Pantalacci S, Laudet V (2014) The ectodysplasin
pathway: from diseases to adaptations. Trends Genet 30:24-31

Salazar-Ciudad I (2012) Tooth patterning and evolution. Curr Opin Genet
Dev 22:585-592

Salazar-Ciudad I, Jernvall J (2010) A computational model of teeth and
the developmental origins of morphological variation. Nature 464:
583-586

Schluter D (1996) Adaptive radiation along genetic lines of least resis-
tance. Evolution 50:1766-1774

Schluter D (2000) The ecology of adaptive radiation. Oxford University
Press, Oxford

Schroer K, Wood B (2015a) The role of character displacement in the
molarization of hominin mandibular premolars. Evolution 69:1630—
1642

Schroer K, Wood B (2015b) Modeling the dental development of fossil
hominins through the inhibitory cascade. J Anat 226:150—162

Smith HF, Grine FE (2008) Cladistic analysis of early Homo crania from
Swartkrans and Sterkfontein, South Africa. ] Hum Evol 54:684-704

Smith TM, Toussaint M, Reid DJ, Olejniczak AJ, Hublin JJ (2007) Rapid
dental development in a middle Paleolithic Belgian Neanderthal.
Proc Natl Acad Sci U S A 104:20220-20225

Smith CEL, Poulter JA, Antanaviciute A, Kirkham J, Brookes SJ,
Inglehearn CF, Mighell AJ (2017) Amelogenesis imperfecta; genes,
proteins, and pathways. Front Physiol 8:435

Square T, Jandzik D, Romasek M, Cemy R, Medeiros DM (2017) The
origin and diversification of the developmental mechanisms that
pattern the vertebrate head skeleton. Dev Biol 427:219-229

Stojanowski CM, Paul KS, Seidel AC, Duncan WN, Guatelli-Steinberg
D (2018) Heritability and genetic integration of anterior tooth crown
variants in the South Carolina Gullah. Am J Phys Anthropol 167:
124-143

Strait DS, Grine FE (2004) Inferring hominoid and early hominid phy-
logeny using craniodental characters: the role of fossil taxa. J] Hum
Evol 47:399-452

Strait DS, Grine FE, Moniz MA (1997) A reappraisal of early hominid
phylogeny. J Hum Evol 32:17-82

Su DF, Harrison T (2015) The paleoecology of the Upper Laetoli Beds,
Laetoli Tanzania: a review and synthesis. J Afr Earth Sci 101:405—
419

Sutikna T, Tocheri MW, Morwood MJ, Saptomo EW, Jatmiko ARD,
Wasisto S, Westaway KE, Aubert M, Li B, Zhao J, Storey M,
Alloway BV, Morley MW, Meijer HIM, van den Bergh GD, Griin
R, Dosseto A, Brumm A, Jungers WL, Roberts RG (2016) Revised
stratigraphy and chronology for Homo floresiensis at Liang Bua in
Indonesia. Nature 532:366-369

Suwa G, Asfaw B, Haile-Selassie Y, White T, Katoh S, WoldeGabriel G,
Hart WK, Nakaya H, Beyene Y (2007) Early Pleistocene Homo
erectus fossils from Konso, southern Ethiopia. Anthropol Sci 115:
133-151

Suwa G, Kono RT, Simpson SW, Asfaw B, Lovejoy CO, White TD
(2009) Paleobiological implications of the Ardipithecus ramidus
dentition. Science 326(69):94-99

Svardal H, Jasinska AJ, Apetrei C, Coppola G, Huang Y, Schmitt CA,
Jacquelin B, Ramensky V, Miller-Trutwin M, Antonio M,
Weinstock G, Grobler JP, Dewar K, Wilson RK, Turner TR,
Warren WC, Freimer NB, Nordborg M (2017) Ancient

@ Springer


https://doi.org/10.17605/osf.io/txequ

40  Page 16 of 16

Sci Nat (2020) 107:40

hybridization and strong adaptation to viruses across African vervet
monkey populations. Nat Genet 49:1705-1713

Thackeray JF, Maureille B, Vandermeersch B, Braga J, Chaix R (2005)
Morphometric comparisons between Neanderthals and ‘anatomical-
ly modern’ Homo sapiens from Europe and the near east. Ann
Transv Mus 42:47-51

Thesleff I (2018) From understanding tooth development to bioengineer-
ing of teeth. Eur J Oral Sci 126:67-71

Thesleft I, Jernvall J (1997) The enamel knot: a putative signaling center
regulating tooth development. Cold Spring Harb Sym 62:257-267

Trinkaus E (1978) Dental remains from the Shanidar adult Neanderthals.
J Hum Evol 7:369-382

Trinkaus E (1990) Cladistics and the hominid fossil record. Am J Phys
Anthropol 83:1-11

Trinkaus E (2005) Early modern humans. Annu Rev Anthropol 34:207—
230

Tuttle R, Watts DR (1985) The positional behavior and adaptive com-
plexes of Pan gorilla. In: Kondo S (ed) Primate morphophysiology,
locomotor analysis and human bipedalism. University of Tokyo
Press, Tokyo

Ungar PS, Hlusko LJ (2016) The evolutionary path of least resistance.
Science 353:29-30

van den Bergh GD, Kaifu Y, Kurniawan I, Kono RT, Brumm A,
Setiyabudi E, Aziz F, Morwood MJ (2016) Homo floresiensis-like
fossils from the early Middle Pleistocene of Flores. Nature 534:245—
248

Villmoare B, Kimbel WH, Seyoum C, Campisano CJ, DiMaggio EN,
Rowan J, Braun DR, Arrowsmith JR, Reed KE (2015) Early Homo
at 2.8 Ma from Ledi-Geraru, Afar, Ethiopia. Science 20:1352—1355

Wagner GP, Zhang J (2011) The pleiotropic structure of the genotype-
phenotype map: the evolvability of complex organisms. Nat Rev
Genet 12:204-213

Walker A, Leakey RE (1993) The Nariokotome Homo erectus skeleton.
Harvard University Press, Cambridge

Wall JD, Schlebusch SA, Alberts SC, Cox LA, Snyder-Mackler N,
Nevonen KA, Carbone L, Tung J (2016) Genomewide ancestry
and divergence patterns from low-coverage sequencing data reveal
a complex history of admixture in wild baboons. Mol Ecol 25:3469—
3483

Ward CV (2013) Postural and locomotor adaptations of Australopithecus
species. In: Reed KE, Fleagle JG, Leakey RE (eds) The paleobiol-
ogy of Australopithecus. Springer, Dordrecht

Ward CV, Leakey MG, Walker A (2001) Morphology of
Australopithecus anamensis from Kanapoi and Allia Bay, Kenya.
J Hum Evol 41:255-368

@ Springer

Watts DP (2012) The apes: taxonomy, biogeography, life histories, and
behavioral ecology. In: Mitani JC, Call J, Kappeler PM, Palombit
RA, Silk JB (eds) The evolution of primate societies. University of
Chicago Press, Chicago

Weidenreich F (1937) The dentition of Sinanthropus pekinensis: a com-
parative odontography of the hominids. Palacontol Sin Ser D 1:1—
180

White TD, Suwa G, Simpson S, Asfaw B (2000) Jaws and teeth of
Australopithecus afarensis from Maka, Middle Awash, Ethiopia.
Am J Phys Anthropol 111:45-68

White TD, Asfaw B, Beyene Y, Haile-Selassie Y, Lovejoy CO, Suwa G,
WoldeGabriel G (2009) Ardipithecus ramidus and the paleobiology
of early hominids. Science 326:75-86

White TD, Lovejoy CO, Asfaw B, Carlson JP, Suwa G (2015) Neither
chimpanzee nor human, Ardipithecus reveals the surprising ancestry
of both. Proc Natl Acad Sci U S A 112:4877-4884

Wickham H (2009) ggplot2: elegant graphics for data analysis. Springer,
New York

Wolpoff MH (1979) The Krapina dental remains. Am J Phys Anthropol
50:67-114

Wood BA (1991) Koobi Fora research project, vol 4. Clarendon Press,
Oxford, Hominid cranial remains

Wood B, Boyle E (2016) Hominin taxic diversity: fact or fantasy? Yearb
Phys Anthropol 159:S37-S78

Wood B, Collard M (1999a) The changing face of genus Homo. Evol
Anthropol 8:195-207

Wood B, Collard M (1999b) The human genus. Science 284:65-71

Wood B, Schroer K (2017) Paranthropus: where do things stand? In:
Marom A, Hovers E (eds) Human paleontology and prehistory.
Vertebrate paleobiology and paleoanthropology. Springer, Cham

Wood BA, Van Noten FL (1986) Preliminary observations on the BK
8518 mandible from Baringo, Kenya. Am J Phys Anthropol 69:
117-127

Ziermann JM, Diaz RE, Diogo R (2019) Heads, jaws, and muscles: an-
atomical, functional, and developmental diversity in chordate evo-
lution. Springer, Cham

Zinner D, Amold ML, Roos C (2011) The strange blood: natural hybrid-
ization in primates. Evol Anthropol 20:96-103

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	A genotype:phenotype approach to testing taxonomic �hypotheses in hominids
	Abstract
	Introduction
	Material and methods
	Sample
	Analytical methods

	Results
	Results for MMC
	Results for PMM

	Discussion
	Evolutionary history of MMC
	Evolutionary history of PMM
	Application to phylogenetic quandaries
	Paranthropus or Australopithecus?
	Homo or Australopithecus?
	The issue of rank equivalency

	Conclusion
	References


