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Abstract
DIETARY ADAPTATIONS AND INTRA- AND INTERSPECIFIC VARIATION IN
DENTAL OCCLUSAL SHAPE IN HOMININ AND NON-HOMININ PRIMATES

Dental morphology and tooth shape have been used to recreate the
dietary adaptations for extinct species, and thus dental variation can provide
information on the relationship between fossil species and their
paleoenvironments. Variation in living species with known behaviors can provide
a baseline for interpreting morphology, and behavior, in the fossil record. Tooth
occlusal surface outlines in hominins and non-hominin primates, and other
mammals, have been used for assessments of taxonomic significance, with
variability often considered as being primarily phylogenetic. Few studies have
attempted to assess how diet might influence the pattern of variability in closely
related species. Here the occlusal surface shape variability in anterior and post-
canine maxillary dentition in primates is measured to assess whether the
relationship between diet and variability is consistent.

Data were collected from five non-hominin primates in a range of dietary
categories, as well as two hominin species, including the derived Paranthropus
robustus and a gracile australopith. Mapping a series of 50 sliding semi-
landmarks based on 2-D photographs using tpsDig software, occlusal surfaces
were outlined. Thereafter, outline shapes were quantified using Elliptical Fourier
Functional Analysis, and principle components and multivariate analyses were
preformed to explore the pattern of intra and interspecific variability in occlusal

outlines.
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These results suggest that there is not a clear relationship between dietary
feeding adaptations for all categories examined and selection for larger
premolars and molars, as well as smaller incisors, led to less variation in both

anterior and post-canine teeth of the fossil hominin Paranthropus robustus.
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1. Introduction

Dental morphology has often been used to understand paleoecology and
dietary habits of extinct and living species. Tooth shape, specifically, has been
used to recreate the dietary habits of extinct species (Bailey and Lynch, 2005;
Bailey, 2004; Brophy, et al., 2014). A lack of abundant fossil specimens creates a
difficult problem when reconstructing adaptations and dietary habits in extinct
species. However, by placing variation in fossil taxa within the context of known
variation and behavior of modern species using a comparative approach (Jolly,
1970), a baseline is provided for interpretation of the paleobiology of extinct
species.

When discussing dietary adaptations in the hominin clade, or humans and
their ancestors, Paranthropus is possibly the single most confusing taxon.
Characteristics such as megadontia, chewing musculature, and sagittal crests
combine to provide evidence for a highly specialized diet (the composition of
which is unclear) (Cerling et al., 2011; Rabenold and Pearson, 2011; Ungar and
Sponheimer, 2011). For Paranthropus robustus, it is generally accepted that
these characteristics, especially increase in post-canine dentition size, were
selected for as part of a suite of features related to a specialized diet unique to
the Paranthropus clade (e.g., Daegling et al., 2011; Strait et al., 2013), but it is
unknown how selection affected intraspecific variability in dental size and shape.
More broadly, the relationship between diet in primates and variability in dental

size and shape has not been fully explored. The overall goal of this research



project will be to explore the influence of selective pressures for dietary
adaptations on tooth occlusal surface shape, focusing especially on the selective
pressures on Paranthropus robustus. From these unknowns, four hypotheses
can be derived to explore the influence of diet on variability in dental shape in a

sample of primates and fossil hominins, including Paranthropus robustus:

Hypothesis 1: There is more variation in anterior teeth compared to post-
canine teeth in species with folivorous adaptations, because the anterior
teeth do not play a critical role in the mastication process of leafy diets.
Hypothesis 2: There is more variation in post-canine teeth compared to
anterior teeth in species with frugivorous adaptations, because the
anterior teeth have a critical role in the mastication process of diets
composed primarily of ripe fruits.

Hypothesis 3: There is no discernable pattern of variation between
anterior and post-canine dentition in omnivorous feeders, because anterior
and post-canine teeth both have critical roles in the mastication process of
diets that are not clearly associated with one specific food source;
therefore selection would not be stronger for one tooth type or another.
Hypothesis 4: P. robustus is characterized by statistically significantly
more intra-specific variability within anterior dentition compared to
posterior dentition, reflecting the influence of selective pressures on post-

canine teeth.



1.1. Paranthropus robustus and southern African non-hominin primates of
the Plio-Pleistocene

During the Plio-Pleistocene there were multiple hominin species that were
living across the African continent at the same time. Between 3.0 million years
ago (mya) and 1.6 mya there was a minimum of four known sympatric hominin
taxa living in eastern and southern Africa. There is evidence to suggest that in
eastern Africa at ~3.0 mya Australopithecus afarensis and Keyanthropus
platyops overlapped in time and space; at ~2.5 mya Paranthropus aethiopicus
and Australopithecus garhi lived only kilometers from one another; between ~1.9
and 1.5 mya Paranthropus boisei and Homo erectus species were both
recovered from Olduvai Gorge (Leakey 1959, 1966; Asfaw et al., 1999; Johanson
and White, 1979; Leakey et al., 2001; Stanford, 2006). In southern Africa at ~2.5
mya Paranthropus robustus, Australopithecus africanus, and Homo habilis were
sympatric and synchronic, and between ~1.9 and 1.0 mya multiple hominin
species were likely sympatric, including Paranthropus robustus, Homo erectus,
Homo habilis, and Australopithecus sediba (Grine et al., 1993; Fuentes et al.,
2010; Balter et al., 2012).

Paranthropus robustus lived approximately 1.8 — 1.2 million years ago in
southern Africa. This species is likely a descendant of the eastern African
species, Paranthropus aethiopicus, P. robustus is generally characterized with
physical features such as wide and flaring zygomatics that extend forward in front
of the nasal opening, an orthognathic face, low and receding frontal bone, a

frontal trigon on the frontal bone, a sagittal crest in males, post-canine



megadontia, small incisors, and small canines (Figure 1) (Daegling et al., 2011,
Strait et al., 2013). This suite of cranial and dental features, shared by all
members of the Paranthropus clade, is interpreted as an adaptation for hard
and/or tough foods, and isotopic evidence suggests a general Paranthropith diet
heavy in C4 grasses/sedges or CAM foods (Lee-Thorp et al., 1994; Sponheimer
et al., 2005, 2013; Cerling et al., 2011). In P. robustus, details of enamel
thickness and microwear (Cerling et al., 2011; Rabenold and Pearson, 2011;
Ungar and Sponheimer, 2011) suggest that this southern African member of the
clade might be associated with increasing specialization for a dietary resource
that required extensive chewing or grinding (Macho and Shimizu, 2009;

Sponheimer et al., 2013)

Figure 1: Figure 1: Paranthropus robustus (SK-48)
characterized by A) wide and flaring zygomatics B)
orthognathic face C) low frontal bone D) frontal
trigon E) sagittal crest.



1.2 Dental anatomy and characteristics of primate teeth

Fossil and living Old World Monkeys (cercopithecoids) and apes, including
humans and their ancestors, all have a generalized dental layout (Fleagle, 2013).
Every mouth is divided into four quadrants: upper left, upper right, lower left,
lower right. The left and right quadrants are separated along the midline, while
the upper and lower quadrants refer to the maxillary and mandibular dentition,
respectively. Within each quadrant there are four types of teeth: incisors,
canines, premolars, and molars. The incisors and canines grouped together are
generally referred to as the anterior teeth; the premolars and molars together
have a variety of names such as posterior, post-canine, or cheek teeth; how each
tooth type functions during mastication differs depending on the diet (Fleagle,
2013). For adult cercopithecoids and apes the dental formula is 2.1.2.3, reflecting
that each species has two incisors (one central and one lateral), one canine, two
premolars, and three molars. In primates, including humans, the two permanent
premolars in each quadrant are anthropologically defined and named as the third
and fourth premolars, due to loss of the ancestral first and second premolars
over evolutionary history (White et al., 2011).

There are two main anatomical designations for a tooth, a crown and a
root. The crown is the part of the tooth that is visible in the mouth, while the root
is embedded in bone under the gum line. The crown is covered in enamel, and
under that lies the dentine, which surrounds a pulp cavity. Because enamel
contains almost no organic component, tooth crowns preserve well in the fossil

record and are often studied in terms of size and shape (Hillson, 2005).



1.3 Teeth as an indicator for paleoecology and adaptations for the mosaic
habitats of the Plio-Pleistocene era southern Africa

Variations in dental shape have been interpreted as indicators of primate
species adapting to changing food sources as environments and habitats change
over time. Food properties that have been associated with specific dental
morphologies because of processing requirements include toughness and
brittleness (Teaford and Ungar, 2000). Tough foods are those that are difficult to
fracture, like insect exoskeletons and leaves (e.g., Fleagle, 2013). These foods
are generally sheared between edges of sharp crests on the occlusal surfaces of
teeth. On the contrary, brittle foods are those that are easy to fracture but difficult
to penetrate to get the internal structure. In order to get the food source, the
object is crushed between planar surfaces on the teeth. Planar surfaces tend to
have round and flat cusps on teeth and are most often associated with a
frugivorous diet (Fleagle, 2013). Though there are some folivorous hominoids, all
apes, including hominins, share relatively low-cusped teeth that are efficient at
grinding (Kay, 1975; Bailey et al., 2004; Fleagle, 2013).

Tooth size, in both the anterior and post-canine regions of the mouth, is
correlated with primate dietary habits. Large incisors are found in species, such
as frugivores, that choose foods that are larger in size that need to be processed
in bite-sized pieces for efficient mastication (Strait et al., 2009). Smaller incisors
are useful in primates that will choose foods that are already bite-sized, such as
leaves and insects (Hylander, 1975; Wood and Strait, 2004). Teaford and Ungar

(2000) hypothesized that smaller incisors are actually the result of absence of



selection for larger size, suggesting that sizes and shapes of teeth are going to
be influenced most by selection when they are integral to the mastication of food
resources.

A discussion of biomechanical forces must accompany a discussion of
post-canine tooth size. As a generality, the force of a bite should increase as the
bite point moves posteriorly during mastication (Wood and Strait, 2004).
Following this rule, the premolars should always have a lower bite force than the
molars, meaning that there is not biomechanical advantage to chewing with the
premolars, unless, as seen in Paranthropus, the cranial morphology reflects the
enlargement and more anterior placement of the temporalis and masseter
muscles, which increases the efficiency of these muscles and incorporates the
premolars into the biting/grinding area of the tooth row (Daegling et al., 2011,
Strait et al., 2013). The premolars of Paranthropus have thus been described as
“molarized,” meaning that that they are enlarged in size and act like molars in
terms of their bite force and grinding efficiency (Strait et al., 2008). Given that
premolars and molars in Paranthropus are together described as “megadont” or
“hypermegadont” due to their large sizes relative to anterior teeth, and together
with the derived robust craniofacial morphology result in extreme bite force and
grinding efficiency, it is expected that selection on these teeth has resulted in
less variability in tooth shape compared to the dentition of other primates relying
on diets that do not need such modification of the masticatory apparatus for

efficient food processing (Daegling et al., 2011).



2. Materials and methods
2.1 Hominin and non-hominin primate sample

Extant primates species included in this study as a comparative sample
include Gorilla gorilla, Pan troglodytes, and Papio ursinus. Gorilla and Pan are
modern apes with primarily folivorous and frugivorous diets, respectively
(M’Kirera and Ungar, 2003; Stanford, 2006). Papio ursinus is the chacma
baboon, and is considered a terrestrial omnivore eating fruits, leaves,
underground storage organs, and insects (Williams and Geissler, 2014). These
three species provide modern examples of folivores, frugivores, and omnivores
that are closely related to the fossil taxa included in this study, and will together
provide a baseline for exploring the relationship between diet and dental shape
variability in primates. The Gorilla and Pan specimens are housed at the Powell-
Cotton Museum in, Kent, United Kingdom, while the Papio specimens are
housed at the mammal store collections at the University of the Witwatersrand,
Johannesburg, South Africa.

Fossil species included in this study are Paranthropus robustus,
Parapapio broomi, and Australopithecus afarensis. Parapapio is an extinct
baboon genus similar to modern mangabeys distributed in Plio-Pleistocene
southern and eastern Africa, with Pp. broomi found only in South Africa
(Thackeray and Myer, 2004). Exploration of Pp. broomi microwear suggests that
this species relied on an omnivorous diet similar to modern Papio species
(Williams and Geissler, 2014). Australopithecus afarensis was an east African

member of the gracile australopith lineage, which is considered the sister group



to the paranthropith clade (Wood and Lonergan, 2008). Unlike the Paranthropus

species, this hominin was likely a frugivore with a more flexible diet, and was not

characterized by the derived chewing adaptations of Paranthropus (Wynn et al.,

2016).

Specimens of Paranthropus robustus, and Parapapio broomi are housed

at the Ditsong Museum, Pretoria, South Africa and Australopithecus afarensis

specimens are housed at the Ethiopia National Museum in Addis Ababa,

Ethiopia. All specimens are listed in Table 1, and abbreviations for tooth names

are listed in Table 2.

Table 1: Dental samples from hominin and non-hominin specimens analyzed in this study.

Species sampled Dietary 1% 3rd 15t 2nd 3rd
Category Incisor Premolar Molar Molar Molar
Non-Hominins
Pan troglodytes Frugivore 23 17 17 17 17
Gorilla gorilla Folivore 24 19 27 29 29
Papio ursinus Omnivore 4 5 3 0 0
Parapapio broomi Omnivore 2 3 6 0 0
Hominins
Paranthropus robustus Hard- object 2 7 9 4 4
Australopithecus afarensis Frugivore 0 3 3 0 0

2.2 Data acquisition

Data were collected from photographs of the occlusal surface of each
tooth in the analysis. It was preferred to use a right tooth for photographs,

however if a left tooth was used, the image was later flipped horizontally in



Adobe Photoshop® to artificially make the tooth a right (Bailey and Lynch, 2005;
Brophy et al., 2014; Nova Delgado et al., 2016). Photographs were taken with a
digital SLR on macro setting that was leveled and with a tripod and the camera
placed directly centered above the tooth, with the occlusal surface visible through
the eyepiece. Teeth were arranged and held in place with beanbags, props,
and/or modeling clay. A scale bar was placed to the side of each tooth
photographed for accuracy. All available teeth for each species were
photographed, regardless of their level of attrition, as long as at least 80% of the
enamel was visible on the occlusal surface of the tooth. When photographing a
tooth, if a tooth was near the 80% mark, it was noted in the study.

The occlusal outlines for this study were drawn and prepared on the digital
images using tpsDIG (Rohlf, 2001). There are several ways of designating the
occlusal outline of a tooth (Bailey and Lynch, 2005; Delezene and Kimbel, 2011;
Clement and Hillson, 2013; Brophy et al., 2014), and in this study occlusal
outlines were based on the actual outline of the tooth involved in occlusion
instead of the crown outline. This standardized definition of occlusal outline
allows for the comparison of individual occlusal surface outlines to each other.
There are other methods that compare the outlines to a predetermined shape
(typically a circle or oval) in order to record the amount of variation between the
shapes (Daegling and Jungers, 2000; Brophy et al., 2014), but in this study the
tooth shapes are compared directly to each other. All occlusal outlines began at
the most buccomesial point on the tooth, and proceed in a counterclockwise

manner. Fifty sliding semi-landmarks were used to complete the occlusal outline

10



(Figure 2.) creating coordinate data that was imported into PAST v. 3.07
(Hammer et al., 2001) where elliptical Fourier coefficients were obtained for

analyses.

Figure 2: Occlusal outline of 2" molar with 50 sliding semi-landmarks.

2.3 Elliptical Fourier functional analysis

Elliptical Fourier function analysis (EFFA) is different from traditional
Fourier analysis since it does not require points on an outline to be evenly
spaced. EFFA uses the landmarks to tightly fit a curved area of irregular
morphologies in a two-dimensional coordinate plane (Lestrel, 1974,1989). The
curved area is a closed outline that is created by fitting elliptical Fourier function
harmonics, which are defined by four elliptic Fourier coefficients. The coefficients
derive from x- and y- coordinates that define a shape, acting as a function of

distance from the outline. Because each tooth outline was created using 50

11



points, Fourier analyses were calculated using the recommended n/2 harmonics,
or 25. Each harmonic uses 4 coefficients, resulting in 200 coefficients used in
each multivariate analysis to compare the shapes of teeth. Outlines from each
tooth was analyzed separately, and subsequently merged for multivariate
analyses to examine the differences in occlusal shape between and among
species. In PAST, the EFFA simultaneously will run a generalized Procrustes
analysis in which the size of the shape is removed from the calculation (Rohlf

and Slice, 1990; Rohlf, 1999; Adams et al., 2004).

2.4 Multivariate analyses

Two sets of multivariate analyses were used to assess the variability in
tooth shape between and among the species in the analysis. Each analysis was
based on the first 200 of elliptical Fourier coefficients for each specimen (which
are associated with the first 25 harmonics calculated for each tooth). The
differences in inter- and intraspecies tooth shape were first assessed using a
one-way non-parametric permutational multivariate analysis of variance
(PERMANOVA) in PAST v. 3.07 (Hammer et al. 2001), which tests the
homogeneity of multivariate dispersions within groups on the basis of similarity
and the significance of a p-value for between group comparisons. A non-
parametric analysis of variance is appropriate in this study because it is unlikely
that the data are normally distributed. A bootstrapping procedure of 9999
iterations was done simultaneously with the PERMANOVA in PAST. A pairwise

comparison is considered statistically significant when p<0.05, and F-values are

12



reported to describe the relative differences between the groups. A pairwise
comparison that showed greater interspecific occlusal shape variation would
have higher F-values. Once the PERMANOVA data were calculated, a principal
component analysis (PCA) was performed on the total sample of teeth from all
species to demonstrate the interspecific and intraspecific variation in the occlusal
outline shapes.

The PCA described the significant amount of inter- and intraspecific
variation within and between the tooth shapes. A PCA is a way to visualize the
tooth-shape variation among and within the species and samples to one another
(Johnson and Wichern, 2007). The first two principal components constructed by
the PCA were plotted to visualize how the variation within the relevant samples
are distributed. The multivariate analyses were calculated with four different
samples: 1) the first, second, and third molars of all apes to explore the baseline
variability within apes with different diets and Paranthropus, 2) the first molars of
all taxa to compare the variability within the baseline ape sample to the fossil and
living baboon as well as Australopithecus afarensis, 3) the third premolars and
first molars of all taxa to explore the effects of molarization and function on
premolars in the various taxa, and 4) the anterior teeth of all taxa, as represented
by incisors, and the post-canine teeth included third premolars and molars to

directly compare the variability in anterior compared to posterior teeth.

Table 2: Abbreviations for specimen samples.

Abbreviation: | Specimen:

GI* Gorilla gorilla first incisor
PI Pan troglodytes first incisor
Uit Papio ursinus first incisor

13



RI

Paranthropus robustus first incisor

All Australopithecus afarensis first incisor
BI Parapapio broomi first incisor
GP3 Gorilla gorilla third premolar
PpP3 Pan troglodytes third premolar
up3 Papio ursinus third premolar
RP3 Paranthropus robustus third premolar
AP3 Australopithecus afarensis third premolar
BP3 Parapapio broomi third premolar
Gm? Gorilla gorilla first molar
PM? Pan troglodytes first molar
um? Papio ursinus first molar
RM1 Paranthropus robustus first molar
AM? Australopithecus afarensis first molar
BM? Parapapio ursinus first molar
GM? Gorilla gorilla second molar
PM? Pan troglodytes second molar
UM? Papio ursinus second molar
RM? Paranthropus robustus second molar
AM? Australopithecus afarensis second molar
BM? Parapapio broomi second molar
GM3 Gorilla gorilla third molar
PM3 Pan troglodytes third molar
um? Papio ursinus third molar
RM3 Paranthropus robustus third molar
AM3 Australopithecus afarensis third molar
BM3 Parapapio broomi third molar

3. Results

3.1 Variability in all apes: first molars

Paranthropus resulted in an overall p-value of 0.0001 and a F-value of 11.61.
Results of pairwise comparisons are reported in Table 3. Pairwise F-values are
reported in Table 4, and show that there is greater interspecific variability

between the RM? and the PM3 (F = 37.54, p = 0.0001), and least interspecific

The PERMANOVA comparing the variation in ape molars with

14




variability between GM?* and PM? (F = 1.35, p = 0.2132). For all taxa, at least one
intraspecific pairwise comparison was found to be significantly different except

for within Paranthropus.

Table 3: P-values for pairwise comparisons on ape molars.

RM?! RM? RM? GM! GM? GM? PM* PM? pPM3
RM* 0.9105 0.5107 0.0005 0.0001 0.0001 0.0017 0.0001 0.0001
RM? | 0.9105 0.8038 0.0041 0.0014 0.0002 0.0092 0.0003 0.0001
RM? | 0.5107 0.8038 0.0004 0.0003 0.0001 0.0027 0.0002 0.0001
GM! | 0.0005 0.0041 0.0004 0.0061 0.0002 0.2132 0.0001 0.0001
GM? | 0.0001 0.0014 0.0003 0.0061 0.2296 0.0795 0.0304 0.0027
GM3 | 0.0001 0.0002 0.0001 0.0002 0.2296 0.0074 0.0473 0.0015
PM® | 0.0017 0.0092 0.0027 0.2132 0.0795 0.0074 0.0119 0.0025
PM? | 0.0001 0.0003 0.0002 0.0001 0.0304 0.0473 0.0119 0.2327
PM3 | 0.0001 0.0001 0.0001 0.0001 0.0027 0.0015 0.0025 0.2327

Table 4: F-values for pairwise comparisons on ape molars.

RM1 RM2 RM3 GM1 GM2 GM3 PM1 PM2 PM3

RM1 0.19 0.66 11.83 20.29 34.03 10.67 31.34 35.16
RM2 | 0.19 037 7.27 12.08 2212 6.85 21.93 26.36
RM3 | 0.66 0.37 11.16 16.50 30.20 10.33 30.42 37.54
GM1 | 11.83 7.27 11.16 6.77 13.73 148 14.64 18.60
GM2 | 20.29 12.08 16.50 6.77 135 271 373 6.49
GM3 | 34.03 22.12 30.20 13.73 1.35 5,52 287 6.19
PM1 | 10.67 6.851 10.33 148 2.71 5.2 539 6.77
PM2 | 31.34 2193 3042 1464 373 287 539 1.31
PM3 | 35.16 26.36 3754 1860 649 6.19 6.77 131

The M, M?, and M3 PCA of the entire ape collection including
Paranthropus result in the first two PCs that explain 86.3% of the total variance in
the sample (PC1: 69.6%, PC2: 16.7%), as shown in Figure 3. The Paranthropus
robustus first, second, and third molars are all distributed on the negative scores
of the PC1 axis, closest in morphospace to the majority of the three Gorilla gorilla
molars. The P. robustus M1s are all located along the positive scores of PC2,
while the M? and M2 samples are distributed between both positive and negative
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scores of PC2. The M? and M3 samples are in close proximity to all three Gorilla
molars and the M?! of Pan.

The G. gorilla first, second, and third molars are distributed widely along
the negative and positive axes of both PC1 and PC2. The positive PC1 and PC2
scores overlap widely with the all three Pan molars, while the Gorilla negative
PC1 and positive PC2 scores are in close proximity to the P. robustus samples
and slightly overlap with the Pan samples. While there is some overlap between
the shape space described by Gorilla and Pan molars, Paranthropus molars

occupy a unique area of the figure with less variability between them.
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Figure 3: Principal component analysis of modern ape and Paranthropus M*, M2, and M3 shape
variability.

3.2 Variability in all taxa: first molars
The PERMANOVA test resulted in an overall p-value of 0.0021 and a F-

value of 3.46. Both values support evidence for significant differences within the
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groups in the sample. Since only M? is considered in this sample, only
interspecific variation is examined. The p-values and F-values for the pairwise
results are recorded in Tables 5 and 6, showing that samples with most
interspecific variability are between RM! and GM! (F = 11.83, p = 0.0003). The
samples with the least interspecific variability are UM'and BM! (F =0.19, p =
0.9164). The variation within RM? is significantly different from the first molars of
the other ape taxa, but not when compared to Australopithecus or the living and
fossil baboons. The latter three taxa are also not significantly different from each

other in terms of the variation in tooth shape.

Table 5:P-values for pairwise comparisons of first molars.

RM* GM! pPm! AM? um? BM*
RM?! 0.0003 0.0014 0.8062 0.0605 0.1344
GM! | 0.0003 0.2111 0.0248 0.3720 0.2944
PM® | 0.0014 0.2111 0.0237 0.3070 0.2082
AM! | 0.8062 0.0248 0.0237 0.2013 0.3250
UM?! | 0.0605 0.3720 0.3070 0.2013 0.9164
BM' | 0.1344 0.2944 0.2082 0.3250 0.9164

Table 6: F-values for pairwise comparisons of first molars.

RM1 GM1 PM1 AM1 UM1 BM1
RM1 11.83 10.67 0.28 3.08 2.21
GM1 | 11.83 148 499 0.82 1.06
PM1 | 10.67 1.48 489 109 154
AM1 | 0.28 499 4.89 222 1.07
umMml| 3.08 082 1.09 2.22 0.19
BM1 | 221 1.06 154 1.07 0.19

In Figure 4, the PCA analyzing M's from all taxa in the sample results in
the first two PCs that together explain 86.99% of the total variance in the sample
(PC1: 76.72%, PC2: 10.27%). The RM! is distributed primarily on the negative

PC1 axis, with only one specimen with a positive score. For PC2, the RM*
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specimens are all distributed on the positive axis, in close proximity to the GM?,
AM!, and PM! specimens.

The GM! samples are distributed across the entire figure, and overlap
considerably with the PM? and UM?!. The BM?! sample is also distributed widely
across the axes. The PM! samples are distributed across the positive and
negative PC1 and PC2 axes, overlapping with the GM?, though most of the PM*
specimens are located on the positive PC1 and split between the positive and
negative PC2 scores. There are only three UM? specimens, and they are widely
distributed. The AM! samples are solely on the negative PC1 axis, and on both
the positive and negative PC2 axes. AM! is in closest proximity to the RM?! and
the GM?! samples. While there is significant overlap between Gorilla and Pan
specimens, again Paranthropus occupies mostly unique morphospace. The
Australopithecus specimens are also distributed in this area of the figure,
suggesting shape similarities between the two hominin species to the exclusion

of the other taxa.
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Figure 4: Principal component analysis of all specimen first molar variability.

3.3 Variability in all taxa: third premolars and first molars

Overall significant variability between P2 and M is reported by the
PERMANOVA by a p-value of 0.0001 and a F-value of 7.45. The pairwise
comparison p-values are reported in Table 7. The table shows that overall the
amount of variation sampled by RP? is significantly different from all other
samples. Aside from the RP3 samples, the most intraspecific variable sample is
the GP3 to GM?! comparison (p = 0.0001), and the most interspecific variable
samples are the PP3, GM! and GP3, PM! comparisons (p = 0.0001). The p-
values also report that the least significantly variable samples are UM! and BM*
(p = 0.9119). Another large p-value reported is that for RM* and AM?! (p =
0.8066). The pair-wise F-values report that the greatest intraspecific variation is
in GP3, GM! (F = 47.38) and interspecific variation is GP3, PM! (F = 37.86). The

lowest intraspecific variation is AP3, AM! (F = 1.20). The lowest interspecific
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variation is reported BM*, UM? (F = 0.19), with the next lowest being BP3, UP3 (F
= 0.23).

Table 7: P-values for pairwise comparisons of third premolars and first molars.

RM! GM* pPMm! AM? um? BM* AP3 GP? BP? up? pp3 RP?

RM? 0.0003 0.0016 0.8066 0.0694 0.1350 0.3062 0.0319 0.3594 0.7255 0.2718 0.0021
GM® | 0.0003 0.2077 0.0232 0.3732 0.3020 0.0009 0.0001 0.0003 0.0009 0.0001 0.0001
PM! | 0.0016 0.2077 0.0262 0.3139 0.2059 0.0039 0.0001 0.0028 0.0036 0.0018 0.0034
AM! | 0.8066 = 0.0232 0.0262 0.2027 0.3288 0.4952 0.1591 0.2990 0.5835 0.5914 0.0258
um! | 0.0694 0.3732 03139 0.2027 0.9119 0.0987 0.0067 0.0967 0.1245 0.1050 0.024
BM! | 0.1350 0.302 0.2059 0.3288 0.9119 0.1508 0.0034 0.1556 0.1788 0.1198 0.011
AP? 0.3062 0.0009 0.0039 0.4952 0.0987 0.1508 0.7107 0.7004 0.7823 0.2129 0.0173
GP® | 0.0319 0.0001 0.0001 0.1591 0.0067 0.0034 0.7107 0.6233  0.3007 0.0037 0.0001
BP? 0.3594 0.0003 0.0028 0.299 0.0967 0.1556 0.7004 0.6233 0.7689 0.2068 0.0077
UP® | 0.7255 0.0009 0.0036 0.5835 0.1245 0.1788 0.7823 0.3007 0.7689 0.3151  0.0137
pp3 0.2718 0.0001 0.0018 0.5914 0.1050 0.1198 0.2129 0.0037 0.2068 0.3151 0.0039

RP? 0.0021 0.0001 0.0034 0.0258 0.024 0.011 0.0173 0.0001 0.0077 0.0137 0.0039

Table 8: F-values for pairwise comparisons of third premolars and first molars.

RM!  Gm! pPM'  AM! UM! BM! AP3 GP3 BP? up® pp3 RP3

RM? 11.83 10.67 0.28 3.08 221 117 4.18 094 033 124 1237
GM* | 11.83 148 499 0.82 106 1211 4738 1140 991 10.68 14.44
PM! | 10.67 1.48 489 109 154 1050 37.86 1053 8.64 883 7.02
AM! | 028 499 4.89 222 107 120 195 127 038 041 7.87
UmM'| 3.08 0.82 1.09 222 019 463 839 558 239 236 4.96
BM?! 221 1063 154 1.07 0.19 260 948 231 184 228 4.44
AP? 1.17 1211 1050 1.20 4.63 2.60 0.28 054 0.23 159 10.15
GP? 418 4738 3786 195 839 948 0.28 038 1.11 836 27.76
BP? 094 1140 1053 127 558 231 054 038 0.23 154 13.06
up? 033 991 864 038 239 184 023 111 0.23 1.02  8.07
PP3 1.24 10.68 883 041 236 228 159 836 154 1.02 8.96
RP® | 12.37 1444 7.02 7.87 4.96 4.44 10.15 27.76 13.06 8.07 8.96

The P2 and M! PCA of the entire sample results in the first two PCs that
explain 87.65% of the total variance (PC1: 71.42%, PC2: 16.23%), as shown in
Figure 5. There is significant overlap of taxonomic samples found across the PC1
and PC2 axes. When the shapes of both third premolars and first molars are
considered together on these axes, the Paranthropus robustus P2 primarily are
located on the positive PC1 axis again in a morphospace that is mostly separate
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from the other taxa. There is little to no overlap with the RM?, which are primarily
located on the negative PC1 axis and only one with a positive PC2 score.
Considering results of the PERMANOVA and PCA together, it can be interpreted
that the least amount of variability in the sample is found within the Paranthropus
PSs.

Generally, the shapes of the P3s and M's of all the taxa, including the
hominins, do not overlap with each other, suggesting that there are shape

differences between these teeth.
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Figure 5: Principal component analysis of all specimen third premolar and first molar variability.

3.4 Variability in all taxa: anterior and post-canine teeth
When the variability within incisors is compared to the post-canine teeth,
the overall p-value is 0.0001. Pairwise comparison p-values and F-values are

reported in Tables 9 and 10, and these values suggest that the most variability in
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the entire sample is found in the incisors of Pan and Gorilla. When the variation
within these incisors is compared to the post-canine teeth, they are also found to
be significantly different. Paranthropus incisors are less variable than either of

the living ape taxa.
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Table 9: P-values for pairwise comparisons of all species and all teeth

RM! GMm! PM?! AM? um? BM! Gl BI! RI* Ui Pt AP3 GP3 BP3 up? pp3 RP3

RM? 0.0002 0.0017 0.8092 0.0624 0.1324 0.0001 0.0164 0.0181 0.0015 0.0001 0.3104 0.0287 0.3609 0.7257 0.2653 0.0032
GM? | 0.0002 0.2052 0.023 0.3748 0.3033 0.0001 0.0022 0.003 0.0001 0.0001 0.001 0.0001 0.0004 0.0018 0.0003 0.0002
PM! | 0.0017 0.2052 0.0254 0.3101 0.2071 0.0001 0.006  0.005 0.0001 0.0001 0.0045 0.0001 0.0022 0.0045 0.0016 0.0021
AM! | 0.8092 0.023 0.0254 0.2035 0.3228 0.0001 0.0977 0.1009 0.0286 0.0004 0.5085 0.158 0.3 0.5874 0.6028 0.023
UM! | 0.0624 0.3748 0.3101 0.2035 0.9175 0.0003 0.0993 0.1013 0.0306 0.0002 0.1039 0.0063 0.101 0.1224 0.1066 0.0266
BM! | 0.1324 0.3033 0.2071 0.3228 0.9175 0.0001 0.0356  0.033 0.0043 0.0001 0.1574 0.0019 0.1596 0.1746 0.118 0.0119
Git 0.0001 0.0001 0.0001 0.0001 0.0003 0.0001 0.3239 0.0038 0.0481 0.0036 0.0022 0.0001 0.0003 0.0003 0.0001 0.0001
BI 0.0164 0.0022 0.006 0.0977 0.0993 0.0356 0.3239 0.3376 0.2067 0.2461 0.1043 0.0045 0.0993 0.0462 0.0062 0.0259
RIY 0.0181 0.003 0.005 0.1009 0.1013 0.033 0.0038 0.3376 0.1366 0.0032 0.0938 0.0042 0.0912 0.0473 0.0077 0.0255
ui 0.0015 0.0001 0.0001 0.0286 0.0306 0.0043 0.0481 0.2067 0.1366 0.0142 0.0308 0.0002 0.027 0.0074 0.0004 0.0036
PI 0.0001 0.0001 0.0001 0.0004 0.0002 0.0001 0.0036 0.2461 0.0032 0.0142 0.0002 0.0001 0.0007 0.0001 0.0001 0.0001
AP | 0.3104 0.001 0.0045 0.5085 0.1039 0.1574 0.0022 0.1043 0.0938 0.0308 0.0002 0.7118 0.6931 0.7887 0.2032 0.0152
GP3 | 0.0287 0.0001 0.0001 0.158 0.0063 0.0019 0.0001 0.0045 0.0042 0.0002 0.0001 0.7118 0.6158 0.2994 0.0034 0.0001
BP® | 0.3609 0.0004 0.0022 0.3 0.101 0.1596 0.0003 0.0993 0.0912 0.027 0.0007 0.6931 0.6158 0.7628 0.2169 0.0091
UP® | 0.7257 0.0018 0.0045 0.5874 0.1224 0.1746 0.0003 0.0462 0.0473 0.0074 0.0001 0.7887 0.2994 0.7628 0.3276  0.0147
PP® | 0.2653 0.0003 0.0016 0.6028 0.1066 0.118 0.0001 0.0062 0.0077 0.0004 0.0001 0.2032 0.0034 0.2169 0.3276 0.0039
RP® | 0.0032 0.0002 0.0021 0.023 0.0266 0.0119 0.0001 0.0259 0.0255 0.0036 0.0001 0.0152 0.0001 0.0091 0.0147 0.0039
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Table 10: F-values for pairwise comparisons of all species and all teeth.

RM!  GM? PM* AM*  um! BM' @I BI RI* Ui Pl AP3 GP3 BP? up? PP3 RP3

RM?! 11.83 1067 0.28 3.08 221 1835 17.02 20.18 2448 6492 117 418 094 033 124 1237
GM! | 11.83 148 499 082 106 69.36 3641 30.18 5287 198.10 12.11 4738 1140 9.91 10.68 14.44
PM! | 10.67 1.48 489 109 154 4467 27.18 21.50 3549 131.20 1050 37.86 1053 864 883 7.02
AM! | 0.28 4.99 4.89 222 1.07 692 1541 2484 1353 2921 120 195 127 038 041 7.87
um! | 3.08 0.82 1.09 222 0.19 7.72 1431 16.87 11.88 3199 463 839 558 239 236 4.96
BM? 2,21  1.063 1.54 1.07 0.19 13,57 9.02 853 1232 4505 260 948 231 184 228 4.44
Gl* 1835 6936 4467 692 7.72 13.57 1.17 3.75 3.60 7.77 516 3116 596 890 3450 17.18
BI 17.02 3641 27.18 1541 1431 9.02 117 7.27 221 131 9.56 1499 2102 7.74 1273 15.67
RI* 20.18 30.18 2150 24.84 16.87 853 3.75 7.27 461 11.25 19.10 20.61 61.18 10.32 12.42 12.53
ui 2448 52.87 3549 13,53 11.88 1232 3.60 221 461 4.68 11.05 33.61 15.03 12.24 23.52 12.95
PIt 64.92 198.10 131.20 29.21 3199 4505 7.77 131 1125 4.68 21.18 94.57 27.39 32.11 87.39 49.06
AP® | 1.173 1211 1050 1.20 4.626 2.60 5.16 9.56 19.10 11.05 21.18 0.28 054 023 159 10.15
GP3? 418 4738 37.86 195 839 948 3116 1499 2061 33.61 9457 0.28 038 111 836 27.76
BP? 094 1140 1053 127 558 231 596 2102 61.18 1503 2739 054 0.38 0.23 154 13.06
up? 0.33 9.91 864 038 239 184 89 774 1032 1224 3211 023 111 0.23 1.02 8.07
PP3 1.24  10.68 883 041 236 228 3450 1273 1242 2352 8739 159 836 154 102 8.96
RP3 124 1444 7.02 787 496 4.44 17.18 15.67 1253 1295 49.06 10.15 27.76 13.06 8.07 8.96
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4. Discussion

Results of the analyses did not support the first hypothesis stating that the
anterior teeth of folivorous species are expected to be more variable than
posterior teeth. The folivorous representative (Gorilla gorilla) showed the same
degree of variation in anterior dentition and first molars as that of the Pan
sample. The only tooth that resulted in a statistically significant comparison was
the third premolar, for which the Gorilla sample has more variation compared
with other species, including Pan.

Results also did not support the second hypothesis that the frugivorous
species would be characterized by more variation in the post-canine teeth Tutin
and Fernandez (1992) found the diets of sympatric G. gorilla and P. troglodytes
in a reserve in Gabon overlapped in terms of food items with gorillas choosing
foods usually associated with chimps 73% of the time, and chimpanzees
choosing gorilla food items 57% of the time. This dietary overlap and flexibility is
most likely to happen in times of primary food resource scarcity, thus making
species choose their ‘fallback’ foods for survival (Tutin and Fernandez, 1992).
Reliance on fallback foods and dietary flexibility might limit the amount of
selection on tooth shape variability, resulting in similar variation in Gorilla and
Pan anterior and posterior teeth.

The data did support the third hypothesis that omnivorous feeders would
have no discernable pattern of variation between anterior and post-canine teeth.
The variability in Pp. broomi and P. ursinus first molars were not significantly

different compared to any other first molars or each other. This is unsurprising
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considering how closely related these two baboon taxa are, and that the molar
occlusal surface morphology of papionins is the derived bilophodonty, which is
well adapted for a folivorous diet (Fleagle, 2013). This morphological adaptation
does not prevent cercopithecoids, especially the papionins, from having a wide
ranging (i.e. omnivorous) diet (Wood and Strait, 2004), but does evidently result
in very similar and predictable molar shapes between the species. The Pp.
broomi first incisors were not significantly different compared to first incisors of
any other taxa, while those of P. ursinus were only significantly variable when
compared with the P. troglodytes first incisors; this significance was a result of
high variability in Pan incisors.

The analyses of extant primates provides a baseline of variability with
which to compare the variability in Paranthropus dentition. In all analyses,
including anterior and posterior teeth, Paranthropus was found to be significantly
different in terms of tooth shape variability compared with many other taxa. In
terms of shape and variability, Paranthropus is most similar to Australopithecus
afarensis, but the variation in incisors and third premolars of Paranthropus was
significantly different compared with all other teeth from all other taxa because
the variation within Paranthropus teeth was very small, just as the variability
within Paranthropus molars was also very low. This pattern can be interpreted for
both anterior and posterior teeth of Paranthropus as suggesting that these teeth
underwent more selective pressures than those of the other taxa in the analyses,
especially Gorilla and Pan, and that the fourth hypothesis in this study is partly

supported. While it was expected to find low variability in Paranthropus molars
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and premolars as they became molarized, it also was unexpected to also find
that anterior teeth of Paranthropus are also among the least variable in the
sample. The molarization of the Paranthropus premolars to include them as
functional molars for chewing and grinding, along with the inflation of the molars

themselves, was associated with reduction in anterior teeth as well.

5. Conclusion

Variation in the occlusal shape of anterior and posterior teeth in primate
dentition has been interpreted as under the influence of selective pressures for
dietary adaptations (Teaford and Ungar, 2000), and the molarized premolars and
megadont molars of Paranthropus robustus, along with other derived craniofacial
morphology associated with hard object chewing or grinding, have been
hypothesized as the most extreme example of this. Results of the current study
indicate that Paranthropus robustus does not show high levels of inter- and
intraspecific variation in the shape of anterior and posterior teeth compared with
living apes, and that selection for larger premolars and molars, as well as smaller
incisors, led to less variation in both incisors and post-canine teeth. When
considering the extinction of the Paranthropus clade, what is most often invoked
is hyperspecialization to a hard object diet that must have disappeared as
paleohabitats changed (Wood and Strait, 2004). The results of this study support
the uniquely specialized way in which Paranthropus dentition was derived and

linked them to their paleoecological contexts.
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