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Abstract

Objectives: The purpose of this study is to help elucidate the taxonomic relationship

between Homo naledi and other hominins.

Materials and Methods: Homo naledi deciduous maxillary and mandibular molars

from the Dinaledi Chamber, South Africa were compared to those of Australopithecus

africanus, Australopithecus afarensis, Paranthropus robustus, Paranthropus boisei, early

Homo sp., Homo erectus, early Homo sapiens, Upper Paleolithic H. sapiens, recent

southern African H. sapiens, and Neanderthals by means of morphometric analyses of

crown outlines and relative cusp areas. The crown shapes were analyzed using ellipti-

cal Fourier analyses followed by principal component analyses (PCA). The absolute

and relative cusp areas were obtained in ImageJ and compared using PCA and cluster

analyses.

Results: PCA suggests that the crown shapes and relative cusp areas of mandibular

molars are more diagnostic than the maxillary molars. The H. naledi deciduous man-

dibular first and second molar (dm1 and dm2) do not have a strong affinity to any

taxon in the comparative sample in all analyses. While the H. naledi dm2 plots as an

outlier in the relative cusp analysis, the H. naledi specimen fall closest to

Australopithecus due to their relatively large metaconid, a primitive trait for the genus

Homo. Although useful for differentiating Neanderthals from recent southern African

H. sapiens and UP H. sapiens, the PCA of the relative cusp areas suggests that the

deciduous maxillary second molars (dm2) do not differentiate other groups. The three

H. naledi dm2 cuspal areas are variable and fall within the ranges of other Homo, as

well as Australopithecus, and Paranthropus suggesting weak diagnostic utility.

Discussion: This research provides another perspective on the morphology of, and

variation within, H. naledi. The H. naledi deciduous molars do not consistently align

with any genus or species in the comparative sample in either the crown shape or rel-

ative cusp analyses. This line of inquiry is consistent with other cranial and postcra-

nial studies suggesting that H. naledi is unique.
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1 | INTRODUCTION

The Dinaledi Chamber of the Rising Star cave system is a hominin-

bearing deposit in which remains of Homo naledi were discovered in

2013 (Berger et al., 2015). The site is located in the Cradle of Human-

kind UNESCO World Heritage Site, Gauteng Province, South Africa,

approximately 800 m southwest of the site of Swartkrans. The fossils

from Dinaledi Chamber have been dated to between 335 and 236 Ka

(Dirks et al., 2017). The 2013–2015 excavations have uncovered

more than 1,500 hominin skeletal specimens that include 190 whole

or fragmentary teeth (Berger et al., 2015). The dentition represents a

minimum number of 15 individuals. The deciduous dental sample of

H. naledi from the Dinaledi Chamber consists of 21 teeth, or roughly

11% of the total dental collection, and includes both maxillary and

mandibular teeth. The maxillary teeth comprise 2 first incisors (di1),

1 second incisor (di2), 3 canines (dc/), 2 first molars (dm1), and 4 sec-

ond molars (dm2). The mandibular deciduous teeth consists of 1 sec-

ond incisor (di2), 4 canines (d/c), 2 first molars (dm1), and 2 second

molars (dm2) (see Figure 1 for examples). The deciduous sample repre-

sents at least three individuals and includes antimeres and repeated

tooth types.

The morphological descriptions of the deciduous dental sample

will be included in Delezene et al. (in prep); Bailey, Brophy, Moggi-

Cecchi, and Delezene (2019) recently provided a systematic compari-

son of H. naledi’s deciduous nonmetric crown traits to those of other

hominin species. This paper focuses on morphometric variation in the

molars of the deciduous dental sample. While traditional measures of

tooth length and breadth are important variables, tooth size alone has

been shown to be inadequate for differentiating between closely

related species (Bailey, 2004; Bailey et al., 2014; Martinón-Torres

et al., 2006). Moreover, Wood and Abbott (1983) suggested that mor-

phometric aspects that reflect variation in cusp size and position are

more informative than linear crown measurements at capturing the

complex shape of teeth. We focus on deciduous molars because their

crown shape has been shown to be taxonomically diagnostic (Bailey

et al., 2014; Braga et al., 2019; Weber et al., 2016). The molars are

also better represented in the fossil record.

Teeth are the most common remains in the fossil record and

include important biological information. Variation in the permanent

teeth has long been used to describe and identify species

(e.g., Bailey, 2004; Bermúdez de Castro, Rosas, & Nicolás, 1999;

Grine, 2004; Hlusko, 2004; Irish & Guatelli-Steinberg, 2003; Mar-

tinón-Torres, Xing, Liu, & de Castro, 2018; Quam, Bailey, &

Wood, 2009; Robinson, 1956; Suwa, Wood, & White, 1994;

Weidenreich, 1937; Wood, 1991; Wood, Abbott, & Graham, 1983).

While not completely ignored in older studies (e.g., Grine, 1985),

deciduous teeth of fossil hominins have recently experienced an

increase in attention that focuses on their importance in answering

phylogenetic and taxonomic questions (Bailey et al., 2014; Benazzi

et al., 2012; Fornai et al., 2014, 2016; Hershkovitz et al., 2011; Sarig

et al., 2019; Zanolli et al., 2012). Deciduous teeth are often consid-

ered more conservative than permanent teeth meaning that their size

and morphology do not change as quickly over time (Bailey

et al., 2014; Smith, 1989). While sample sizes of early hominin decidu-

ous teeth are frequently small (e.g., Arif, Kapid, Kaifu, Baba, &

Abdurrahman, 2007; Zanolli et al., 2012), the comparative database is

growing and, therefore, our understanding of deciduous teeth over

time is improving.

A number of morphometric methods has been used to assess

tooth crown shape, including cusp angles (Bailey, 2004), semi-

landmarks and pseudolandmarks (Bailey et al., 2014; Benazzi

et al., 2012; Gómez-Robles, Bermúdez de Castro, Martinón-Torres,

Prado-Simon, & Arsuaga, 2012), and elliptical Fourier analysis (EFA)

(Bailey & Lynch, 2005; de Ruiter et al., 2013). The use of crown out-

line analyses (as opposed to cusp angles) allows the inclusion of mod-

erately worn teeth, maximizing sample size (e.g., Benazzi et al., 2011).

This study employs EFA, a curve-fitting function that is particularly

useful for revealing similarities/differences between groups of irregu-

larly shaped objects such as teeth (Kuhl & Giardina, 1982;

Lestrel, 1989). This two-dimensional morphometric method has

proven to be effective in detecting nuanced differences between

ostensibly similar shapes and is an established method for taxonomic

differentiation among the teeth of hominins (Bailey & Lynch, 2005; de

Ruiter et al., 2013), teeth of bovids (Brophy, de Ruiter, Athreya, &

DeWitt, 2014; Matthews, Brophy, Luetkemeier, Gu, &

Thiruvathukal, 2018), and mandibles of primates (Daegling &

Jungers, 2000; Schmittbuhl, Rieger, Le Minor, Schaaf, & Guy, 2007).

Relative cusp areas—for example, cusp size relative to crown base

area or to other cusps—are effective in differentiating among certain

hominin taxa (Bailey, 2004; Quam et al., 2009; Suwa et al., 1994;

Wood et al., 1983; Wood & Engleman, 1988; Wood &

Uytterschaut, 1987). For example, Wood et al. (1983) found that the

F IGURE 1 Examples of the deciduous dentition of Homo naledi:
U.W. 101-1377 maxillary left dm1 (top left), U.W. 101-1376 maxillary
left dm2 (top right) and left hemi-mandible U.W. 101-1400 (bottom)
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mandibular molars of Paranthropus species are unique in their rela-

tively large talonid and reduced trigonid compared to A. africanus and

East African Homo. Later, Wood and Uytterschaut (1987) concluded

that the mandibular premolars of Paranthropus species are similarly

derived in their relatively large talonid compared to A. africanus and

East African Homo. Bailey (2004) found that a relatively large

hypocone and relatively small metacone distinguished the maxillary

first molars of Neanderthals from those of H. sapiens. In a larger com-

parative context, Quam et al. (2009) found that the relatively small

maxillary first molar metacone compared to the paracone was likely a

derived feature of later Homo (e.g., H. antecessor, H. erectus) compared

to the relatively large metacone of early Homo, Australopithecus, and

Paranthropus.

The goals of this study are to investigate the shape of the

postcanine deciduous teeth (dm1, dm2, dm1, dm2) from the Dinaledi

Chamber, site U.W. 101, and to place them in a broader comparative

context. In order to support previous conclusions that H. naledi is a

unique species with a distinct suite of characteristics, in this explor-

atory study we would expect to find that molar crown shapes fall out-

side the range of variation of other hominins and/or have a different

pattern of variation than other hominin taxa. To this end, we would

also expect to identify a unique suite of traits useful for evaluating

phylogenetic relationships. In addition, given the mosaic primitive and

derived features in the H. naledi cranial and postcranial remains and

the suggested date (Dirks et al., 2017), we explore whether dental

shape in this species shares more affinities with Pliocene or Middle to

Late Pleistocene hominins. To achieve this, we compare the H. naledi

deciduous teeth to samples spanning the Pliocene to the Holocene.

The Middle Pleistocene date of H. naledi overlaps with several

other taxa including Homo heidelbergensis, Neanderthals, and Homo

sapiens (Hublin et al., 2017; Mounier, Marchal, & Condemi, 2009).

Understanding H. naledi deciduous tooth variation might also provide

additional evidence about phenotypic dental variation within the

genus Homo. In fact, the conservative nature of the morphology of

deciduous teeth makes them ideal for assessing evolutionary related-

ness. This research is particularly significant for a species whose phy-

logenetic position is still in question.

2 | MATERIALS AND METHODS

The H. naledi sample consists of a dm1, dm2, dm
1
, and three dm2s. Our

comparative sample includes 155 upper and lower deciduous first and

second molars representing Australopithecus africanus,

Australopithecus afarensis, Paranthropus robustus, Paranthropus boisei,

Homo ergaster, early Homo sp., early Homo sapiens, Upper Paleolithic

H. sapiens, recent H. sapiens from southern Africa, and Neanderthals

(see Table 1 for sample size numbers for each tooth type). Table S1

includes a complete list of specimens used in the study. Occlusal sur-

face images of the southern African fossils were taken at the Univer-

sity of the Witwatersrand and the Ditsong Museum in Pretoria. The

remaining fossil data were obtained from original fossils from other

institutions as described in Bailey, Benazzi, Buti, and Hublin (2015).

2.1 | Image acquisition

Images of the occlusal surfaces were taken by JKB and SEB. JKB used

a Canon S100 digital camera. SEB used a Canon Rebel XT digital SLR

equipped with a macro lens attachment. The following protocol was

followed by both JKB and SEB: the camera was positioned with a tri-

pod directly above and perpendicular to the occlusal surface of the

tooth. A bubble level was used to level the camera. A scale bar was

leveled and placed directly next to the tooth at the highest point

between the occlusal basin and cusp tips. The self-timer camera func-

tion was used to eliminate camera movement. Left teeth were prefer-

entially used in the analysis; when missing or damaged, right teeth

were used and mirror imaged in Adobe Photoshop®.

2.2 | Outline analysis

Upper and lower dm1s and dm2s with at least 85% of the enamel pre-

served were used in the outline analysis (see Figure 2 for an example).

In other words, if approximately 85% or more of the tooth enamel

was discernible enough to obtain the overall form of the outline, the

tooth was included. The status of the crowns ranged from unworn to

moderately worn (stages 1–4: Molnar, 1971). When necessary, minor

corrections were made to the mesial and distal outlines to account for

interproximal wear following the protocol in Bailey (2004) where the

original shape of the tooth is estimated according to the degree of

wear on the buccolingual sides and overall shape of the tooth

(Figure 2). Intraobserver and interobserver tests of the outline proce-

dure were performed in Williams et al. (2019).

Using the freeware GIMP (GIMP, 2016), the crown outlines were

obtained and converted into black and white images (Figure 2). Next,

the data were processed with R (R Core Team, 2013) using the

Momocs package (Bonhomme, Picq, Gaucherel, & Claude, 2014) (See

Matthews, 2018 for github R Code for this project). EFA approximates

a shape by using a sum of a series of ellipses, or harmonics, that

TABLE 1 Number of deciduous molars per species used in this
analysis. Complete list of specimens is in Table S1

dm1 dm2 dm1 dm2

Australopithecus africanus 1 4 1 3

Australopithecus afarensis 1 1 1 1

Paranthropus robustus 8 9 2 3

Paranthropus boisei 1 2 3

Homo naledi 1 1 1 3

Homo sp. 3

Homo ergaster 2

Neanderthals 10 18 8 13

Early Homo sapiens 3 3 1 3

Upper Paleolithic H. sapiens 12 17 8 9

Recent H. sapiens 42 38 36 40

Total per tooth type 79 95 58 80
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describe the size and shape of each ellipse; 20 harmonics were used

in this study. In this way, EFA transforms the data from the spatial

domain to the frequency domain and creates amplitudes

(Lestrel, 1989). Size was removed from the outlines representing the

teeth by using the normalizing option in the efourier function from

the Momocs package so that only shape differences were being

assessed. The function forces the first harmonic to be the same across

all shapes (Bonhomme et al., 2014). The amplitudes generated by EFA

were then analyzed in order to assess shape variation using principal

component analysis (PCA) in R. The sample sizes of recent southern

African H. sapiens and Neanderthal are larger than the other groups.

Therefore, the PCA was repeated after removing these groups to pro-

vide a clearer picture for the rest of the sample. Next, a hierarchical

cluster analysis was performed in PAST (Hammer, Harper, &

Ryan, 2001) to explore patterns of similarities/differences between

the species. This analysis was performed using the unweighted pair

group method with arithmetic mean (UPGMA) (Hammer et al., 2001),

an agglomerative hierarchical method. This approach uses a sequential

clustering algorithm to pair individuals with the most similarities; the

resulting group is then merged with the next higher level cluster

according to their similarities until all groups are included in a single

cluster (Johnson & Wichern, 2002).

2.3 | Absolute and relative cusp analysis (RCA)

Only upper and lower dm2s whose cusps could be delineated clearly

were used in our analysis of cusp areas (Table 1). The dm1s were not

used because the samples of relatively unworn teeth were too small

to make meaningful comparisons. The occlusal images of dm2s were

analyzed using the ImageJ software (https://imagej.net; Schindelin,

Rueden, Hiner, & Eliceiri, 2015). First, the images were uploaded into

ImageJ and calibrated using the millimeter scale bar in the image and

the set scale function. Outlines were drawn separately around each

cusp in ImageJ; all of the cusps were summed to obtain the total

crown base area (Bailey et al., 2014; Wood et al., 1983)

(e.g., Figure 2). When necessary, conservative corrections of the cusp

outlines were made in ImageJ in the same way as the outline analysis

described above (Bailey, 2004) (Figure 2). When an accessory cusp

was present, this was divided equally between the adjacent cusps fol-

lowing the protocol in Wood et al. (1983). The relative cusp areas

were calculated by dividing the absolute size of each cusp by the total

crown base area and subjected to PCA. Principal component analyses

were performed on the absolute and relative cusp proportions in

order to assess variation among groups.

3 | RESULTS

3.1 | Outline analysis, dm1

The results of the PCA of the dm1 crown outlines are illustrated in

Figure 3. A convex hull encloses individual points representing the

variation within each group comprising more than two individuals.

The first two principal components (PC1 and PC2) account for 68.1%

of the variation. PC1 (45.5%) appears to capture the relative width of

the trigonid and talonid. Those specimens with positive PC1 scores

exhibit a wide trigonid and narrow talonid, while those with negative

PC1 scores have a wide talonid and narrow trigonid. Figure 4 illus-

trates the average tooth shape by species and shows the different

expressions of the talonid and trigonid. PC2 (22.6%) reflects differ-

ences in hypoconid expression as well as projection of the buccal

aspect of the crown. Those with positive PC2 scores have a relatively

small hypoconid and unequal buccal projections of the protoconid and

hypoconid, while those with negative PC2 scores tend to exhibit a rel-

atively larger hypoconid, lingually protruding metaconid, and approxi-

mately equal buccal projections of the protoconid and hypoconid. The

variation in PC2 appears largely to represent intraspecific variation.

The Dinaledi specimen U.W. 101-1400 plots between the P. robustus

and Australopithecus, P. boisei + Homo groups. This specimen and

those closest to it are buccolingually narrow but have a wide talonid,

a distally extended entoconid, and a hypoconid that projects more

buccally than the protoconid. The wide talonid relative to the trigonid

in H. naledi is intermediate between P. robustus and the rest of the

F IGURE 2 Omo L64-2 dm2 demonstrating a crown with �85% of the outline preserved (left). The black fill demonstrates where the
interproximal wear affected the tooth and the conservative correction made to the shape. Crown shape outline of the same specimen captured
using the GNU Image Manipulation Program (center). Omo L64-2 dm2 with each cusp outlined (right)
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sample, and is likely why U.W. 101-1400 plots between P. robustus

and all other hominins. PC3 only accounts for 7.9% of the variation. A

plot of PC1 against PC3 does not provide significantly different

results. Figure S1 shows the same PCA plot where recent southern

African H. sapiens and Neanderthals removed; the groups clearly sepa-

rate at the generic level and H. naledi still plots as an outlier to all

groups for this tooth.

The dendrogram resulting from the cluster analysis illustrates two

major divisions: P. robustus and all other individuals. In the latter sample,

specimens attributed to Homo do not cluster by taxon, but all

Australopithecus, P. boisei, and H. naledi specimens cluster with each other

(Figure S2). Homo naledi (U.W. 101-1400) is the outlier of a cluster with

A. africanus (Sts 24), A. afarensis (A.L. 1030-1), and P. boisei (L704-2).

Homo naledi groups closer to Australopithecus/P. boisei than any other

Homo in the sample. In other words, the dm1 crown outlines share more

morphological affinities with Australopithecus/Paranthropus than Homo.

3.2 | Outline analysis, dm2

The results of the PCA of dm2s are illustrated in Figure 5. The first

two PCs account for 55.5% of the variation. PC1 (42.2%) appears to

capture differences in hypoconid expression; specimens with positive

PC1 scores have a relatively larger projecting hypoconid, while those

with a negative PC1 score have a relatively smaller hypoconid

(Figure 6). PC2 captures 13.3% of the variation and reflects

F IGURE 3 Analysis of outline shapes using EFA: Principal component analysis results for dm1. A convex hull surrounds groups with more
than two members. PC1 accounts for 45.5% of the variation while PC2 accounts for 22.6%

F IGURE 4 The dm1 average crown outlines per group. EHs, Early Homo sapiens; Recent, Recent H. sapiens; UP, Upper Paleolithic
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differences in the size of the hypoconulid. Specimens with positive

PC2 scores have a larger and distally extended hypoconulid while

those with negative PC2 scores exhibit a reduced hypoconulid. As

with the dm1s, the variation in PC2 likely represents intraspecific vari-

ation. U.W. 101-1400 falls on the edge of the convex hull of

A. africanus but is closest to H. ergaster specimen KNM-ER 820 and

P. robustus (SK 64). PC3 accounts for 10.4% of the variation; the plot

of the PC1 and PC3 still shows U.W. 101-1400 on the edge of the

A. africanus convex hull. Figure 6 illustrates how the dm2s are

buccolingually narrow and mesiodistally elongated. When the Nean-

derthals and recent southern African H. sapiens are removed, H. naledi

plots within the range of the A. africanus sample and not on the edge

(Figure 5, S3). The dendrogram of the dm2 cluster analysis shows that

H. naledi pairs with P. robustus (SK 64). The first major division groups

STW 104 (A. africanus), AL 1030-1 (A. afarensis), KNM-ER 1507

(H. ergaster), and all of the A. robustus specimens except for SK 64.

The second major group includes all Homo specimens, P. boisei, two

A. africanus, and SK 64. This result supports the PCA results and, as

above, is likely due to the buccal projection of the hypoconulid and

the mesiodistal elongation of SK 64 (Figure S4).

3.3 | Outline analysis, dm1

The PCA of the dm1 outlines is presented in Figure 7. The first two

PCs account for 62.1% of the variation. PC1 (43.2%) appears to cap-

ture variation in the trigon: specimens with negative PC1 values

exhibit a more mesiobuccally expanded crown than those with posi-

tive PC1 scores. Those with positive PC2 (18.9%) scores have a

paracone that is more mesially positioned than those with negative

F IGURE 5 Analysis of outline shapes using EFA: Principal component analysis results of dm2. PC1 accounts for 42.2% of the variation; PC2
accounts for 13.3%

F IGURE 6 The dm2 average crown outlines per group. EHs, Early Homo sapiens; Recent, Recent H. sapiens; UP, Upper Paleolithic
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PC2s. Homo naledi dm1 plots closest to A. afarensis specimen AL

333-86 but falls within the range of the sample of Upper Paleolithic

and recent southern African H. sapiens. U.W. 101-1377 and

A.L. 333-86 have positive PC1 and PC2 scores. They share a buc-

cally projecting protocone and a relatively large hypocone. PC3

accounts for 10.5% of the variation; when PC1 and PC3 are plotted,

U.W. 101-1377 becomes an outlier of all groups though the speci-

men still plots closest to A. afarensis (AL 333-86) (Figure S5).

Figure 8 illustrates the variation in dm1 tooth shape per species and

shows differences in the protocone projection between the species.

Homo naledi and A. afarensis (AL 333-86) still plot close to each

other when Neanderthals and recent southern African H. sapiens are

removed (Figure S6). In this plot, H. naledi falls on the edge of the

range of the Upper Paleolithic sample. All of the groups separate at

the generic level. Accordingly, the dendrogram of the cluster analy-

sis shows that H. naledi and A. afarensis (AL 333-86) form a pair

(Figure S7). The P. robustus specimen, DNH 36, is an outlier to the

rest of the sample. The next major division in the dendrogram

reveals Blombos 8928, Sts 24, SK 91, and Cavallo B as a separate

group from the remaining sample. These teeth share strong buccally

projecting protocones.

3.4 | Outline analysis, dm2

There are four H. naledi dm2s, two of which are antimeres; therefore

only the three representing different individuals were used. The

results of the PCA of dm2 shape are illustrated in Figure 9. PC1 and

F IGURE 8 The dm1 average crown outlines per group. EHs, Early Homo sapiens; Recent, Recent H. sapiens; UP, Upper Paleolithic

F IGURE 7 Analysis of outline shapes using EFA: Principal component analysis results of dm1. PC1 accounts for 43.2% of the variation and
PC2 accounts for 18.9%
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PC2 account for 52.4% of the total variation. PC1 (33.3%) appears to

capture the degree of waisting (a pinched in appearance resulting

from deep buccal and lingual grooves) with positive PC1 scores

exhibiting waisting buccally between the paracone and metacone and

waisting lingually between the protocone and hypocone. Those with

negative PC1 values only exhibit the waisting lingually. Specimens

with negative PC1 scores also have a reduced mesiolingual area of the

crown compared to the specimens with positive PC1 scores. PC2

(19.1%) reflects differences in hypocone projection. Those with posi-

tive PC2 scores have a non-projecting hypocone with a squarer out-

line, while those with negative PC2 scores are more rhomboidal with

a protruding hypocone. The three H. naledi specimens have positive

PC1 scores and negative PC2 scores. The H. naledi convex hull over-

laps with recent southern African H. sapiens and early H. sapiens.

These specimens share a quadrangular crown shape with a protruding

hypocone. PC3 accounts for 15.3% of the variation. When PC1 and

PC3 are plotted, U.W. 101-384 and U.W. 101-544A fall outside of

any of the convex hulls created by the other groups (Figure S8).

Figure 10 illustrates the dm2 crown shape of fossils in the sample. The

H. naledi group is the only Homo to overlap with the convex hull of

another genus in Figure S9, the plot without Neanderthals and recent

southern African H. sapiens. The P. boisei sample and A. afarensis (LH6)

lie close to H. naledi in the PCA plot with all specimens (Figure 9) but

mostly plot within the range of H. naledi in the PCA plot with PC1 and

PC3 (Figure S8) and when Neanderthals and recent southern African

H. sapiens are removed (Figure S9). The cluster analysis results reveals

two primary groups including A. africanus, P. robustus, and Homo

sp. and all others (Figure S10). The second major division separates a

F IGURE 10 The dm2 average crown outlines per group. EHs, Early Homo sapiens; Recent, Recent H. sapiens; UP, Upper Paleolithic

F IGURE 9 Analysis of outline shapes using EFA: Principal component analysis results of dm2. PC1 accounts for 33.3% of the variation and
PC2 accounts for 19.1%
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group of six Neanderthals from all other Homo, P. boisei, and

A. afarensis. Homo naledi (U.W. 101-384) is an outgroup to a cluster

which includes H. naledi (U.W. 101-544A), P. boisei (L144-23,

W8-753, OH 30) and A. afarensis (LH6). This relationship corresponds

with the PCA results. Homo naledi (U.W. 101-1687) is an outgroup to

a pair of recent southern African H. sapiens.

TABLE 2 Relative cusp areas of each mandibular deciduous second molar specimen used in this study

Species Specimen Metaconid (%) Protoconid (%) Hypoconid (%) Hypoconulid (%) Entoconid (%)

H. naledi U.W. 101-1400 24.60 24.50 23.59 12.36 14.47

P. robustus DNH 2 24.62 19.75 22.92 15.38 17.33

DNH 44 25.67 20.62 20.93 14.05 18.73

DNH 56 22.09 19.52 23.50 16.13 18.75

DNH 60 23.15 18.39 20.91 16.79 20.76

TM 1536 24.82 20.43 21.71 14.02 19.02

SK 3978 21.69 19.41 23.57 16.05 19.28

SK 852 25.98 17.09 20.68 16.59 19.68

SK 842-869 24.90 21.45 23.15 13.25 17.26

SK 841a 23.54 21.20 19.78 15.62 19.86

KB 5223-5383 24.46 21.51 24.41 13.52 16.10

KB 5503 23.72 17.73 20.95 18.42 19.18

SK 61 25.64 20.69 21.52 15.25 16.89

SK 62 23.05 17.73 24.01 15.73 19.48

SK 64 26.35 18.95 22.19 15.28 17.24

SK 438 24.91 21.04 22.28 14.11 17.67

SKX 50081 23.92 19.63 23.56 14.36 18.53

A. africanus MLD 5 27.82 20.56 23.18 13.18 15.25

STW 104 24.04 21.47 24.30 13.57 16.62

STW 428 23.79 21.67 21.83 13.98 18.73

TAUNG 25.72 21.17 20.89 14.33 17.89

STW 67 21.19 22.90 19.62 19.27 17.02

P. boisei L64-2 22.79 17.42 22.70 17.06 21.63

L576-27 24.69 22.09 21.38 13.90 17.78

Early H. sapiens EH EQ-H8 20.58 28.69 20.08 12.26 18.39

Upper Paleolithic Bruniquel II 22.75 19.04 22.04 15.95 20.22

Figuier 22.18 20.03 19.02 15.99 22.77

Fonchev 20.40 24.92 19.08 13.88 21.72

Ist III 1937-119-1950-6 17.79 18.32 22.61 18.30 22.98

Kostenki 15 23.45 20.19 23.06 12.27 21.03

L'estelas 21.28 23.63 16.71 14.05 24.32

Madelene 18.07 26.44 20.50 14.10 20.90

Solutre 21.36 22.62 26.09 12.80 17.13

Neanderthal Archi I 19.28 24.27 21.70 15.25 19.47

Scladina 24.83 24.00 19.66 12.80 18.75

KRP D62 23.47 19.19 22.04 11.90 23.53

Molare 20.55 21.50 24.46 10.34 23.16

KRP D68 21.34 20.00 23.99 13.06 21.62

Recent H. sapiens SAF 471 21.92 23.34 16.25 14.92 24.64

SAF A2819 27.76 18.18 18.70 16.15 19.22

SAF A3019 19.08 23.09 22.65 14.82 20.50

SAF 468 22.21 19.44 24.96 14.81 18.56

SAF 52 24.04 17.39 20.08 20.11 18.38
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TABLE 3 Relative cusp areas of each maxillary deciduous second molar specimen used in this study

Species Specimen Protocone (%) Paracone (%) Metacone (%) Hypocone (%)

H. naledi UW 101-1687 34.52 19.32 26.12 20.04

UW 101-384 27.97 23.91 25.09 23.03

UW 101-544A 28.1 24.2 25.48 22.2

A. africanus STS 2 34.18 22.13 23.67 20.02

STS 24a 30.77 23.34 22.03 23.86

TAUNG 36.69 20.05 22.75 20.51

A. afarensis LH 6 33.72 24.69 22.92 18.54

P. robustus CD 1634 29.00 24.75 24.92 21.33

KB 5063 28.41 24.09 25.69 21.81

SK 839 30.70 22.32 25.90 21.09

DNH 57 30.15 21.05 25.30 23.55

P. boisei OH 30 30.09 22.61 25.82 21.45

Omo W8-753 31.76 22.15 27.34 18.78

Omo L144-23 30.24 22.39 27.06 20.34

Homo sp. SK 27 33.43 20.71 23.94 21.92

SKX 267 30.06 24.21 24.81 20.92

STW 151 34.87 21.69 24.91 18.53

Upper Paleolithic LV 25.12 22.83 18.74 16.26

Madeleine 26.4 17.6 16.95 16

Pataud 27.8 23.06 18.92 16.45

StGerm_B6 21.73 20.37 18.27 12.29

StGerm_B7 25.37 24.1 17.89 14.56

Kostenki 15 23.93 22.91 21.22 14.24

Veyrier_1 22.69 16.47 13.84 10.14

Bruniquel II 19.57 22.83 22.53 19.84

Le Fadets 23.95 19.26 16.69 14.95

Early H. sapiens Qafzeh 10 25.73 24.56 19.2 17.87

Qafzeh 15 33.45 22.26 19.12 22.67

Skhul 1 22.52 22.05 18.01 16.85

DieKelders 6,243 26.32 20.1 18.88 12.63

Neanderthal Cova_Negra 26.11 24.91 22.84 26.15

KDP_1_KRP_45 D187 28.27 25.45 21.12 25.17

KDP_3 D189 32.08 26.00 19.73 22.19

KDP_22 D185 31.84 25.69 19.11 23.35

Quina H18 31.38 26.31 21.88 20.43

Roc Marsal 24.88 26.70 24.14 24.28

Arcy 45 29.66 23.07 20.81 26.47

KRP 6 MxB 27.43 24.30 23.71 24.56

KRP 47 32.86 25.61 21.81 19.71

KRP D186 29.32 24.13 24.13 22.43

KRP D188 31.25 21.27 23.61 23.88

KRP190 31.27 25.19 18.38 25.17

Subalyuk 2 22.58 26.14 23.11 28.17

Kebara 1 30.77 24.18 18.86 26.20

Recent H. sapiens SAF UCT51 27.22 26.53 24.99 21.26

SAF UCT 58C 35.24 31.67 18.66 14.43
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3.5 | Relative cusp analysis

The absolute cusp areas of each mandibular and maxillary deciduous

second molars are listed in Tables S2 and S3, respectively; the relative

cusp areas of each mandibular second molars are listed in Tables 2

and 3. The results of the PCA of the mandibular dm2 absolute cusp

data are represented in Figure S11. The first two PCs account for

90.8% of the variation. PC1 (84.5%) represents differences in the

overall size of the teeth. In particular, the size of the metaconid and

hypoconid play a strong role in driving PC1 (Table 4). Teeth with posi-

tive scores have a larger metaconid and hypoconid than teeth with

negative scores. PC2 (6.3%) captures differences in the size of the

entoconid. Those with positive PC2 scores tend to have a larger

entoconid than those with negative PC2 cores. Homo naledi plots in

the lower right quadrant with a positive PC1 and a strongly negative

PC2. This specimen has a large metaconid and hypoconid but a small

entoconid. Graphic representation of the results of the PCA of the

dm2 relative cusp areas is provided in Figure 11. PC1 and PC2 account

for 68.9% of the variation. Differences in PC1 scores (38.7%) are likely

driven by the relative size of the metaconid. Specimens with positive

PC1 scores have a relatively small metaconid, while those with nega-

tive PC1 scores have a relatively larger metaconid. The H. naledi dm2,

U.W. 101-1400, falls in the lower left quadrant of the plot, outside

the ranges of variation of all other groups. Specimens that also have a

relatively large metaconid include MLD 5 (A. africanus) and SK

64 (P. robustus), although they are not typical of either taxon. PC2

accounts for 28.6% of the variation but it does not differentiate well

among groups. Variation in PC2 reflects the relative size of the proto-

conid, with positive PC2 specimens exhibiting a relatively smaller

protoconid than those with a negative PC2.

The PCA results for the absolute cusp areas of the maxillary dm2

are shown in Figure S12. The first two PCs account for 89.1% of the

variation. PC1 (78.8%) represents differences in the size of the

protocone and metacone; specimens with larger protocones and

metacones plot on the right side and those with smaller ones on the

left (Table 4). PC2 (10.3%) is driven by variation in the hypocone.

Specimens with a positive PC2 score have a larger hypocone than

those with a negative PC2 score. U.W. 101-384 and U.W. 101-544A

have negative PC1 scores and positive PC2 scores while

U.W. 101-1687 has both a negative PC1 and PC2 scores. The results

of the PCA for the relative cusp areas of dm2 are illustrated in

Figure 12. Together PC1 and PC2 account for 77.5% of the variation.

PC1 (49.3%) captures differences in the relative size of the hypocone.

Crowns with positive PC1 scores possess a relatively large hypocone,

whereas those with a negative PC1 score possess a relatively smaller

hypocone. PC2 accounts for 28.2% of the variation. Specimens with

positive PC2 scores tend to have a relatively smaller paracone than

those with a negative PC2 score. Two of the H. naledi dm2s plot close

to one another and within the Neanderthal range. The third dm2

U.W. 101-1687, falls outside the range of all groups and closest to a

specimen from A. africanus (Taung).

4 | DISCUSSION AND CONCLUSIONS

The results of the study suggest that the deciduous molar data do not

indicate a clear morphological affinity between H. naledi and other

TABLE 3 (Continued)

Species Specimen Protocone (%) Paracone (%) Metacone (%) Hypocone (%)

SAF UCT231 37.62 24.86 20.24 17.27

SAF UCT468 29.43 27.90 23.77 18.89

SA FUCT471 33.87 27.16 19.26 19.70

SAF A1244 29.40 27.66 25.27 17.67

SAF A1320 34.34 24.28 23.11 18.27

SAF A1439 31.79 23.36 22.59 22.25

SAF A3148 31.89 27.69 20.76 19.66

TABLE 4 Principal component analysis results of absolute and
relative cusp areas of dm2 and dm2

Absolute Relative

dm2

PC1 PC2 PC1 PC2

Eigenvalues 72.6 9.5 14.8 8.5

% variance 78.8% 10.3% 49.3% 28.2%

Eigenvectors

Protocone 0.65 −0.7 −0.75 0.38

Paracone 0.35 0.09 −0.05 −0.84

Metacone 0.53 0.27 0.16 0.1

Hypocone 0.42 0.66 0.64 0.36

dm2

Eigenvalues 85.6 6.4 10.1 7.9

% variance 84.5% 6.3% 38.7% 30.2%

Eigenvectors

Metaconid 0.61 −0.25 −0.60 −0.12

Protoconid 0.34 −0.56 0.55 −0.61

Hypoconid 0.53 −0.05 −0.28 −0.28

Hypoconulid 0.36 0.47 −0.14 0.51

Entoconid 0.33 0.64 0.49 0.53
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F IGURE 11 Results of the principal component analysis of the mandibular dm2 relative cusp data. PC1 accounts for 38.7% while PC2
accounts for 30.2% of the variation

F IGURE 12 Results of the principal component analysis results of the maxillary dm2 relative cusp data. PC1 accounts for 49.3%, while PC2
accounts for 28.2% of the variation
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known taxa. Importantly, the dm1 and dm2 H. naledi crown outlines/

cusp areas fall outside the range of variation of other hominins in this

study supporting its uniqueness. In other cases (dm1, dm2) the out-

lines/cusp areas tend to fall within the range of variation of other

hominins, sometimes being more similar to Homo and other times

Australopithecus or Paranthropus. Homo naledi dm1 is primitive com-

pared to modern humans in having an outline shape that reflects a

well-developed/projecting hypocone that resembles Australopithecus

while the dm1 shares the derived condition of an outline illustrating a

wider talonid than trigonid with Paranthropus. The dm2 shares the

derived trait of having a quadrangular outline shape similar to Homo.

Other characteristics appear to be uniquely derived in H. naledi such

as the dm1 outline being more buccolingually narrow than early

hominins and having a relatively large metaconid compared to the

cusps of other taxa in the sample. Therefore, the lack of a clear mor-

phological affinity and unique pattern of overall variation demon-

strated in the molar crown outlines and cusp analyses supports

H. naledi as a unique species. Caution is required since the sample

includes only an MNI of 3 and in some cases there is only one repre-

sentative of a tooth class since antimeres were removed. In addition,

it is important to keep in mind that while the cusp analyses included

size, the outline analyses focused on shape only. Nevertheless, these

results agree with Bailey et al. (2019), a non-metric study that

described a molarized dm1 resembling Paranthropus, and upper and

lower dm2s representing later Homo. Bailey et al. (2019) specifically

highlighted how the traits in the H. naledi deciduous teeth are also

reflected in the permanent teeth. Accordingly, these features demon-

strate the same pattern of variation.

This unique mosaic of primitive and derived traits is compatible

with other studies of the H. naledi dentition. Irish, Bailey, Guatelli-

Steinberg, Delezene, and Berger (2018) performed a phenetic study

comparing H. naledi nonmetric traits of the permanent dentition and

concluded that H. naledi is most similar to African Homo but lacks

crenulations and accessory cusps, which are uncommon in early Homo

(e.g., H. habilis, H. rudolfensis, H. erectus) (Berger et al., 2015; Irish

et al., 2018). They also observed that while H. naledi has small crowns,

this species has one of the highest percentages of traits relating to

retention and expression of the principal cusps; this character is con-

sidered by Irish (1997) and Irish and Guatelli-Steinberg (2003) to be

primitive relative to the genus Homo. In addition, Kupczik, Delezene,

and Skinner (2019) found that H. naledi absolute molar root size is

most consistent with African Middle and Late Pleistocene H. sapiens

while its hypotaurodont roots and root size gradient are most similar

to early Homo and Paranthropus. Furthermore, this pattern of primitive

and derived variation is also seen in the skeletal remains (Berger

et al., 2015; Dembo et al., 2016; Feuerriegel et al., 2017; Garvin

et al., 2017; Harcourt-Smith et al., 2015; Kivell et al., 2015; Laird

et al., 2017; Marchi et al., 2016; Schroeder et al., 2017).

The Middle Pleistocene age of the H. naledi material complicates

the interpretation of their morphology. The Middle Pleistocene hom-

inin fossil record in Africa is rather sparse, including fragmentary

remains of H. heidelbergensis (possibly Homo helmei, etc.) and early

Homo sapiens. Despite the age of H. naledi, even the small sample

sizes of the deciduous molars align more closely with older hominins

in their morphological features than with any of the more recent

hominins (e.g., early, Upper Paleolithic and recent southern African

H. sapiens). These results suggest that primitive features of the decid-

uous teeth persisted for longer than we previously had evidence for.

These results will be further examined when more deciduous teeth

are recovered.

The H. naledi deciduous mandibular molars tend to be more dis-

tinct relative to the other hominins in this study than the maxillary

molars. In particular, the PCA of the relative cusp areas reveals

U.W. 101-1400 dm2 as an outlier from the rest of the hominin sam-

ple. U.W. 101-1400 has a relative metaconid size of 24.6% of total

crown area; its antimere, U.W. 101-1686, also exhibits a relatively

large metaconid size of 20%. Interestingly, the metaconid of the

dm2 from the Lesedi Chamber (U.W. 102b-437, also assigned to

H. naledi) is somewhat smaller (23.2%) but is larger than the proto-

conid (Hawks et al., 2017). Since U.W. 101-1400 and

U.W. 101-1686 represent a single individual, one might consider

the relative metaconid size to be idiosyncratic variation. However,

the molarized permanent lower third premolars from the Dinaledi

Chamber (Berger et al., 2015) provide support for the idea that the

molarized dm1s are not idiosyncratic of this particular H. naledi indi-

vidual. The H. naledi dm1 and dm2, on the other hand, are more simi-

lar in crown shape and relative cusp areas to other groups than the

dm1 and dm2, at least for PC1 and PC2, though it should be noted

that these teeth are also from the same individual.

This research provides another perspective on the morphology

of, and variation within, H. naledi. The crown outlines and relative

cusp analyses are consistent with the root morphology, comparative

morphology, and nonmetric studies that H. naledi is dentally distinct

with a unique suite of primitive and derived characteristics. Thus,

while the phylogenetic position of H. naledi remains enigmatic, the

results provide further understanding to evolutionary changes of

teeth, or lack thereof, in Africa during the Pleistocene.
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