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a b s t r a c t

This study explores a particular form of enamel pitting originally identified in Paranthropus robustus. We
call this uniform, circular, and shallow (UCS) pitting to distinguish it frommore irregular and nonuniform
defects often associated with enamel hypoplasia. We pose the hypothesis that UCS pitting is unique to
the genus Paranthropus. We test this by investigating hominin dental remains from the ca. 3.4 Ma to ca.
1.1 Ma fossiliferous sequence at Omo, Ethiopia (n ¼ 76) to look for evidence of UCS pitting in an
assemblage that includes at least three hominin genera (Australopithecus, Paranthropus, and Homo). We
also examine the correlation between UCS pitting, tooth size, enamel thickness, and cusp proportions in
samples from both eastern Africa (Omo) and southern Africa (Drimolen Main Quarry ~2.04e1.95 Ma,
Swartkrans ~1.9e1.4 Ma, and Kromdraai ~1.95e1.78 Ma). In the Omo specimens, we found UCS pitting
similar to that seen in P. robustus. While we observed this pitting on five of 24 permanent teeth and two
deciduous molars from both Paranthropus aethiopicus and Paranthropus boisei, we also identified UCS
pitting on five of 13 non-Paranthropus hominin permanent posterior teeth fromMember B (~3.0 Ma). Our
correlation studies yielded no association between the presence of UCS pitting and variation in tooth
size, enamel thickness, or cusp proportions. The consistent appearance and characteristics of UCS pitting
suggest a shared etiology. Our findings also suggest that UCS pitting may result from a genetic effect
related to enamel formation, potentially in association with specific environmental or dietary factors.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Enamel defects are typically classified based on the stage of
enamel formation inwhich they occurdeither during the secretory
or maturation phase (Ten Cate,1994; Guatelli-Steinberg, 2015; Xing
ier Ltd. This is an open access arti
et al., 2016). Enamel hypoplasia occurs during the secretory stage of
enamel formation. In studies of primate fossils, enamel hypoplasia
is frequently observed and reported, presenting in various forms
(e.g., Tobias, 1967; Lukacs, 2001a,b; Guatelli-Steinberg et al., 2004;
Xing et al., 2016; Towle and Irish, 2020). Enamel hypoplasia is often
divided into four main categories: localized-, linear-, pit-, and
plane-form hypoplasia (Pindborg, 1970; Seow, 1990; Towle et al.,
2017; Skinner, 2023). Despite their varied appearances, these de-
fects all stem from a reduction in enamel matrix, a consequence of
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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disruptions during ameloblast production (Eversole, 1984). Cate-
gorizing defects into one of these four types can be challenging
(e.g., Ogden et al., 2007). The etiology of enamel hypoplasia ranges
from injuries to the tooth during development to diseases or
malnutrition that impacts tooth formation; similar defects can also
be associated with specific genetic conditions, including amelo-
genesis imperfecta (AI) (Collins Cook, 1980; Goodman and Rose,
1991; Skinner and Newell, 2003; Smith et al., 2017). Hence,
studying enamel defects can reveal insights into diets, genetics,
environmental factors, and the overall health of individuals and
populations (e.g., Cunha et al., 2004; Ogden et al., 2007; Smith et al.,
2017; O'Hara et al., 2023).

The methods used for recording enamel defects vary substan-
tially across studies. Some researchers limit their observations to
specific teeth, often excluding postcanine and deciduous teeth (e.g.,
Infante and Gillespie, 1974; Lovell andWhyte, 1999). Many focus on
the frequency of linear enamel hypoplasia (LEH) (e.g., Guatelli-
Steinberg et al., 2004; Miszkiewicz, 2015; Nakayama, 2016), while
others consider all types of defects, whether they are linear or not
(e.g., Goodman et al., 1980; Ogilvie et al., 1989; Towle and Irish,
2020). Pitting enamel hypoplasia (PEH) also varies
substantially as it can be localized or similar to the plane-form type
of defect and is sometimes recorded as part of LEH bands
(Sognnaes, 1956; Goodman et al., 1980, 1984; Hillson, 1992; Hillson
and Bond, 1997). Pitting enamel hypoplasia presents as circular
pinpricks to larger irregular depressions on the enamel surface
(Skinner, 1996; Hillson and Bond, 1997; Witzel et al., 2006; Ogden
et al., 2007; Towle and Irish, 2019), with varying distributions
across the tooth crown. The depth and location of these pits can
provide clues about the timing and etiology of the defects (Hillson
and Bond, 1997). However, the factors leading to the formation of
PEH, as opposed to other hypoplasia types like LEH, are still being
explored, with considerations given to tooth type, crown position,
and the cause of disruption.

In this study, we investigate a specific type of enamel pitting
observed in Paranthropus robustus (Towle and Irish, 2019). The
etiology of this pitting is at present unknown; we (Towle and Irish,
2019) have previously suggested that it may not constitute the
‘defects’ typically associated with physiological stress during
development but may have directly resulted from unique enamel
Figure 1. Uniform, circular, and shallow pitting on two Paranthropus robustus teeth from
molar), distal. Uniform, circular, and shallow pitting is seen on the lingual surface facing forw
surface. B) DNH 30, lingual (upper second deciduous molar). Uniform, circular, and shallow p
that are regularly spaced. Scale bar: 10 mm. (For interpretation of the references to color i
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formation processes (Towle and Irish, 2019). Considering the
diverse types of enamel pitting documented in hominins and other
primates, we introduce new terminology in this study. We define
this form of pitting in P. robustus as uniform, circular, and shallow
(UCS) pitting, setting it apart frommany other types of defects that
have been considered PEH. Indeed, examples considered to be
enamel pitting defects vary widely in size and shape, suggesting a
broad spectrum of etiologies.

At present, UCS pittingddefined by multiple shallow circular
pits clustering on the enamel surface and not associated with
linear-/horizontal-type features (e.g., not forming ‘bands’)dhas
only been commonly found on deciduous and permanent post-
canine teeth of P. robustus (Fig. 1). Uniform, circular, and shallow
pitting can cover the whole crown, but in some cases, clusters of
UCS pitting are visible only on particular surfaces. The precise cause
of UCS pitting in P. robustusdwhether it relates to conditions like
AI, pleiotropic effects, and normal variation in enamel formation or
to a specific environmental factordremains uncertain. However,
Towle and Irish (2019) proposed that UCS pitting may be associated
with the evolution of hyperthick enamel characteristic of Para-
nthropus megadontia. If so, and if Paranthropus is a monophyletic
taxon, then Paranthropus aethiopicus and Paranthropus boisei
should be expected to also display UCS pitting. We therefore hy-
pothesize in the present study that this pitting is (1) unique to the
genus Paranthropus and present in both eastern and southern Af-
rican species and (2) correlated with features associated with
megadontia (larger tooth sizes, thicker enamel, and variation in
cusp proportions).

2. Materials and methods

2.1. Materials

Our test of the two hypotheses was conducted on a sample of
hominin fossils that includes specimens from eastern and southern
Africa. The first hypothesis is tested using the eastern African
sample that derives from the Omo Group deposits from Ethiopia, a
sedimentological sequence that encompasses 2.3 Myr of hominin
evolution and preserves evidence of three genera: Australopithecus,
Homo, and Paranthropus. The second hypothesis is tested with data
Drimolen Main Quarry (DMQ; southern Africa). A) DNH 36 (upper second deciduous
ard. This appears as small indentations that are regularly distributed across the enamel
itting is seen between the mesial and distal cusps as dimpling, with small indentations
n this figure, the reader is referred to the web version of this article.)
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from the Omo sample, as well as southern African specimens of
Paranthropus, as described in detail in the following paragraphs.
The data that support the findings of this study are available in the
Results section and Supplementary Online Material [SOM] of this
article. The data are also available through Dryad (Towle et al.,
2025).
Eastern Africa: the Omo sample The combined sequences of the
Shungura Formation and Usno Formation offer a unique opportu-
nity to look at UCS pitting occurrence through time in the hominin
lineage, with samples from ca. 3.4 Ma to ca. 1.1 Ma (Howell and
Coppens, 1976; Boisserie et al., 2008; Hlusko et al., 2024). A total
of 71 permanent postcanine Omo teeth were studied (molars and
premolars) from collections made by the International Omo
Research Expedition (IORE, 1967e1976) and Omo Group Research
Expedition (OGRE, since 2006). These specimens are mostly iso-
lated teeth, but a few are associated teeth or jaw fragments with
multiple teeth. While many IORE specimens were previously
assigned to taxa (Arambourg and Coppens, 1968; Howell and
Coppens, 1976; Suwa et al., 1996; Boisserie et al., 2008; Bobe and
Leakey, 2009; Wood and Leakey, 2011), an updated, larger taxo-
nomic study that includes both the IORE and the OGRE collec-
tionsdmaxillary as well as mandibular isolated teethdprovides
the taxonomic framework followed here (Hlusko et al., 2024). An
additional, small set of isolated anterior teeth are also present in the
Omo sequences, but are not included in the present study.

The list of Omo specimens in our analysis and the taxonomic
assignment of each are listed in Table 1, following Hlusko et al.
(2024), with five deciduous teeth added following the classifica-
tion described earlier. In a previous taxonomic study, Suwa et al.
(1996) divided the Omo sample into ‘robust’ and ‘nonrobust’ cat-
egories. Since then, new discoveries have revealed evidence of a
megadont non-Paranthropus species, Australopithecus garhi (Asfaw
et al., 1999). Consequently, the term ‘robust’may not necessarily be
as useful of a term to separate species of Paranthropus and Aus-
tralopithecus. Therefore, an informal taxonomic category was
developed to include all Late Pliocene representatives of Austral-
opithecus (Australopithecus LP; Hlusko et al., 2024). In their analysis
of a large sample of comparative hominin teeth, Hlusko et al. (2024)
also found considerable morphological and size overlap between
Australopithecus LP and early specimens of the genus Homo from
eastern Africa (Homo early eastern Africa, abbreviated as Homo
EEA). Therefore, many isolated teeth can only be assigned to the
combined informal taxonomic category Australopithecus LP/Homo
EEA (Hlusko et al., 2024).

Five deciduous teeth from the IORE hominin collections show
UCS pitting: L 64-2, L 704-2, OMO 222-1973-2744 (two teeth), and L
144-23. Given the size of L 64-2 and L 704-2, these have both long
been attributed to a species now within the paradigm of Para-
nthropus (Howell, 1969; Howell and Coppens, 1973). In contrast, L
144-23 has been interpreted as more ‘nonrobust’ (Howell and
Coppens, 1973) and OMO 222-1973-2744 has similarities to speci-
mens of early Homo (Condemi, 2004). These teeth are part of a
current taxonomic study of the deciduous dentition by the OGRE
project, but wemention them here and show them in Figures 3 and
5 to demonstrate that UCS pitting is present in deciduous teeth
from eastern Africa as well as the southern African assemblages
mentioned previously.
2.2. Southern African samples of Paranthropus

In addition to the Omo (eastern Africa) sample, we also studied a
southern African subsample from Drimolen Main Quarry (DMQ;
3

southern Africa), Swartkrans (southern Africa), and Kromdraai
(southern Africa) (Table 2; SOM Tables 1 and 2). The Swartkrans
samples come from Member 1 Hanging Remnant and Member 2,
which date between 1.9 and ~1.4 Ma (Herries, 2022). The DMQ
sample dates between 2.04 and 1.95 Ma (Herries et al., 2020;
Martin et al., 2021). The Kromdraai sample is poorly dated, but
preliminary paleomagnetic analysis suggests it is between 1.95 and
1.78 Ma (Thackeray et al., 2002; Herries, 2022). Overall, the
southern African sample ranges between ~2.04 and ~1.4 Ma
(Herries, 2022). They include material suggested to represent two
separate ‘temporal subspecies’ within P. robustus: Paranthropus
robustus robustus (Swartkrans and Kromdraai) and Paranthropus
robustus ukusa (DMQ) (Martin et al., 2024).
2.3. Data collection

We recorded the presence/absence of UCS pitting in the Omo
samples, preserved at the Ethiopian Heritage Authority (Addis
Ababa). We also collected data to assess potential associations be-
tween tooth size, enamel thickness, and cusp proportions with UCS
pitting. One specimen from each fossil assemblage was also
assessed for UCS pit depth and diameter. The methodology for each
type of analysis is described below. Visualization of data (Figs. 6e9)
was performed in Python programming language, utilizing the
following libraries: Pandas (data handling), Scikit-learn (principal
component analysis [PCA] implementation), and Seaborn/Mat-
plotlib (figure creation).
Assessment of uniform, circular, and shallow pitting The presence
and characterization of enamel pitting was recorded following the
assessment of original fossils, casts, high-resolution images from
multiple perspectives, images captured using a Dino-Lite AF3113T
digital microscope (AnMo Electronics Corporation, New Taipei City,
Taiwan), and mCT scans. Specimens with substantial postmortem
damage were not included. The classification of enamel pitting
follows Towle and Irish (2019, 2020) for PEH to differentiate post-
mortem effects and other causes. All identified enamel pitting in
the Omo assemblage is consistent with the definition of UCS
pitting, and therefore, we use this term exclusively in the rest of this
manuscript. To determine the presence/absence of UCS pitting, data
for specific Swartkrans, DMQ, and Kromdraai specimens were
collected using the same methods as applied to the Omo
assemblage.
Tooth linear measurements For this analysis, we focus on upper
first molars in a single species, P. robustus, from both Swartkrans
and DMQ. Mesiodistal (MD) and buccolingual (BL) linear distances
were taken following standard procedures (Wood et al., 1983;
Wood and Xu, 1991). We first conducted a univariate statistical
analysis (in Microsoft Excel) to obtain mean and SD. A scatterplot
and kernel density estimation (KDE) display the result of the
measurements, with the specimens categorized based on the
presence or absence of UCS pitting. The KDE plot displays the dis-
tribution of each measurement within each enamel pitting cate-
gory. Specimens used in these analyses, and the associated MD and
BL measurements for each, are listed in SOM Table S1.
Enamel thickness We also investigated the association between
UCS pitting and relative enamel thickness (RET) in upper and lower
first and second molars, again focusing on P. robustus. The dataset
comprised measurements from a total of 31 P. robustus specimens,
each classified for UCS pitting and tooth type, alongside their cor-
responding RET values. Thirty RET values were collected from
O'Hara (2021), and an additional specimen was measured for the
present study (DMQ specimen DNH 108a). All measurements were



Table 1
Omo specimens studied for enamel pitting, taxonomy (from Hlusko et al., 2024), and UCS pitting status.

Specimen number Dental elements Stratigraphic level Taxonomic group UCS pitting

B 8-14B lt P4 Usno (equivalent to
Shungura Member B)

Australopithecus LP No

B 8-23 a lt P4 Usno (¼B) Australopithecus LP No
B 8-23 b lt M1 Usno (¼B) Australopithecus LP No
L 1/nn-10010a rt m2 B Australopithecus LP/Homo EEA Yes
L 1/nn-10010b lt m2 B Australopithecus LP/Homo EEA Yes
L 2-89 lt m3 B Australopithecus LP/Homo EEA Yes
L 795-1 rt m3 B Paranthropus Yes
OMO 28/S-1968-30 rt m3 B Paranthropus No
OMO 112/2-10029b rt M3 B Australopithecus LP/Homo EEA Yes
OMO 112/4-10009 lt P3 B Australopithecus LP Yes
W 7-23 lt p4 Usno (¼B) Australopithecus LP No
W 7-508 rt m1 Usno (¼B) Australopithecus LP/Homo EEA No
W 8-749 rt M1 Usno (¼B) Australopithecus LP No
W 8-752 rt m1 Usno (¼B) Australopithecus LP/Homo EEA No
W 8-988 lt P4 Usno (¼B) Australopithecus LP No

L 45-2 rt m1 C Australopithecus LP/Homo EEA No
L 51-1 lt m1 C Australopithecus LP/Homo EEA No
L 51-2 lt M1 C Australopithecus LP/Homo EEA No
L 51-3 lt M2 C Australopithecus LP/Homo EEA No
L 51-4 lt M1 C Australopithecus LP/Homo EEA No
L 51-79 rt p4 C Paranthropus No
L 51-80 rt p4 C Australopithecus LP/Homo EEA No
L 51-10002 rt m3 C Australopithecus LP/Homo EEA No
L 62-17 rt m2 C Paranthropus No
OMO 18-1968-31 lt p3 C Paranthropus No
OMO 18-1968-33 lt p3 C Australopithecus LP/Homo EEA No
OMO 18-1968-34 lt m1 C Paranthropus No
OMO 18-1970-1799 lt M2 C Paranthropus Yes
OMO 69-1974-900 lt P4 C Australopithecus LP/Homo EEA No
OMO 84-10001 lt M1 Uncertain member cf. Homo No
OMO 157-10009a lt m3 C Australopithecus LP/Homo EEA No
OMO 224-10005 rt m2 C Australopithecus LP/Homo EEA No
OMO 329-10015 rt m3 germ C Australopithecus LP/Homo EEA No
OMO 349-10003 lt m2 C Australopithecus LP/Homo EEA No
L 144-23 lt dM2 C Australopithecus LP/Homo EEAa Yes

L 50-2 lt M2 D Paranthropus No
L 824-5 lt m1 D Australopithecus LP/Homo EEA No
L 64-2 lt dm2 D Paranthropusa Yes
L 704-2 lt dm1 D Paranthropusa Yes

L 26-1G rt m1 E Australopithecus LP/Homo EEA Yes
L 338/X-34 lt M2 E Paranthropus No
L 338/X-35 rt P3 E Paranthropus No
L 338/X-39 lt m3 E Paranthropus No
L 338/X-40 lt p4 E Paranthropus No

L 28-30 rt m3 F cf. Homo No
L 28-58 rt M1 F Homo No
L 157-35 lt m2 F Paranthropus No
L 238-35 rt M2 F cf. Australopithecus garhi No
L 398-120 rt p3 F Paranthropus No
L 398-573 lt M3 F Australopithecus LP/Homo EEA No
L 398-630 rt m3 F Paranthropus Yes
OMO 33-1969-9 Rt m3 F Paranthropus No
OMO 33-1970-63 rt M3 F Australopithecus LP/Homo EEA No
OMO 33-1971-507 P4 frag F Paranthropus Yes
OMO 33-1971-508 rt p4 F Paranthropus No
OMO 33-1973-3282 lt P4 F Australopithecus LP/Homo EEA No
OMO 33-1973-5496 lt p3 F Australopithecus LP/Homo EEA No
OMO 123/N-1973-5495 rt p3 F cf. Homo No
OMO 174-10002 lt m3 F Homo No

L 7-279 lt m2 G Homo No
L 628-1 lt p4 G Paranthropus No
L 628-3 lt m3 G Paranthropus Yes
L 628-4 lt p4 G cf. Paranthropus No
L 628-9 lt m1 G Paranthropus No
L 628-10 lt m2 G cf. Paranthropus No
OMO Sh 1/1-1969-17 lt M1 G Homo No
OMO 29/1-1968-43 rt p3 G cf. Homo No
OMO 47-1968-46 rt m2 G Paranthropus No
OMO 75/S-1969-15 lt m1 G cf. Homo No
OMO 222-1973-2744 Lt dm1 and dm2 G cf. Homoa Yes

I. Towle, M.C. O'Hara, A.B. Leece et al. Journal of Human Evolution 204 (2025) 103703
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Table 1 (continued )

Specimen number Dental elements Stratigraphic level Taxonomic group UCS pitting

OMO VE 3-10011 lt m3 H Homo No

OMO K 7-1969-19 lt m2 L cf. Homo No
OMO 383-10124 a lt M1 L Homo erectus No
OMO 383-10124 b lt M2 L Homo erectus No
OMO 389-10085 rt m3 L Homo erectus No

P ¼ premolar; M¼molar (capital signifies a maxillary element and lowercase mandible); Australopithecus LP ¼ Late Pliocene representatives of Australopithecus; Homo EEA¼
early specimens of the genus Homo from eastern Africa. The five deciduous teeth begin with a ‘d’ in the Dental elements column.

a Species classifications based on published descriptions (Howell, 1969; Howell and Coppens, 1973; Condemi, 2004).
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taken using standardized methodology from mCT scans (Skinner
et al., 2015; Lockey et al., 2020; O'Hara, 2021). A descriptive sta-
tistical analysis was conducted in Microsoft Excel to summarize the
distribution of RET across different categories (i.e., tooth type and
UCS pitting). Additionally, the data were visualized using box and
whisker plots (Python, Seaborn/Matplotlib) to illustrate the distri-
bution of RET across different tooth types and UCS pitting status.
Table 2
Samples studied from the South African sites of Drimolen, Swartkrans, and
Kromdraai.

Specimen Tooth Site UCS pitting

DNH 106 UM1 Drimolen No
DNH 14 UM1 Drimolen No
DNH 152d UM1 Drimolen Yes
DNH 155 UM1 Drimolen No
DNH 4 UM1 Drimolen Yes
DNH 60B LM1 Drimolen No
DNH 60C LM2 Drimolen No
DNH 84B UM1 Drimolen Yes
DNH 108A UM1 Drimolen Yes
DNH 57B UM1 Drimolen No
DNH 60 UM1 Drimolen No

SK (826B) 828 LM1 Swartkrans No
SK 1 LM2 Swartkrans No
SK 102 UM1 Swartkrans Yes
SK 13 UM1 Swartkrans No
SK 13.14 UM2 Swartkrans No
SK 14129A UM1 Swartkrans No
SK 1587A LM2 Swartkrans No
SK 1591 UM1 Swartkrans No
SK 17 UM1 Swartkrans No
SK 25 LM2 Swartkrans Yes
SK 3974 LM1 Swartkrans No
SK 47 UM1 Swartkrans No
SK 47 UM2 Swartkrans No
SK 48 UM2 Swartkrans No
SK 49 UM2 Swartkrans Yes
SK 52 UM1 Swartkrans No
SK 55A UM1 Swartkrans No
SK 6 LM1 Swartkrans No
SK 6 LM2 Swartkrans No
SK 61 LM1 Swartkrans Yes
SK 62 LM1 Swartkrans No
SK 63 LM1 Swartkrans Yes
SK 826A UM2 Swartkrans No
SK 832 UM1 Swartkrans No
SK 838A UM1 Swartkrans Yes
SK 843.846A LM2 Swartkrans No
SK 872 UM1 Swartkrans No
SKW 5 LM2 Swartkrans No
SKX 4446 LM2 Swartkrans No

TM 1517A UM2 Kromdraai Yes
TM 1601 UM1 Kromdraai No
KB 5223 LM1 Kromdraai No

All samples are considered to belong to Paranthropus robustus.
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The specimens studied, and their respective RET values, are listed in
SOM Table S2.
Cusp area analysis Cusp area data are from Hlusko et al. (2024) for
a total of nine lower third molars from Omo. Occlusal images of
complete molars were analyzed using ImageJ software
(Schindelin et al., 2015), with outlines of each cusp following the
methodology of Wood et al. (1983) but with the updated methods
of using ImageJ following Brophy et al. (2021) and Bailey et al.
(2004). Total crown area was also calculated by summing all
cusps (following Wood et al., 1983). The dataset comprised mea-
surements of different lower molar cusps commonly found in
fossil hominins: protoconid, metaconid, hypoconid, entoconid,
hypoconulid, entoconulid (cusp 6), and metaconulid (cusp 7),
which were transformed into ratios to focus on relative, rather
than absolute size differences. A PCA was performed (Python,
Scikit-learn library) to explore if teeth with UCS pitting form a
cluster/grouping. Cusp size values for each specimen are listed in
SOM Table S3.
Pit diameter analysis The diameter was measured for 10 pits per
tooth on 11 specimens from Omo and DMQ. The diameter of pits
was assessed using two methods, based on either scaled images
(following the protocol of the cusp area analysis) or mCT scans
(following the methodology of Towle and Irish, 2019). In each
case, 10 pits clearly visible macroscopically were recorded from a
total of 11 specimens from Omo and DMQ (SOM Table S4); an
additional six specimens were added for Swartkrans using data
from Towle and Irish (2019). Two specimens from the same in-
dividual were also assessed to assess variation between tooth
types in the same individual (OMO 222-1973-2744; dm1 and
dm2).
Pit depth analysis We measured the depth of six pits on three
teeth for a total of 18 pits (SK 64, DNH 30, and L 1/nn-10010a;
Swartkrans, Drimolen, and Omo, respectively). Pit depth was
assessed using mCT scans for a single specimen at each site (Omo,
Swartkrans, and DMQ). Specimens were selected based on
perceived severity of the pitting (macroscopically), with SK 64
(Swartkrans) having very defined UCS pitting, through DNH 30
(DMQ), to L 1/nn-10010a (Omo), in which the UCS pitting appears
fainter (SOM Table S5). The analysis was performed in Fiji (version
2.9.0), where scans were scaled using the known isometric voxel
size with the ‘Set Scale’ function. Specimens were oriented with
the occlusal surface directly up, with a BL slice that optimizes the
deepest point of each pit. Then the Straight-Line tool was used to
measure depth, from the deepest point to approximately where
the enamel would have ended if there was no pit (i.e., tracing a
line from the adjacent ‘normal’ enamel). The thickness of enamel
underneath the pit was then measured as the shortest distance
from the pit bottom to the enamel-dentine junction (EDJ; Fig. 2).
Each pit depth was then divided by the total thickness (� 100) to
get the percentage of the enamel thickness that each pit
penetrates.



Figure 2. Omo specimen L 1/nn-10010a, showing A) a slice from buccal-lingual showing the depth of individual pits, and how enamel thickness under a pit was calculated (orange
arrow); B) a surface rendering from the same mCT scan, highlighting the location of the slice in (A) with a dotted line. Scale bar: 5 mm. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article.)
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3. Results

Our results show UCS pitting is relatively common in the post-
canine teeth of the Omo hominins (Fig. 3), although its presence is
not evenly distributed across the stratigraphic levels, nor among
the different taxa represented. Five permanent teeth of Para-
nthropus (five of 24) show UCS pitting (Fig. 4), spanning 2.97 Ma to
2.11 Ma, members C to G. In the earliest deposits (Usno Formation
and Member B, from ~3.3 Ma to ~2.95 Ma), specimens attributed to
Late Pliocene Australopithecus also show UCS pitting (five of 13
permanent postcanine teeth; Fig. 5). Specimens from the younger
levels assigned to non-Paranthropus hominins (includingHomo EEA
and Homo erectus) do not show UCS pitting, with the possible
exception of L 26-1G (taxonomic attribution: Australopithecus LP/
Homo EEA, Suwa et al., 1996; Suwa et al., 2007; Wood and Leakey,
2011; Louail and Prat, 2018; Grine et al., 2019; Hlusko et al., 2024).
Figure 3. Composite figure of six specimens displaying uniform, circular, and shallow pittin
64-2; D) L 704-2; E) OMO 18-1799; F) OMO 222-2744. (For interpretation of the references
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However, this specimen often falls outside the range of compara-
tive samples in different analyses and has been identified as either a
lower first or second molar, complicating interpretations and
comparisons (Hunt and Vitzthum, 1986; Howell et al., 1987; Suwa
et al., 1996; Hlusko, 2004; Wood and Leakey, 2011; Skinner et al.,
2015; Louail and Prat, 2018; Hlusko et al., 2024). The two decidu-
ous molars previously described as belonging to a non-Para-
nthropus taxon/group (OMO 222-1973-2744; L 144-23; Table 1;
Howell and Coppens, 1973; Condemi, 2004) also show UCS pitting.

Uniform, circular, and shallow pitting sometimes covers entire
crowns and in other cases tends to cluster only on specific tooth
surfaces. In some instances, occlusal wear may pose challenges in
distinguishing small clusters of UCS pitting from other types of
enamel defects. For example, in the L 2-89 specimen, despite the
wear, UCS pitting is still discernible in at least two locations (Fig. 5).
Similarly, in the L 704-2 specimen, although slightly worn, the
g, using a microscopic camera (Dino-Lite AF3113T): A) L 1/nn-10010a; B) L 26-1g; C) L
to color in this figure, the reader is referred to the web version of this article.)



Figure 4. Paranthropus enamel pitting: A) OMO 18-1970-1799 (left upper second molar); B) L 26-1G (right lower first molar; shown from a different angle in Fig. 3); C) L 795-1
(lower right third molar). Scale bar: 10 mm. Shallow and circular enamel pitting can be clearly seen on the occlusal surface in all three examples, with other surfaces also affected to
varying degrees. Note: L 26-1G is at present not confidently classified as Paranthropus and does not confirm confidently to any group; see text for details. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)
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crown seems to exhibit UCS pitting that may have previously
covered more of the crown (Fig. 3D). Additionally, pitting visibility
is often greatest on the occlusal surface where fissures and crenu-
lations complicate identification, as seen in L 795-1 (Fig. 4C).
Despite the complexity on the occlusal surface of L 795-1, the
presence of shallow pitting on the buccal surface suggests classi-
fying this as UCS pitting. These observations highlight potential
slight variability in the appearance of UCS pitting in relation towear
and tooth morphology.

There is no evidence in our sample that variation in tooth size,
cusp proportions, or enamel thickness correlates with the presence
of UCS pitting. The MD vs. BL scatterplot and KDE show no distinct
clustering or segregation between specimens with and without
UCS pitting; this suggests that tooth size does not influence enamel
pitting, and vice versa, as measured by MD and BL dimensions
(Figs. 6 and 7). The mean RET for specimens with UCS pitting
(28.93) was slightly higher than for thosewithout (27.11). But as the
Figure 5. Omo nonrobust pitting: A) L 1/nn-10010a (lower right second molar; shown from
shallow enamel pitting is visible on multiple surfaces in both cases. The pitting is faint, lik
pretation of the references to color in this figure, the reader is referred to the web version

7

box and whisker plot shows (Fig. 8), the variance in RET is similar
for samples with and without UCS pitting for the maxillary and
mandibular first molars that have the largest sample sizes. The
PCA involving each individual cusp ratio also fails to distinguish
between teeth with and without UCS pitting (Fig. 9). We also found
no evidence that UCS pitting is associated with variation in occlusal
area in the Omo samples as pitting is found in the largest and the
smallest specimens (Table 3). Pit depth is relatively shallow (Fig. 2),
especially when the thickness of enamel in these specimens was
considered. From a specimen inwhich the pits look very defined, SK
64, the average pit depth is 16.1% of the enamel thickness. Two
other specimens show more moderate (less defined) pitting, with
equivalent depth values of 5.9% (DNH 30) and 5.2% (L 1/nn-10010a).
The diameter of the pits is also small and consistent across sites and
tooth types (Table 4). We also see that the variation in pit diameter
on the same tooth is similar to the variation within the study
sample (Table 4).
a different angle in Fig. 3); B) L 2-89 (lower left third molar). Scale bar: 10 mm. Uniform
ely at least partly due to tooth wear reducing the pit depth through time. (For inter-
of this article.)



Figure 6. Scatterplot of tooth buccal-lingual and mesial-distal measurements split by teeth with and without uniform, circular, and shallow pitting. All samples are upper first
molars belonging to Paranthropus robustus, from Swartkrans, Drimolen Main Quarry, and Kromdraai. (For interpretation of the references to color in this figure, the reader is referred
to the web version of this article.)

Figure 7. Kernel density estimation (KDE), plotting tooth measurements with UCS pitting, illustrating the relationships between mesial-distal (MD) and buccal-lingual (BL)
measurements of teeth (mm), differentiated by the presence or absence of UCS pitting. All samples are upper first molars belonging to Paranthropus robustus, from Swartkrans,
Drimolen Main Quarry, and Kromdraai (the same specimens as Fig. 6). The KDE plots show the distribution of MD and BL measurements for each enamel pitting category. UCS ¼
uniform, circular, and shallow. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Figure 8. Box and whisker plot of relative enamel thickness (RET) by tooth type and uniform, circular, and shallow pitting status. UM1 ¼ upper first molar; UM2 ¼ upper second
molar; LM1 ¼ lower first molar; LM2 ¼ lower second molar. Upper first molar and LM2 are restricted due to small sample size, and the diamond in LM2 is identified as an outlier. All
samples belong to Paranthropus robustus from both Swartkrans and Drimolen Main Quarry. (For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

Figure 9. Principal component analysis of lower third molars based on cusp area ratios. All specimens are from Omo and split into Paranthropus and non-Paranthropus categories
(see Table 1). Principal component 1 (PC1) explains 38.18% and principal component 2 (PC2) explains 25.65% of the variance (eigenvalues: PC1 ¼ 3.01; PC2 ¼ 2.02; factor loadings:
PC1 [�0.51, 0.47, 0.13, 0.26, 0.52, �0.39, �0.06], PC2 ¼ [�0.20, �0.08, �0.15, �0.56, 0.02, �0.33, 0.71]). (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

Table 3
Total occlusal area for lower third molars in the Omo sample.

Specimen number Group UCS pitting Total occlusal area

L 795-1 Paranthropus Yes 259.26
L 628-3 Paranthropus Yes 278.44
OMO 28/S-1968-30 Paranthropus No 228.73
L 338/X-39 Paranthropus No 253.71
L 28-30 Nonrobust No 176.65
OMO 174-10002 Nonrobust No 135.07
OMO VE 3-10011 Nonrobust No 158.98
L 51-10002 Nonrobust No 170.66
L 2-89 Nonrobust Yes 145.93

UCS ¼ uniform, circular, and shallow.
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4. Discussion

The large sample of isolated teeth from the hominin Omo
sequence provides an ideal sample for studying UCS pitting
through time and across taxa. This assemblage allows a detailed
examination of when pitting occurred and how it correlates with
other tooth characteristics. However, the isolated nature of these
teeth also means that individual specimens are prone to taxonomic
uncertainty, given that the analysis must be based on the anatomy
of just that one tooth (a less-than-ideal approach to taxonomic
identification; Hlusko et al., 2024). Debates over the taxonomy of
individual Omo teeth will continue, with outcomes varying



Table 4
Enamel pitting diameter at the surface (mm).

Specimen Average Min Max

OMO 18-1970-1799 0.16 0.13 0.20
L 26-1G 0.17 0.11 0.21
L 795-1 0.20 0.15 0.28
L 1/nn-10010a 0.16 0.14 0.20
L 2-89 0.18 0.14 0.25
L 64-2 0.14 0.11 0.17
OMO 222-1973-2744 (dm1) 0.17 0.14 0.21
OMO 222-1973-2744 (dm2) 0.16 0.11 0.21
L 704-2 0.18 0.13 0.22
DNH 30 0.22 0.14 0.32
DNH 36 0.17 0.13 0.20
SK 61 (RM1) 0.23 0.12 0.36
SK 89 (LM1) 0.16 0.12 0.26
SK 61 (RdM2) 0.17 0.11 0.28
SK 61 (LdM2) 0.18 0.12 0.26
SK 63 (RdM2) 0.23 0.11 0.42
SK 64 (RdM2) 0.16 0.12 0.21

Data are based on 10 measurements for each sample. The Swartkrans data are
from Towle and Irish (2019), using slightly more readings per specimen (15e20
instead of 10).
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according to the analytical methods and comparative samples used.
For the geologically younger Omo horizons, this uncertainty is
reduced by the clear anatomical differences that have evolved be-
tween the two main taxonomic groups represented at that time:
Paranthropus vs. more gracile forms. In contrast, the taxonomic
identification of teeth from the older Omo sediments is more
difficult. This is to be expected as the closer you get to a last com-
mon ancestor, the more difficult it is, by definition, to differentiate
incipient species lineages (baboons provide an excellent demon-
stration of this phenomenon in action, Jolly, 1993). The geologically
older Omo sediments yield hominin teeth that are taxonomic
puzzles. For example, two teeth that Hlusko et al. (2024) assign to
Paranthropus from Member B (L 795-1 and OMO 28/s-1968-
30) have previously been classified either as indeterminate homi-
nins (Howell and Coppens, 1974; Suwa et al., 1996) or as having
affinities with Australopithecus (Wood and Leakey, 2011). Given that
ancestors are difficult to predict by their descendant species (White
et al., 2015), these taxonomic inferences will only be resolved as
more fieldwork is conducted and, hopefully, more complete spec-
imens are recovered. Therefore, our taxonomic interpretations for
the older fossils must be considered tentative rather than conclu-
sive. With that said, we turn to the detailed discussion of our
results.

We have shown here that UCS pitting, characterized by
numerous relatively uniform shallow and circular pits on the
enamel surface, is common in some hominin species, in both
eastern and southern Africa. This pitting has long been recognized
in southern African P. robustus (Robinson, 1956; White, 1978; Towle
and Irish, 2019) but, as we demonstrate here, is also common on
postcanine teeth of Paranthropus in eastern Africa. We show that
UCS pitting is not only restricted to Paranthropus but also observed
on the postcanine teeth of Late Pliocene Australopithecus specimens
from the Omo, Ethiopia. Our two hypotheses, that this phenome-
non is restricted to Paranthropus and associated with specific
morphological features such as thicker enamel and larger teeth, are
therefore not supported. However, UCS pitting does appear to be
restricted to specific taxonomic groups, although not exclusively to
Paranthropus. Despite UCS pitting being observed across a wide
geographic and temporal range, the morphology at Swartkrans,
DMQ, and Omo is remarkably similar. This includes postcanine
teeth with similar-sized pits and positions in the crown across all
individuals affected and a lack of correlation with other aspects of
morphology and crown size.
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4.1. The pervasiveness of pitting enamel hypoplasia and the
uniqueness of uniform, circular, and shallow pitting

Uniform, circular, and shallow pitting and pitting defects more
generally are rare in hominins and other nonhuman primates,
especially compared to LEH (Colyer, 1936; Hillson and Bond, 1997;
Guatelli-Steinberg, 2015; Towle and Irish, 2020). Indeed, defects
termed PEH in the literature for nonhuman primates mostly do not
fit the definition of UCS pitting. Instead, they are irregular in shape
and size or form within LEH bands (Fig. 10). In fact, it is difficult to
find examples of UCS pitting in the literature in nonhominin pri-
mates. For example, out of several hundred chimpanzees and go-
rillas studied at the Powell-Cotton Museum, only 1.73% had PEH
(Towle and Irish, 2020), and none would be considered UCS pitting
(Fig. 10V,W). In a cursory survey of the oral scans for almost 1000
captive baboons from the Southwest National Primate Research
Center, only a few were found to have pitting defects (personal
observation of I.T. and A.T.), and these pitting defects are associated
with other tooth morphology changes (Fig. 10SeU). Similarly,
pitting defects in archaeological samples either do not resemble
UCS pitting or are associated with severe defects (i.e., plane-form
defects) or altered crown morphologies (e.g., Ogden et al., 2007;
Towle et al., 2018, Fig. 10OeR). There is no indication that UCS
pitting is present in any human sample/population at rates higher
than what would be expected with hypoplastic AI (i.e., under 1% of
individuals). This rarity is supported by the presence of only one
potential case out of >5000 post-Pleistocene African dentitions
studied by J.D.I. (personal observation; Fig. 10R).

Although PEH has been identified on teeth of various hominin
specimens (e.g., Tobias, 1967; Ogilvie et al., 1989; Xing et al., 2016;
Zanolli et al., 2017), at present there is no evidence to support
widespread UCS pitting other than what is observed in Para-
nthropus and now in Late Pliocene Australopithecus. Pitting on
postcanine teeth of P. robustus has been observed and described
previously (Robinson, 1956; White, 1978; Moggi-Cecchi et al.,
2010), and a recent review of South African hominin material
found this species to be solely affected by this type of defect (Towle
and Irish, 2019). Also, UCS pitting in DMQ, Swartkrans, and Omo
teeth with defects consistent with this specific type is visible in
published examples of Paranthropus and Late Pliocene Austral-
opithecus from other sites. This includes P. boisei (Tobias, 1967; de
Ruiter et al., 2009; Moggi-Cecchi et al., 2010) and material from
Lomekwi, Kenya, dated between 3.5 and 3.2 Ma, but currently
without firm attribution to a specific species (Skinner et al., 2020).
At least two Lomekwi specimens, thought to be antimeres, show
pitting consistent with UCS pitting (KNM-WT 38362A and KNM-
WT 38362B), based on images in Skinner et al. (2020).

There is no convincing evidence for UCS pitting in Austral-
opithecus africanus sensu lato. A small number of Au. africanus teeth
were recorded for pitting and/or localized enamel defects (Towle
and Irish, 2019, 2020), but none (with two possible exceptions,
discussed later) fit the features observed in the Omo, Swartkrans,
and DMQ teeth. Instead, the few teeth with potential pitting, i.e.,
PEHwithin LEH bands (e.g., Stw 132), comprise a small collection of
irregular sized and/or shaped defects (e.g., Stw 14, Stw 120, Stw
295, and Stw 404), or the enamel has the ‘wavy’ appearance
(detailed below) that resembles irregular shallow pitting in very
localized crown positions (e.g., Stw 332 and Stw 487). Stw 404 is
one of the smallest specimens from Sterkfontein Member 4 and
was defined as Au. africanus by Clarke and Kuman (2019); however,
they define Stw 14 as a separate species (Australopithecus prome-
theus) likely ancestral to Paranthropus. In all of these examples, it is
also difficult to rule out postmortem affects due to their irregularity
and minimal expression, and most do not fit commonly used
enamel hypoplasia definitions. One possible exception is Stw 140,



Figure 10. Examples of enamel hypoplasia and other dental defects, as well as purely
morphological features that somewhat resemble but are not UCS pitting, in hominin and
nonhuman primate samples. A) Pithecia sp. specimen 4650 (Primate Research Institute,
Kyoto University, Japan). Buccal view. Morphological features that can superficially
resemble pitting enamel hypoplasia. B) Pithecia sp. specimen 4650 (Primate Research
Institute, Kyoto University, Japan). Occlusal view. Morphological features that can su-
perficially resemble pitting enamel hypoplasia. C) Homo antecessor individual H3,
specimen ATD6-69. Enamel hypoplasia (from left to right): right fourth premolar, right
canine, and left third premolar. Photo: Elena Lacasa Marquina (Martín-Franc�es, 2015).
Described as pitting enamel hypoplasia in Martín-Franc�es (2015). D) Peche Neanderthal
juvenile, described as having pitting enamel hypoplasia (Ogilvie et al., 1989). However, it
does not resemble UCS pitting. Photo: Debbie Guatelli-Steinberg (with permission from
Mus�eum national d'Histoire naturelle, Paris, France). E) Irregular wavy or pitting enamel
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which shows relatively uniform pitting covering much of the
crown. However, even in this case (see Fig. 2 of Towle and Irish,
2020), the pitting appears to form in vertical lines, and within
these lines, the PEH are located in regions with general enamel
reduction. Additionally, the lower second permanent molars of
MLD 2 also display pitting consistent with UCS pitting, but it is fully
restricted to the occlusal surface. This specimen is also defined as
A. prometheus by Clarke and Kuman (2019). Therefore, out of almost
500 Au. africanus teeth (Towle and Irish, 2020), no convincing ev-
idence for UCS pitting was found.

The holotype specimen of Australopithecus bahrelghazali
(KT12/H1) has been described as having PEH (Brunet et al.,
2002). No images are provided in this publication (only draw-
ings), but the overall impression from the description, illustra-
tions, and published images available online is that these defects
are not consistent with UCS pitting; they seem to mostly form in
distinct horizontal bands or are irregular in shape. Therefore,
pitting form LEH and/or localized defects may better explain
these defects.
in an Australopithecus africanus right lower lateral incisor (STW 332). F) A couple of
individual large pits, which seem antemortem in nature (localized enamel hypoplasia).
SK 69 (Paranthropus robustus), upper left central incisor. G) ‘Wavy’ enamel appearance
on the buccal surface of a right upper permanent canine (UW 101e501, Homo naledi;
Towle, 2017). H) Wavy abnormal enamel on the buccal surface of H. naledi specimen UW
377/1014 (second molar; Towle, 2017). I) Drimolen Main Quarry (southern Africa), labial
of an upper right canine (DNH 108). Multiple LEH bands visible. J) Drimolen Main
Quarry (southern Africa), anterior teeth: buccal surface of the lower right canine (DNH
8). Unusual wavy defects that seem antemortem and in places could be described
as pitting enamel hypoplasia and/or localized hypoplasia. K) Drimolen Main Quarry
(southern Africa), right upper canine labial mesial (DNH 82) displaying LEH. L) Hortus III
(Neanderthal; Lumley, 1972; Lumley, 1973). Pitting that resembles UCS pitting but is
further down the crown that is affected, which is not seen in Paranthropus/Omo (i.e., if
further down the crown is affected then so are areas closer to, and on, the occlusal
surface). Image by Debbie Guatelli-Steinberg with permission for use from Henry de
Lumley. M) Vertical bands of pitting. Left upper third molar (STW 140, Au. africanus). N)
A few scattered pits of varying size that do not appear to be postmortem in nature. Right
lower third molar (STW 2950, Au. africanus) but does not resemble UCS pitting. O)
Human mandible (Hamann-Todd Osteological Collection; image taken by Debbie
Guatelli-Steinberg). Note the USC pitting on the first molar but is associated with severe
defects further down the crown and in other teeth, which is not seen in Paranthropus/
Omo UCS pitting. P) Human upper left second premolar (Roman site in Gloucester, UK;
Towle et al., 2018). The lingual surface shows USC pitting but is associated with plane-
form defects elsewhere in the dentition. Q) Human upper right central incisor
(Neolithic; Barcelona, Spain). Irregular enamel defects. Image by Raquel Hernando. R)
Adult female human (Matjes River, P1271; image by Joel D. Irish). Affiliated with
Khoesan populations (Irish et al., 2014). Curated at the National Museum in Bloem-
fontein, Florisbad Research Station. The distal crown surface of the upper first molars
has pits that look similar to UCS pitting, but the second and third molars have more
severe occlusal alterations, including numerous additional cusplets on the third
molars. S) Hamadryas baboon (Papio hamadryas), curated at Loyola University, Chicago
(W 399). Left maxillary teeth. Note the pitting on the third molar that looks superficially
like USC pitting, but elsewhere it looks more like generalized defects. All teeth appear
affected except the first molar, likely because it was forming in utero (e.g., see Towle
et al., 2023). T) Hamadryas baboon (P. hamadryas), curated at Loyola University, Chi-
cago (W 539). Upper left maxillary posterior permanent teeth, buccal view. Pitting is
observable on both the second and third molars. The first molar seems unaffected. U)
Hamadryas baboon (P. hamadryas), curated at Loyola University, Chicago (W 539). Upper
left maxillary posterior permanent teeth, occlusal view (same teeth as in (T)). Note
irregular pitting in the second and third molars is associated with substantial changes to
the morphology of the teeth. The first molar seems unaffected in terms of enamel de-
fects and cusp morphology. V) Chimpanzee (Pan troglodytes) showing what could be
described as either localized or pitting enamel hypoplasia (curated at the Powell-Cotton
Museum: specimen C 195; left upper first deciduous molar). W) Female chimpanzee (P.
troglodytes; curated at the Powell-Cotton Museum: specimen M 299) showing enamel
defects, described as pitting/plane-form defects related to amelogenesis imperfecta in
Towle et al. (2018). X) A Pithecia canine (curated at the Primate Research Institute, Kyoto
University, Japan: PRI 688 Pithecia sp.). Buccal view, with an irregular pitted surface that
does not fit any commonly used enamel hypoplasia definition. LEH ¼ linear enamel
hypoplasia; UCS ¼ uniform, circular, and shallow. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)
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There are individual teeth of Homo from Eurasia and the Middle
East recorded as displaying PEH or showing apparent pitting in
published images, but typically they do not fit the description of
UCS pitting. Often, irregular pitting across parts of the crown or
single large pits are present; anterior teeth are also often affected
(incisors and canines), including in association with LEH (e.g.,
Puech and Albertini, 1981; Trinkaus, 1987; Ogilvie et al., 1989;
Bailey and Hublin, 2006; Glantz et al., 2008; Guatelli-Steinberg
et al., 2013; Martín-Franc�es, 2015; Blinkhorn et al., 2021; Martín-
Franc�es et al., 2022). Molnar and Molnar (1985) describe PEH in
the Krapina Neanderthals, although it is predominantly in the
anterior teeth, and it seems many of the examples may be associ-
ated with LEH (e.g., their Fig. 4). Possible defects of a similar type
were described by Ogilvie et al. (1989), in which half of the defects
in the posterior teeth of Neanderthals were classified as pitting.
However, many are just a single large irregular pit (many of which
would likely now be classified as localized enamel hypoplasia) and
often associated with LEH. Even the specimens recorded as having
multiple pits do not seem consistent with UCS pitting described in
the present study (e.g., see Fig. 10 of Pech-de-l'Aze 1; potential
exceptions discussed below).

Some Homo teeth with substantial cusplets, crenulations, or
folding of the occlusal surface can also display features that su-
perficially resemble enamel pitting. Pitlike features can be found in
relation to cusp tips and occlusal fissures (pits forming where
multiple developmental lines converge; Bekes et al., 2018), all of
which are typically restricted to the occlusal surface (e.g., Glantz et
al., 2008; Smith et al., 2009;Martin et al., 2017; Henrion et al., 2023;
Davies et al., 2024). In some cases, these specimens show defects
superficially like UCS pitting, with the caveat that these are typi-
cally limited to a few pits and typically not clustered together like
the Paranthropus/Late Pliocene Australopithecus examples. This in-
cludes Neanderthal, where in some posterior teeth, the occlusal
surface, and occasionally other surfaces, is affected (e.g., Krapina
D170 third molar and El sidrom SD 621 third molar, Martin et al.,
2017); the same applies to an early Homo specimen (OH 16 third
molars, Davies et al., 2024).

However, there are examples of Homo inwhich UCS pitting does
seem to be present. The most similar published example is in Xing
et al. (2016), where enamel pitting similar to UCS is found on an
upper premolar and second molar of a Late Pleistocene juvenile
from Xujiayao, China. Other enamel defects are present in this in-
dividual, including localized enamel hypoplasia and LEH in the
anterior dentition. The species designation of this fossil is debated,
but it has been suggested to represent an unknown hominin line-
age distinct from contemporaneous Homo sapiens and Homo
neanderthalensis (Wu, 2024); it was recently suggested to represent
a distinct Homo species, Homo juluensis (Bae and Wu, 2024).
Regardless, it is currently the only convincing published description
of UCS pitting outside the present study we could find in the
literature. In addition to this fairly certain identification of UCS
pitting, there are some specimens within Homo that may represent
UCS pitting. A Neanderthal specimen that appears to display de-
fects similar to UCS pitting is Hortus III, although there is some ir-
regularity in the pitting, and it is further down the crown (Fig. 10L).
Pitting that looks similar to UCS pitting is also found in Homo
floresiensis (both LB1 and LB6/1) based on the high-resolution im-
ages in Kaifu et al. (2015a,b). Unfortunately, dental wear, with the
cusps mostly removed, makes comparisons difficult using these
images. Yet the fact that both individuals potentially display UCS
pitting is worth exploring. The specimen identified as Homo aff.
erectus, GAR IVE from the c. 1.7-Ma-old Garba IV site at Melka
Kunture (Upper Awash Basin, Ethiopia) has been described as
having AI (Zilberman et al., 2004). Based on high-resolution images
in Zanolli et al. (2017), it is possible these defects could be
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consistent with UCS pitting. However, a detailed study of the
original material is required as the defects may be more irregular
than those described in the present study.

The paucity of different types of enamel pitting in Homo and
Au. africanus is consistent with normal ‘stress’-related PEH, as
well as the inclusion of localized defects in some descriptions/
studies. Indeed, the mix of LEH, pitting, plane form, and
localized defects described in hominins (excluding Para-
nthropus), is in line with ratios of defects expected based on
human and extant primate studies that compared hypoplasia
types across populations (e.g., Lukacs, 2001a,b; Towle and Irish,
2020; Samuel et al., 2023). In certain cases, an AI etiology
seems likely, which again is in line with current estimates for
recent human populations. That is, the frequency is less than
one in 100 individuals with this genetic condition. However, a
more thorough study, like that of the South African and Omo
specimens, is required for other eastern African sites and
Eurasian hominins to confirm UCS pitting prevalence. A few
likely examples, as noted, suggest UCS pitting is present in
other fossil hominins as it is in archaeological and clinical
human samples (Fig. 10). The latter are rare, associated only
with certain diseases and genetic disorders (mentioned later in
the text).

Unlike Towle and Irish (2019), we did not include anterior teeth
(incisors and canines) in our study. These anterior teeth from DMQ
show substantial LEH, but other defect types including some that
might be pitting or localized hypoplasia are present (Fig. 10IeK).
Robinson (1956) andWhite (1978) also suggested the anterior teeth
of ‘robust’ specimens showed more common enamel defects than
‘nonrobust’ ones, although more recent research found similar
rates or the reverse pattern (Guatelli-Steinberg, 2003; Towle and
Irish, 2019). Upon macroscopic examination, these potential ante-
rior tooth defects show little similarity to the UCS pitting described
here. Often, like other fossil hominin samples, ‘wavy’ irregular
enamel is evident that does not adequately fit within common
hypoplasia categories (plane form, linear, pit, and localized). A
study focusing on enamel defects (and surface morphology) on
complete dentitions is required to understand these features and
their potential association with UCS pitting. However, based on
common enamel defect categories, there does not seem to be evi-
dence for an increase on the anterior teeth in species commonly
showing UCS pitting; this impression is based on LEH comparisons
between P. robustus and Au. africanus (e.g., Guatelli-Steinberg,
2004; Towle and Irish, 2019).

4.2. Uniform, circular, and shallow pitting etiology

The identification of UCS pitting as a specific type of enamel
morphology raises questions about its etiology. Paranthropus and
Australopithecus UCS pitting does not resemble hypoplastic defects
found in typical modern clinical cases of PEH, including those often
associated with premature birth, low birth weight, vitamin D
deficiency, tuberous sclerosis, congenital syphilis, pseudohypo-
parathyroidism, and epidermolysis bullosa (Croft et al., 1965; Purvis
et al., 1973; Stimmler et al., 1973; Seow et al., 1984; Wright et al.,
1993; Gaul et al., 2015; Radu and Soficaru, 2016). Most of these
conditions are associatedwith pitting that is irregular in both shape
and distribution. These medical conditions also affect all teeth, not
just the postcanine dentition, and are typically associated with
other types of severe dental defects. These defects often penetrate
much deeper into the enamel than Paranthropus UCS pitting by as
much as one-third of the full enamel thickness (Arwill et al., 1965;
Hoff et al., 1975; Paulson et al., 1984).
Dental fluorosis Enamel pitting defects have also been associated
with deficiencies or surpluses of certain compounds, including
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dental fluorosis, mercury poisoning, and calcium deficiency
(Fejerskov et al., 1990; Schultz et al., 1998; Ogden et al., 2007;
Ioannou et al., 2015; Radu and Soficaru, 2016). With that said,
Paranthropus and Late Pliocene Australopithecus UCS pitting is su-
perficially similar to some of these examples, so a specific envi-
ronmental or dietary component, or absence thereof, cannot be
completely ruled out.

Dental fluorosis, in particular, is worth consideration, even
though it typically manifests as irregular pittingdin some cases
appearing similar to UCS pitting. Despite extensive research, the
mechanisms behind dental fluorosis remain incompletely under-
stood (Martinez-Mier et al., 2016; Marchenko et al., 2024). It is
clear, however, that elevated fluoride intake is a factor, with clinical
presentations varying by severity. Across the mammal taxa studied,
fluoride-induced changes commonly include discoloration and
structural or mineralization alterations (e.g., Kierdorf et al., 1996;
Aoba and Fejerskov, 2002; Kierdorf et al., 2004; Everett et al., 2011;
Charone et al., 2019). In severe cases, pitting becomes a key marker
of dental fluorosis but is seemingly always accompanied by other
dental alterations, such as coloration changes, obvious histological
and surface mineralization changes, or associated atypical wear
patterns (Aoba and Fejerskov, 2002; Kierdorf et al., 2004; Bronckers
et al., 2009). Histological studies have shown how these structural
changes often produce uniform enamel and affect the appearance
of specific histological features (e.g., Hunter-Schreger bands; striae
of Retzius) or else show modified enamel prism morphology/
structure (Marchenko et al., 2024).

The UCS pitting in the present study is not associatedwith any of
these additional alterations. We see no evidence of atypical wear or
obvious mineralization or coloration changes or changes to enamel
thickness or overall morphology of the crown. Although tapho-
nomic processes might obscure some of these factors, especially
coloration, the major structural or wear differences expected based
on clinical expression of severe fluorosis would be evident on the
fossils. Additionally, based on synchrotron imaging in Smith et al.
(2015), which included specimens identified in the present study
with UCS pitting, there are no clear enamel structural differences
between teeth with and without pitting (based on individual two-
dimensional slices for particular crown positions; online supple-
mental files, Smith et al., 2015). Similarly, in an article on the
P. robustus specimen SK 63 (Dean et al., 1993) with UCS pitting on
the posterior teeth, the histology of the canine (without UCS
pitting but has overlapping developmental times with the teeth
that do) shows no alterations in enamel structure consistent with
severe fluorosis. These examples provide only circumstantial
evidence but do suggest that dental fluorosis is unlikely to be the
etiology of UCS pitting.

Indeed, the connection between fluorosis and an individual with
the UCS pitting is not new: A pit on the Xujiayao juvenile's central
incisor (the only Homo individual with a fairly certain identification
of UCS pitting) was originally suggested to be fluorotic (Chia et al.,
1979). However, Xing et al. (2016) evaluated this claim extensively
and determined that the teeth did not exhibit features consistent
with fluorosis. And, in a subsequent synchrotron analysis of the
same individual (Xing et al., 2019), the internal enamel structure
did not reveal any mineralization defects or deviations from
normal.

It is worth noting that there is a genetic component to the
susceptibility of dental fluorosis in humans and other mammals,
not just at the individual level but also between populations
(Huang et al., 2008; Everett et al., 2008, 2011; Ba et al., 2011; Jiang
et al., 2015; Küchler et al., 2018; Charone et al., 2019). Therefore, it is
possible that the enamel in these hominins is more susceptible to a
particular environmental stimulus (e.g., exposure to high levels of
fluoride in drinking water). This could be in relation to elevated
13
levels compared to other populations (i.e., relating to geology of the
local environment) or due to a physiological process in which
fluoride (even at low levels) puts individuals at risk of accumulating
toxic levels.
Environmentally based physiological stressor Tobias (1967)
considered all enamel hypoplasia in P. boisei individuals to share
an etiology, relating at least partly to chronic illness during dental
development. At present, we consider episodic physiological stress
to be less likely and suggest UCS pitting is most consistent with a
primarily genetic etiology due to six observations: 1) UCS pitting is
not associated with similar pitting or elevated LEH frequencies on
incisors and canines (as observed in direct comparisons of the
Swartkrans material; Towle and Irish, 2019); 2) the remarkable
uniformity of pitting across affected teeth (both deciduous and
permanent); 3) resemblance of defects to those in human cases of a
specific subtype of AI that results from a genetic variant; 4) the lack
of evidence for reduced tooth size or enamel thickness in affected
teeth, which might be expected with severe malnutrition or illness
during dental development; 5) the pattern of UCS pitting on the
crowns does not show the horizontal anomalies associated with a
specific time of disruption to enamel development (LEH or bands of
PEH; Schulze, 1970; Paulson et al., 1984); and 6) UCS pitting is often
expressed in the cusp region of different posterior teeth that do not
form concurrently during dental development, which is inconsis-
tent with an environmentally induced episode of disruption.
Amelogenesis or enamel structural cause Another possible expla-
nation for UCS pitting could result from the observation that
apoptosis of ameloblasts nearing enamel completion can be more
susceptible to stress (Lacruz et al., 2017). The deep LEH (in DMQ)
and potential irregular defects on the aforementioned anterior
teeth (see Fig. 10) could be evidence of a specific environmental
trigger being common in these individuals. Further research
comparing these features on anterior and posterior teeth is
required to access any associations. For example, Witzel et al.
(2006) identify a single accentuated line stress event close to the
outer enamel surface underlying multiple pits in pig teeth. Studies
that explored environmental, seasonal, and developmental changes
through the course of an individual's lifespan may help address this
possibility (e.g., Paine et al., 2019; Dean et al., 2020; Green et al.,
2022).

Tobias (1967) suggested that UCS pitting could be associated
with the formation of crenulations. For example, Pithecia and Pongo
molars regularly show crenulations, and similar undulating enamel
can be observed in fossil apes, such as Rangwapithecus gordoni.
However, this association may not apply to Paranthropus as this
taxon is often characterized by a simplification of occlusal
morphology rather than an increase in the complexity of the
occlusal surface associated with crenulation. Additionally, crenu-
lation and crenation may be related to the thickening of enamel in
relation to the occlusal geometry and may have a precursor at the
EDJ (Guy et al., 2015). In some of these extant and extinct primates
with crenulation, the crown seems to be covered with pitting and
similar ‘defects’ (both occlusal and nonocclusal surfaces), but these
morphologies are actually related directly to normal tooth
morphology (Fig.10A,B). Interestingly, in these primate examples of
crenulation, expression seems variable, with, for example, some
Pithecia showing smooth buccal and lingual surfaces in posterior
teeth, while others havingmarked ‘pitting’ and vertical depressions.

Another aspect of crown and especially cuspal and occlusal
development that needs to be discussed is cusp tip pit(s) (CTPs).
These pits on the apex of cusps are restricted to the enamel
(Ruben et al., 2019; de Sousa and Hara, 2023). Paulson et al. (1984)
described how CTPs often relate to one large pit directly in the
center of the cusp tip, though a collection of small uniform pits can
occur there. It is therefore worth noting that some DMQ,
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Swartkrans, and Omo teeth with UCS pitting also show CTPs (per-
sonal observation, I.T. and M.C.O.). Pits were also found in fusion
lines of human posterior teeth, again with an enamel formation
etiology (Paulson et al., 1984). Although UCS pitting often covers
large areas of the crowns in Omo and South African samples, it is
often most visible in occlusal fissures or cuspal areas with undu-
lating or convex surfaces and therefore may be related to CTPs.

Both the morphology of the posterior teeth and speed of enamel
formation may be part of the UCS pitting and CTP features. For
example, at the cusp tips, the ameloblasts and resulting prisms are
larger than those on the surrounding surfaces (Paulson et al., 1984).
Similar variation in prism width, from the EDJ to the resulting size
at the outer enamel surface, was found to vary by crown position
(Towle and Loch, 2024). Paulson et al. (1984) proposed that the
central core area of the cusp tip may progressively lag behind in
matrix deposition because of fewer ameloblasts per unit area than
in the immediately adjacent cusp slope matrix. Following this logic,
as with CTP, UCS pitting in P. robustus and Omo samples could relate
to the rounded convex surface, where ameloblasts did not syn-
thesize sufficient matrix. Therefore, these pits could result from
widely separated ameloblasts unable to synthesize sufficient
enamel matrix. This would explain why the pits are so shallow and
of uniform depth, since they would only affect the finalization of
enamel formation. It would also explain why they are so uniformly
circular.
Genetics Tobias (1967) supported the notion of a strong genetic
underpinning to UCS pitting, including pitting on the posterior
teeth. He highlighted thework of Colyer (1936), inwhich the role of
heredity is suggested as a major component. Therefore, our pro-
posal for a unique pitting type pattern in some hominins is not
dissimilar from that of Tobias (1967) for P. boisei: ‘Thus, it may be
suggested that the genotype, the developmental stage of the or-
ganism, and the adverse environmental circumstances are jointly
responsible for such a pattern of hypoplasia as “Zinjanthropus”
[P. boisei] shows.’ Here we go a step further, suggesting the genetic
component is the predominant factor for UCS pitting in these
hominins.

Towle and Irish (2019) suggested the rapid evolution of thick
enamel in Paranthropus could be a cause of UCS pitting, since strong
selection on a particular feature can lead to loss of genomic stability
in particular genes or create pleiotropy effects on other character-
istics (Pavli�cev and Cheverud, 2015; Fiddes et al., 2018; Hlusko et al.,
2018). This interpretation leads to two hypotheses. First is that thick
enamel and large posterior tooth size are uniquely associated with
this pitting. This is not supported as we see UCS pitting in earlier
Australopithecus specimens not considered to be robust hominins
(Skinner et al., 2015; Lockey et al., 2020). The second hypothesis is
that the developmental instability associatedwith intense selection
would be deleterious to some degree as enamel defects often
predispose teeth to caries and extreme wear, compromising func-
tionality (Towle et al., 2021). Our study shows that UCS pitting was
common for millions of years, with population occurrences likely
close to half, particularly for Paranthropus (this study; Towle and
Irish, 2019). Given this long duration, high frequencies through
time, and wide geographic range in this lineage, UCS pitting may
not be a pathology per se, even if it does appear to be associated
with evidence of illness/disease, inlcuding dental caries. Uniform,
circular, and shallow pitting may instead be a trait or characteristic,
in a similar manner to nonmetric dental traits and crenulations.

Research on human health suggests that UCS pitting could be a
type of AI, though one that occurred at a much higher frequency
than in humans. Today, AI affects approximately one in every 700 to
14,000 people (Sundell and Koch, 1985; Crawford et al., 2007).
Defects usually include scattered pits and plane-form hypoplasia;
abnormal coloration, thickness, and density of the enamel are also
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common (Wright, 1985; Aldred et al., 2003; Smith et al., 2017). A
specific type of AI, hypoplastic amelogenesis imperfecta (Wright
et al., 1993; Mehta et al., 2013), most closely emulates UCS pitting
in fossil hominins, in that it commonly does not show
discoloration or abnormalities in enamel thickness or density
(Witkop and Sauk, 1976; Witkop, 1988; Seow, 1993). A recent study
highlights a particular genetic mutation that causes presence of
defect on posterior but not anterior primary teeth (Kim et al., 2016),
a pattern that matches what we observe on the fossils.

A similar explanation could relate to an AI type proposed to be
associated with cuspal areas in humans, related to areas receiving
the greatest increase in enamel volume via ameloblasts from the
EDJ to outer enamel (Poulter et al., 2014). Therefore, a genetic
underpinning (e.g., from AI or pleiotropy) could cause this
pitting but only affect crown areas experiencing substantial
changes in enamel volume moving outward in the crown, espe-
cially those with undulating or convex surfaces. Enamel decus-
sation may also be an important factor, given its effect on the
enamel prism process (length and time). Both enamel formation
hypotheses would explain why the cuspal areas in Omo and Par-
anthropus samples are often affected, as well as other areas having
undulating enamel between cusps on the buccal and lingual sur-
faces. Taken together, we suggest UCS pitting on these hominin
teeth relates to specific enamel formation processes. However,
further research is required to test the hypotheses proposed here,
including through histological, microscopy, and nano-CT
techniques.

4.3. Possible implications

Irrespective of its potential connection to pleiotropy or specific
enamel formationprocesses, if caused primarily by a genetic effect or
susceptibility, UCS pitting appears confined to, or at leastmuchmore
common in Paranthropus and eastern African Late Pliocene Austral-
opithecus. It seems unlikely that such a specific featurewould appear
twice in the hominin record. The simplest explanations are that
other hominins (including Homo and Au. africanus) 1) lost this
feature, 2) do not express it due to alterations in physiology and/or
tooth development, or 3) diverged from the lineage before its
appearance. These results therefore lend some support to the
monophyletic grouping for Paranthropus, with the most parsimo-
nious explanation being that this lineage evolved from an eastern
African Late Pliocene Australopithecus, like Australopithecus afarensis.

Even if UCS pitting is heritable, multiple evolutionary processes
and phylogenetic factors must be considered before it can be
confidently applied to hominin taxonomy. Thus, further research
into the genetic underpinnings of the UCS phenotype is needed. If
subsequent studies continue to support our genetic/enamel for-
mation hypothesis, UCS pitting may ultimately prove to be a useful
trait marker for use in hominin phylogenetic reconstructions.

5. Conclusions

This study presents an analysis of enamel pitting in early
hominins, focusing on a distinct form initially identified in P.
robustus, and extending the investigation to other fossil hominins
in Africa. Our findings show that this specific type of pitting, which
we name UCS pittingdcharacterized by circular uniform shallow
pittingdis common in both eastern and southern African Para-
nthropus taxa and is observable in eastern African Late Pliocene
Australopithecus taxa. Uniform, circular, and shallow pitting is ab-
sent or rare in other Australopithecus and fossil Homo taxa. Our
results do not support a correlation between the presence of
enamel pitting and variation in tooth size, enamel thickness, or
cusp proportions. The consistent appearance of this pitting type in
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Paranthropus and early Australopithecus across different paleonto-
logical sites may suggest a shared genetic basis related to enamel
formation, potentially in associationwith specific environmental or
dietary factors. This, in turn, may offer a novel phenotype for use in
hominin taxonomy.
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