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Abstract

Objectives: A modern pattern (rate and duration) of dental development occurs rela-

tively recently during human evolution. Given the temporal overlap of Homo naledi with

the first appearance of fossil Homo sapiens in Africa, this small-bodied and small-brained

hominin presents an opportunity to elucidate the evolution of enamel growth in the

hominin clade. Here we conduct the first histological study of two permanent mandibu-

lar canines and one permanent maxillary first molar, representing three individuals attrib-

uted to H. naledi. We reconstruct the rate and duration of enamel growth and compare

these findings to those reported for other fossil hominins and recent humans.

Materials and Methods: Thin sections of each tooth were produced using standard

histological methods. Daily and longer period incremental markings were measured

to reconstruct enamel secretion and extension rates, Retzius periodicity, canine

crown and molar cusp formation time.

Results: Daily enamel secretion rates overlapped with those from recent hominins.

Canine crown formation time is similar to that observed in recent Europeans but is

longer than canine formation times reported for most other hominins including Aus-

tralopithecus and H. neanderthalensis. The extended period of canine formation

appears to be due to a relatively tall enamel crown and a sustained slow rate of

enamel extension in the cervical portion of the crown. A Retzius periodicity of

11 days for the canines, and nine days for the molar, in H. naledi parallel results found

in recent humans. An 11-day periodicity has not been reported for Late Pleistocene

Homo (H. erectus, H. neanderthalensis) and is rarely found in Australopithecus and Para-

nthropus species.

Discussion: Enamel growth of H. naledi is most similar to recent humans though com-

parative data are limited for most fossil hominin species. The high Retzius periodicity

values do not follow expectations for a small-brained hominin.

1 | INTRODUCTION

Tooth enamel retains a growth record that can be accessed through

histology and utilized to reconstruct enamel growth of hominin

permanent teeth (Bromage & Dean, 1985; Dean et al., 2001; Lacruz

et al., 2008; Lacruz & Bromage, 2006; Reid & Dean, 2006; Smith

et al., 2007; Smith et al., 2015; Xing et al., 2019). These studies indi-

cate that enamel of permanent teeth typically formed rapidly and over
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a shorter duration in Australopithecus and Paranthropus compared to

recent humans. While enamel growth rates in Neandertals are

debated (Guatelli-Steinberg et al., 2005; Ramirez Rozzi & Bermudez

de Castro, 2004; Rosas et al., 2017; Smith et al., 2010), recent

research indicates Neandertal milk teeth formed rapidly over a short

period time and commenced emergence towards the advanced end of

the eruption schedule displayed by recent humans (Mahoney

et al., 2021). The slow pace of enamel growth among living humans is

thought to have emerged relatively recently as it is not observed in

Homo erectus (Dean et al., 2001).

Homo naledi is known from several localities within the Rising Star

cave system of South Africa (Berger et al., 2015; Elliott et al., 2021;

Hawks et al., 2017). Fossil remains from the Dinaledi Chamber are

associated with a geochronological range between c335,000 and

241,000 years ago (Dirks et al., 2017; Robbins et al., 2021), while no

direct estimate of age is available for other localities. The species is

morphologically distinct from other hominin species or populations

that existed in the late Middle Pleistocene, including Neandertals,

Denisovans, early H. sapiens and some H. erectus (Berger et al., 2015;

Dirks et al., 2017; Harvati & Reyes-Centeno, 2022; Hublin

et al., 2017; Schroeder et al., 2017). The endocranial volumes of H.

naledi crania range between 460 and 610 mL (Hawks et al., 2017;

Holloway et al., 2018) and body mass estimates for adults average

between 37 and 44 kg (Garvin et al., 2017). This combination indi-

cates a relationship of brain to body size that is broadly similar to Aus-

tralopithecus and Paranthropus, with an absolutely and relatively

smaller brain size than H. erectus.

Brain size correlates tightly with dental development across pri-

mates (Smith, 1989). It is not surprising therefore that the slow pace

of enamel formation in recent humans is not present in the smaller-

brained australopiths (Dean et al., 2001; Lacruz & Bromage, 2006).

Others have identified a strong relationship between the timing of

enamel layers (Retzius periodicity) and encephalization when com-

pared across fossil hominins (Hogg et al., 2020). Based upon these

studies, the dental development of H. naledi should be similar to ear-

lier hominins. Interestingly, observations from perikymata spacing

indicate the lateral enamel of H. naledi anterior teeth formed in a way

that was more similar to recent humans (Guatelli-Steinberg

et al., 2018). However, lack of information about the number of days

to form a perikyma has prevented the precise assessment of enamel

growth rates and formation times. The sequence of permanent tooth

emergence for a mandible of H. naledi included both modern and

ancestral traits (Cofran & Walker, 2017). The emergence sequence of

premolars followed by a second molar of H. naledi U.W. 101-377 is

usually seen in recent humans, but the relatively late emergence of a

canine is typical of Plio-Pleistocene hominins and chimpanzees

(Cofran & Walker, 2017).

As part of a larger research program aimed at addressing several

aspects of the evolutionary biology of H. naledi, we selected three iso-

lated permanent teeth for invasive sampling. These teeth are a man-

dibular permanent canine (LC), another LC with incomplete cervical

enamel, and an upper permanent first maxillary molar (UM1). These

teeth come from three distinct chambers in the cave system and

represent three different depositional contexts, and therefore three

different individuals. All present diagnostic morphology of H. naledi.

Using histological methods, we reconstruct both the rate at which the

enamel crown increased in thickness and height, and the duration

over which a canine crown and molar cusps formed. Retzius periodic-

ity (RP) values are calculated for each tooth.

1.1 | Homo naledi

The skeleton of H. naledi is a mosaic morphology of ancestral, derived,

and unique traits (Berger et al., 2015; Garvin et al., 2017; Holloway

et al., 2018). Its small brain is similar to Australopithecus (Garvin

et al., 2017; Laird et al., 2017), but parts of the endocranium are orga-

nized in a way that is comparable to other species of Homo (Holloway

et al., 2018). Hand and lower limb bones have traits that are shared

with Australopithecus and Homo (Harcourt-Smith et al., 2015; Kivell

et al., 2015; Marchi et al., 2017) and other parts of the skeleton show

similar levels of mosaicism (Feuerriegel et al., 2017; Williams

et al., 2017; VanSickle et al., 2018; see Bolter et al., 2020 for matura-

tion of skeletal elements).

The H. naledi dental assemblage represents at least 15 individuals

(Berger et al., 2015; Bolter et al., 2020; Bolter & Cameron, 2020).

Molars display a simple crown morphology that increases in size pos-

teriorly (M1 < M2 < M3) like Australopithecus and some early Homo

(Berger et al., 2015). Premolars have a more complex morphology with

tall crowns and well developed metaconids (Davies et al., 2020). Per-

manent teeth are similar to other Homo samples in their near absence

of accessory traits but retain other traits that characterize Pliocene

hominins (Irish et al., 2018). Deciduous teeth have a combination of

morphological traits that in some cases resemble earlier hominins such

as Australopithecus, Paranthropus and early Homo, but in others are

unique to this taxon (Bailey et al., 2019).

Mandibular molar enamel is relatively thick like that of P. robustus

and A. africanus (O'Hara, 2021; O'Hara et al., 2019; Skinner

et al., 2016). The thick dental enamel does not follow the general

trend towards a reduction in enamel thickness that characterizes the

genus Homo over the past 2.5 million years (Lockey et al., 2020;

Skinner et al., 2015). Chipping rates (Towle et al., 2017) and molar

microwear (Ungar & Berger, 2018) indicate H. naledi could have con-

sumed hard foods that may have included grit. Dental topography

(Berthaume et al., 2018), large molar root surface areas (Kupczik &

Skinner, 2018) and thick mandibular molar enamel (Skinner

et al., 2016) suggest that H. naledi teeth resisted high loading stresses

and/or crack propagation.

1.2 | Enamel secretion rates

Developing tooth crowns increase in thickness as enamel cells, called

ameloblasts, deposit new matrix. Enamel matrix secretion is altered

every 24-h in primates leading to alternating dark and bright lines

(Boyde, 1989) or constrictions along the length of prisms (Li &
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Risnes, 2004) named cross striations. Cross striations become visible

when a tooth is prepared as a thin section and viewed under a micro-

scope. The distance between adjacent pairs of cross striations along

an enamel prism is the amount of enamel deposited by ameloblasts

over one 24-h period (e.g., Schour & Poncher, 1937; Zheng

et al., 2013). This can be expressed as a daily secretion rate (DSR) that

is measured in microns per day (e.g., Reid et al., 1998). An enamel

DSR is therefore a measure of the rate that enamel increases in thick-

ness in a particular area of the developing crown. Comparisons

between individuals are usually restricted to similar enamel regions

and the same tooth types (e.g., Beynon et al., 1991; Dean, 1998).

Recent humans and extant great ape teeth typically display a tra-

jectory of enamel growth (e.g., Beynon et al., 1991; Mahoney, 2008),

whereby DSRs commence relatively slowly near the enamel-dentin

junction (EDJ) and accelerate towards the future outer enamel sur-

face. This trajectory has been observed in Australopithecus, Paranthro-

pus, H. habilis, H. erectus and the Middle Pleistocene Xujiayao juvenile

(Lacruz & Bromage, 2006; Lacruz et al., 2008; Xing et al., 2019 their

supplementary table 3). The underlying rate at which ameloblasts

deposit enamel is much faster in some early hominin species when

compared to recent humans, especially towards the outer cuspal

enamel surface of molars in Paranthropus (P. aethiopicus, P. boisei,

P. robustus) and A. africanus (Lacruz, 2007; Lacruz et al., 2008;

Lacruz & Bromage, 2006). High DSRs in these hominin fossils have

been linked to greater tooth size and enamel thickness (Lacruz

et al., 2008).

1.3 | Enamel extension rates

Extension rates are a proxy for the rate at which a developing crown

gains height as new ameloblasts are activated along the EDJ

(Dean, 1998; Shellis, 1984). In recent humans, faster extension rates

occur nearer the dentin horn and slower rates are usually present

nearer the tooth cervix (Guatelli-Steinberg et al., 2012;

Mahoney, 2015). Extension rates are expressed in microns per day.

Several factors are known to influence extension rates within

recent humans. Initial rates relate to the length of the EDJ

(Shellis, 1984). Taller permanent incisors extend faster than shorter

molars, and enamel on molars with longer EDJs will initially spread

quickly over the cuspal region compared to shorter molars (Guatelli-

Steinberg et al., 2012). Canines of recent humans with slower growth

in cervical enamel have lower RP values, while those with higher RPs

do not show the same abrupt slowing in pace in cervical regions

(McFarlane et al., 2014; Reid & Ferrell, 2006).

Only a few studies have reported enamel extension rates for

hominin fossils. Rates for the enamel crown of a lower canine of Para-

nthropus robustus (SK 63), and a first molar crown of H. erectus lie

within the range of recent humans (Dean, 2009). An average crown

extension rate for one canine and two upper molars of Neandertal lay

just above the upper most range of extension rates from a sample of

Europeans and South Africans (Smith et al., 2010).

1.4 | Crown formation times

Because enamel forms incrementally and retains a record of that

growth it is possible to reconstruct the total time taken by amelo-

blasts to form a tooth crown or cusp (e.g., Dean & Beynon, 1991).

When compared to a known age-at-death, histological reconstruc-

tions of crown formation time (CFT) are accurate to within a few days

or weeks for humans (Antoine et al., 2009).

Dean et al. (2001) reconstructed CFT from regression equations,

perikymata and estimated Retzius periodicities, and reported shorter

crown formation times for permanent incisors and canines from

H. erectus, Australopithecus and Paranthropus compared to recent

humans. Comparatively short CFTs have been reported for the post-

canine teeth of Australopithecus (Smith et al., 2015). The total period over

which Neandertal canines formed was shorter than that of recent

humans (Smith et al., 2010) while the lateral enamel of their anterior

teeth formed over a period that is like that of modern humans (Guatelli-

Steinberg et al., 2005). The Middle Pleistocene Xujiayao juvenile has an

upper canine formation time (Xing et al., 2019) that lies within the range

of recent humans (Reid & Dean, 2006), while the CFT of the Irhoud

3 juvenile lies above the range of modern Europeans (Smith et al., 2007).

1.5 | Retzius periodicity

Retzius lines are a long-period incremental marking formed by ameloblasts

(Retzius, 1837). The number of days of enamel secretion between two

adjacent lines is termed Retzius periodicity (RP) (see Section 2.4 for calcu-

lating RP). Among hominins, RP of permanent teeth varies between indi-

viduals, from 5 to 12 or 13 days (McFarlane et al., 2021; Reid &

Dean, 2006; Smith et al., 2015). McFarlane et al.'s (2021) study of n = 223

recent human teeth revealed RP can vary along the tooth row within an

individual, with molars having a lower median RP of 8 days compared to

the median RP of 10 days for anterior teeth. Their finding is consistent

with that of Reid and Dean (2006) who reported a higher mean value in

anterior teeth compared to the mean RP of molars within a population.

Together, these results indicate that it is important during comparisons of

RP that include recent humans, to restrict those comparisons to the same

tooth classes. Whether there is similar variation in RP along the tooth row

in other hominin species, or the great apes, has not yet been determined.

The mean RP of recent humans is higher than that of other homi-

nins (Hogg et al., 2020) though RP values of individual teeth for some

species (e.g., A. anamenis, P. robustus, A. africanus; Smith et al., 2015)

and the Middle Pleistocene Xujiayao juvenile (Xing et al., 2019) lie

within the upper range of values reported for recent humans.

Although the underlying cause of the lines is unknown, inter-specific

analyses of mean or modal RPs reveal a positive correlation between

RP and mean body mass of hominoids (Smith, 2008), Plio-Pleistocene

hominins (Lacruz et al., 2008), and anthropoid primates (Bromage

et al., 2009). Hominins as a group follow the RP-body mass correlation

when examined alongside hominoids, but the inter-specific

correlation with mass is not significant within hominins (Hogg

MAHONEY ET AL. 3
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et al., 2020). There is a significant and positive relationship between

hominin RP and an index of cranial capacity indicating a potential rela-

tionship with encephalization whereby larger-brained species have a

higher RP (Hogg et al., 2020).

2 | SAMPLES AND METHODS

2.1 | Samples

Three isolated permanent teeth assigned to H. naledi were selected

for analysis (Figure 1). U.W. 101-886 is a mandibular right canine from

the Dinaledi Chamber excavated from a context that includes the

commingled remains of at least five H. naledi individuals. This tooth

has a probable antimere (U.W. 101-1126) within the Dinaledi collec-

tion (Delezene et al., 2023). The second tooth selected for analysis

was U.W. 102b-511, a mandibular left canine from the Lesedi Cham-

ber with incomplete cervical enamel (Hawks et al., 2017). The

U.W. 102b-511 canine appears to be still forming at the time of death.

This tooth is associated with two permanent incisors, one premolar

crown and one deciduous molar, all representing a subadult individual

from the 102b locality. The third tooth selected for analysis was

U.W. 101-020, a maxillary left first molar recovered from the surface

of the Hill Antechamber (Elliott et al., 2021). Multiple criteria were

used in the selection of these three teeth for analysis. Each represents

a different individual of H. naledi separated from distinct chambers of

the Rising Star cave system. Occlusal wear is minimal or absent on

each of the teeth, maximizing the extent of evidence from histological

sectioning. First molar and canine teeth were selected to sample the

lifespan from first molar enamel initiation to canine crown completion.

These teeth are from three distinct depositional situations. Geochro-

nological work in the Dinaledi Chamber suggests that the fossil material

from this situation is between 335,000 and 241,000 years old (Dirks

et al., 2017; Robbins et al., 2021). It is not clear whether this age range

also encompasses the skeletal material from the Hill Antechamber (Elliott

et al., 2021), and no estimate of geological age has been presented for

material from the Lesedi Chamber (Hawks et al., 2017). Each of these

teeth has morphology diagnostic of H. naledi, as does surrounding skeletal

material, but it is not yet clear whether these represent the same popula-

tion or may represent populations that lived at different times.

2.2 | Comparative data

Extension rates were calculated for a sample of recent humans from the

UCL-Kent collection and the Newcastle collection. The UCL-Kent collec-

tion was obtained from dental surgeries in northern Britain in the 1960's

and 1970's. The sex of some individuals was known but otherwise all indi-

viduals were anonymous. Thin sections were produced for this sample in

the Histology Laboratory, University of Kent. Ethical approval for histology

research on this collection of teeth was obtained from the UK National

Health Service research ethics committee (REC reference: 16/SC/0166;

project ID: 203541). The Newcastle collection was collected by Dr Cyn-

thia Reid at Witwatersrand Dental Hospital in South Africa between 1986

and 1987. The Newcastle collection consists of existing thin sections. Both

collections are curated in the Histology Laboratory, University of Kent.

Comparative DSRs, CFT and RP for recent humans and a range of

fossil hominins were taken from the published literature. Additionally,

mean canine DSRs were calculated for recent humans and P. robustus

using regression equations provided by Chris Dean (pers' comm).

2.3 | Lab protocol and environment

The teeth were sectioned (see Section 2.4) in the laboratory dedicated

to the extraction and the recovery of ancient proteins at the Globe

F IGURE 1 Photographs of the selected Homo naledi teeth. Top row:
H. naledi. UW. 101-886 lower right permanent canine, labial view. Middle
row: H. naledi. UW. 102b–511 lower left permanent canine, labial view.
Lower row: H. naledi. UW. 101-020 upper left permanent first molar,
occlusal view. M, mesial; D, distal; L, lingual; B, buccal. Scale bar is 1 cm.

4 MAHONEY ET AL.

 26927691, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.24893 by T

est, W
iley O

nline L
ibrary on [19/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Institute, University of Copenhagen, Denmark. Thin sections from

these teeth were transported to the histology laboratory at the Uni-

versity of Kent, UK. The laboratory design and the procedures

adopted in the lab at the University of Copenhagen are conceived to

minimize the contamination of ancient biomolecules with modern

exogenous contaminants. The laboratory is under positive air pres-

sure, and nightly UV-irradiated. All operators working in the labora-

tory are required to wear extensive personal protective equipment

which include a full body suit, additional sleeves, hairnet, face mask,

shoe covers and two pairs of gloves. Sample preparation was per-

formed within a class II biosafety cabinet.

2.4 | Histology

Thin sections from these teeth were transported to the histology lab-

oratory at the University of Kent. Teeth were sectioned through the

midline of the canines and the distal cusps of the molar passing

through the dentin horn. Standard procedures (see Mahoney

et al., 2022) were employed but with one modification to accommo-

date subsequent chemical and molecular analyses. Specifically, teeth

were embedded in crystal bond (Agar Scientific) before additional

embedding in resin (Buehler EpoxiCure), so that the sectioned por-

tions of each tooth could be removed from the resin.

Teeth were cut with a diamond wafering blade using a Buehler

IsoMet low speed machine. Sections were fixed to a microscope slide

(Evo Stick resin), ground with pads of decreasing grit sizes (P400,

P600, P1200), polished with an aluminium oxide powder (Buehler

Micro-Polish), cleaned in an ultrasonic bath, dehydrated in 95% etha-

nol, cleared (Histoclear) and mounted with a cover slip (DPX). Each

section was examined with a high-resolution microscope (Olympus®

BX53) and microscope camera (Olympus® DP25). Images were

obtained and analyzed in CELL® Live Biology imaging software. Stan-

dard histology variables were calculated.

Daily enamel secretion rates in microns per day were calculated

for inner, mid, and outer cuspal and lateral regions of each tooth.

Rates were measured along the long-axis of prisms. Five consecutive

days of enamel secretion, measured in multiple locations within each

region, was used to calculate an overall mean value for that region.

Enamel extension rates in μm per day were calculated for the

length of the EDJ of the canines, and molar. The method is based on

root extension reported by Dean and Vesey (2008) with rates calcu-

lated at fixed intervals of 200, 500, and 1000 μm from the dentin

horn, and every 500 μm thereafter, continuing to the enamel cervix.

Figure 2 shows the way these rates were recorded for U.W. 101-886

LC (magnification of 20�). Point A is located upon the EDJ. The white

dashed line traces an enamel prism path towards the outer enamel

surface for a distance of 200 microns away from the EDJ to point

B. The dark line commencing at B traces the shape of an accentuated

marking back to the EDJ indicated by point C. The distance in microns

between A and C along the EDJ, divided by the time taken to form

the 200-micron prism length, gives the extension rate in microns

per day.

Crown formation time for the U.W. 101-886 canine was calcu-

lated using standard methods (e.g., Mahoney et al., 2007). Formation

time for maxillary molar distal cusps is less frequently reported in the

literature (e.g., Smith et al., 2015) and the distal-lingual cuspal enamel

of U.W. 101-020 was slightly worn. For this distal cusp we recon-

structed cuspal enamel (O'Hara & Guatelli-Steinberg, 2022). This

method is appropriate for reconstructing wear facets on posterior

teeth when the enamel is minimally worn, and the borders of the wear

facet can be easily identified in order to extrapolate the unworn con-

dition. We report cuspal formation time for both the distal-lingual and

distal-buccal cusp so that these data can be accessed by other

researchers.

Canine and molar cuspal enamel formation time was calculated

using the formula: enamel thickness � correction factor / mean daily

rate of secretion. The correction factor accounts for changes in prism

length resulting from prism decussation (Risnes, 1986). A correction

factor of 1.05 was used (e.g., Mahoney, 2008; Risnes, 1986; Schwartz

et al., 2003). Cuspal enamel thickness was measured from the tip of

the dentin horn to the outermost tip of the enamel. For the molar

distal-lingual cusp we used the mid-enamel region DSR from the

distal-buccal cusp. Lateral and cervical enamel formation time was cal-

culated by multiplying the number of Retzius lines by the periodicity.

Where adjacent Retzius lines were indistinct, enamel prism lengths

were divided by secretion rates in that region. The total enamel for-

mation time was calculated by the sum of the time taken to form the

cuspal, lateral and cervical enamel.

Retzius periodicity was calculated in two standard ways in lateral

enamel (Mahoney et al., 2020). For the U.W. 102b-511 lower canine,

we counted daily cross-striations along a prism between two adjacent

Retzius lines (Section 3.4 for images). For the other canine and the

molar, RP was calculated from prism lengths divided by local DSRs

(e.g., Dean et al., 1993; Mahoney et al., 2007; Schwartz et al., 2001;

Smith, 2008). The distance between four to six adjacent Retzius lines

was measured, corresponding to three to five repeat intervals

F IGURE 2 Calculating enamel extension rates for U.W. 101-886

mandibular canine. See methods for details.

MAHONEY ET AL. 5
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respectively, and divided by three or five. This distance between two

adjacent Retzius lines was then divided by the grand mean DSR to

yield an RP value.

2.5 | Analyses

Data are described through mean values, standard deviations, and

ranges. A linear regression analysis is conducted on log-transformed

mean RP and mean encephalization of hominins.

3 | RESULTS

3.1 | Enamel secretion rates

Mean DSRs for the U.W. 101-886 and U.W. 102b-511 canines, and

the U.W. 101-020 molar, increased towards the outer enamel surface

relative to the inner and mid-enamel regions (Tables 1 and 2). Mean

secretion rates for cuspal and lateral regions of the canines and molar

are slightly higher than mean rates reported from equivalent regions

in recent humans though DSRs from the H. naledi dental samples lie

well within the range of recent humans (Tables 1 and 2).

Mean rates for the molar of H. naledi are slightly higher than the

mean DSRs reported for molars from H. erectus. However, the range

of DSRs from H. naledi overlap with H. erectus in outer cuspal enamel,

and the Atapuerca hominins in lateral enamel regions (Table 2). The

high DSRs that are present in the outer cuspal enamel of molars from

some australopiths (P. robustus, P. aeithiopicus, P. boisei, and

A. africanus) and the canine of SK 63 (P. robustus) are not present in H.

naledi (Figure 3, Table 2).

3.2 | Enamel extension rates

Mean extension rates for the U.W. 101-886 and U.W. 102b-511

canines lie within the range of rates from our sample of recent

humans (Figure 4a; see Table S3 for data). U.W. 101-886 extended in

height for a longer period compared to the recent human canines,

which occurred because the enamel crown was relatively tall with a

long EDJ (Table S4 for data). Rates for the final 3 mm (from 10.5 to

13.5 mm) of cervical crown extension for UW 101-886 lay between

2.9 and 3.5 μm/day. These rates were slow compared to the mean

rates of 3.5–4.1 μm/day present in the final 3 mm (from 7.5 to

10.5 mm) of crown extension in our comparative sample of recent

humans. The most cervical enamel was missing from U.W. 102b-511

so final extension rates were not calculated for this portion of this LC.

The U.W. 101-020 molar extended in height at a rate that lies

within the range of rates from a sample of recent human maxillary first

molars (Figure 4b; Table S5 for data). Rates for the final 2 mm (from

4.5 to 6.5 mm) of cervical crown extension for UW 101-020 lay

between 3.0 and 5.1 μm/day. These cervical extension rates were

slow compared to the mean crown extension rates of 4.8–5.6 μm/day

from an equivalent region of enamel in our comparative sample of

recent humans.

3.3 | Formation times

The U.W. 101-886 canine formed over 2014 days (5.76 years;

Table S6). This CFT lies above the range of LC formation times

reported for recent South African humans, australopiths and Neander-

tals but lies within the range of times reported for recent Europeans

(Table 3).

TABLE 1 Canine enamel daily enamel secretion rates in microns per day for U.W. 101-886 and U.W. 102b-511 (bold) and a comparative
sample of recent humans (see Table S1 for inner enamel).

Enamel region Species Sex n Mean SD Min Max Source

Middle cuspal H. naledi 2 4.26 0.46 3.84 4.83 This study

Recent humans M 33 3.72 0.38 2.91 4.58 Aris et al., 2020

F 33 3.81 0.31 2.86 4.29 Aris et al., 2020

Outer cuspal H. naledi 2 5.16 0.55 4.01 5.56 This study

Recent humans 19 4.92 0.42 4.18 5.77 Schwartz et al., 2001

Recent humans M 27 4.17 0.5 3.42 5.05 Aris et al., 2020

F 31 4.31 0.48 3.16 5.37 Aris et al., 2020

Middle lateral H. naledi 2 4.11 0.31 3.69 4.59 This study

Recent humans M 44 3.65 0.33 2.99 4.42 Aris et al., 2020

F 41 3.8 0.31 2.86 4.29 Aris et al., 2020

Outer lateral H. naledi 2 4.37 0.35 4.01 4.85 This study

Recent humans 19 4.38 0.32 3.98 4.97 Schwartz et al., 2001

Recent humans M 42 4.05 0.37 3.35 4.75 Aris et al., 2020

F 40 4.15 0.4 3.03 4.81 Aris et al., 2020

Note: H. naledi buccal and lingual enamel rates are combined.
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TABLE 2 Molar enamel daily enamel secretion rates for U.W. 101-020 (bold) and the comparative sample of recent and fossil hominins
(cervical enamel DSRs are in Table S2).

Enamel region Species Tooth n Mean SD Source

Middle cuspal H. naledia UM1 1 4.83 0.33 This study

Recent humans LMs 10 4.50 0.55 Lacruz & Bromage, 2006

Recent humans U/LMs 15 4.30 0.70 Beynon et al., 1991

Recent humans LM1 15 4.15 0.56 Mahoney, 2008

H. erectus LMs 2 4.46 Lacruz et al., 2008

P. robustus LMs 4 6.12 0.56 Lacruz & Bromage, 2006

A. africanus LMs 4 5.80 0.30 Lacruz & Bromage, 2006

A. anamensis U/LMs 2 5.04 Lacruz et al., 2008

A. afarensis LMs 3 4.66 Lacruz et al., 2008

P. aethiopicus LM3 1 5.31 Lacruz et al., 2008

P. boisei LMs 4 5.74 Lacruz et al., 2008

Outer cuspal H. naledia UM1 1 5.31 0.31 This study

Recent humans U/LMs 12 5.10 0.70 Beynon et al., 1991

Recent humans LM1 15 4.55 0.61 Mahoney, 2008

Recent humans M 10 5.25 0.58 Lacruz & Bromage, 2006

H. erectus LMs 2 5.19 Lacruz et al., 2008

P. robustus LMs 5 7.25 0.44 Lacruz & Bromage, 2006

A. africanus LMs 5 6.62 0.55 Lacruz & Bromage, 2006

A. anamensis U/LMs 2 5.47 Lacruz et al., 2008

A. afarensis LMs 3 5.84 Lacruz et al., 2008

P. aethiopicus LM3 1 6.53 Lacruz et al., 2008

P. boisei LMs 4 7.15 Lacruz et al., 2008

Middle lateral H. naledia UM1 1 4.55 0.31 This study

Recent humans M 10 4.30 0.50 Lacruz & Bromage, 2006

Recent humans U/LMs 15 4.00 0.40 Beynon et al., 1991

H. erectus LMs 2 4.20 Lacruz et al., 2008

Atapuerca homininsb M3 1 4.37 0.41 Modesto-Mata et al., 2020

P. robustus LMs 5 5.63 0.27 Lacruz & Bromage, 2006

A. africanus LMs 5 5.25 0.39 Lacruz & Bromage, 2006

A. afarensis LMs 3 4.76 Lacruz et al., 2008

P. aethiopicus LM3 1 4.86 Lacruz et al., 2008

P. boisei LMs 2 4.99 Lacruz et al., 2008

Outer lateral H. naledi UM1 1 5.26 0.28 This study

Recent humans U/LMs 13 5.00 0.50 Beynon et al., 1991

Recent humans M 10 4.80 0.67 Lacruz & Bromage, 2006

H. erectus LMs 3 4.86 Lacruz et al., 2008

Atapuerca homininsb LM 4 4.77 0.29 Modesto-Mata et al., 2020

P. robustus LMs 5 6.59 0.27 Lacruz & Bromage, 2006

A. africanus LMs 6 6.11 0.37 Lacruz & Bromage, 2006

A. afarensis LMs 2 5.32 Lacruz et al., 2008

P. aethiopicus LM3 1 5.52 Lacruz et al., 2008

P. boisei LMs 5 5.84 Lacruz et al., 2008

aData for distal cusps combined.
bData for outer lateral enamel is for an M1, M2 and M3 combined to produce mean and SD.
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The reconstructed upper M1 (U.W. 101-020) distal-lingual cusp

formed over 1187 days and the distal-buccal cusp formed over

597 days. The UM1 distal-lingual cusp formation time is higher than

that reported for recent humans (mean = 1088 days), A. africanus

(959 days) and P. robustus (758 days) (Smith et al., 2015).

3.4 | Retzius periodicity

The U.W. 102b-511 canine had an 11-day periodicity that was calcu-

lated from two direct counts of cross stations (Figure 5). Periodicity

for the U.W. 101-886 canine was 11 days, and the U.W. 101-020

molar had a nine-day periodicity.

Periodicities of nine and 11 days for H. naledi lie within the range

of RPs reported for recent humans (McFarlane et al., 2021),

A. anamensis and A. africanus (Smith et al., 2015). The H. naledi RPs

overlap with those from P. robustus, the one value reported for the

Middle Pleistocene Xujiayao juvenile (Xing et al., 2019), and the upper-

most value from fossil H. sapiens, Irhoud 3 (Smith et al., 2007)

(Figure 6). When excluding any potential variation in RP due to tooth

type, RPs of 11 days for the two H. naledi canines lie above the modal

value of nine days reported for modern human canines (McFarlane

et al., 2021; Reid & Dean, 2006). An RP of nine days for the H. naledi

molar is higher than the modal value of eight days reported for human

molars (McFarlane et al., 2021; Reid & Dean, 2006).

4 | DISCUSSION

4.1 | Enamel growth rates

The trajectory of ameloblast secretion for these H. naledi canines and

molar is typical of permanent enamel growth in most hominoids.

Enamel was secreted rapidly towards the outer enamel surface rela-

tive to regions nearer the EDJ which has been observed in Miocene

hominoids and recent humans, as well as extant great apes (Beynon

et al., 1991; Mahoney et al., 2007; Schwartz et al., 2001). Each crown

gained height quickly near the dentin horn and slowly towards the

cervix, which has been reported for a lower canine of Paranthropus

robustus (SK63), first molars of Neandertal, H. erectus (Dean, 2009)

and teeth of recent humans (Guatelli-Steinberg et al., 2012;

Mahoney, 2015). Faster DSRs and extension rates in molars compared

to canines of H. naledi are similar to the variation in enamel growth

rates that we observed between these tooth types in recent humans

(Figures S1, S2).

Enamel secretion rates of H. naledi resemble those of recent

hominins. DSRs near the EDJ were, on average, only slightly faster in

H. naledi than recent humans and H. erectus. Those from molar outer

enamel regions were much lower than the DSRs reported for Para-

nthropus and Australopithecus (Lacruz et al., 2008; Lacruz &

Bromage, 2006). It is important to note that these observations have

been based on very few Pleistocene hominin teeth (which includes

H. habilis, H. erectus, H. antecessor, H. heidelbergensis, H. floresiensis).

F IGURE 3 Scatter plot illustrating the rate of canine enamel
formation. The plot illustrates that P. robustus (SK 63) has a faster rate
of enamel secretion compared to H. naledi (U.W. 101-886) and recent
humans producing a greater depth of enamel thickness in a shorter
period. The plot is created from multiple DSR measurements from the
H. naledi canine, and mean DSRs for the same region in a sample of
recent humans and P. robustus that were calculated from regression
equations provided by Chris Dean (pers. Comm).

F IGURE 4 Extension rates compared between H. naledi and
recent humans for (a) canines, and (b) molars.
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For this reason, it remains to be seen whether the similarities in

enamel growth rates with recent humans are a shared derived pattern

or whether these similarities may instead be plesiomorphic.

The rate at which each of the H. naledi crowns gained height was

within the range of our sample of European and South African

humans except for cervical enamel. The U.W. 101-886 canine had a

very slow rate of cervical extension. This is consistent with observa-

tions from the distribution of perikymata on the lateral surface of H.

naledi permanent anterior teeth, which suggested the pace of forma-

tion might be slower in cervical enamel compared to other hominins

(Guatelli-Steinberg et al., 2018).

When variation in crown height is controlled, canines of recent

humans that have slower growth rates in cervical enamel tend to have

lower RPs, while those with higher RPs do not show the same abrupt

slowing in the pace of enamel formation in this region (McFarlane

et al., 2014; Reid & Ferrell, 2006). Modern human molars that have taller

TABLE 3 Histologically derived
hominin mandibular canine formation
times.

Species Tooth n Days Source

H. naledi U.W. 101-886 LC 1 2014 This study

Recent humans—Europe LC 13 1993–2139a Reid & Dean, 2006

Recent humans—South Africa LC 25 1638–1750a Reid & Dean, 2006

H. sapiens—fossil (Irhoud 3) LC 1 2439 Smith et al., 2007

Homo sp.—Xujiayao UC 1 1812 Xing et al., 2019.

H. erectus—Sanigran UC 1 1377–1653 Dean et al., 2001

Neandertal LC 1 1305 Smith et al., 2010.

Neandertal UC 1 1228-1241 Smith et al., 2010

P. robustus (SK 63) LC 1 1273 Dean et al., 1993

Australopithecus LC 5 1360–1646 Dean et al., 2001

Paranthropus LC 6 1040–1246 Dean et al., 2001

Early homo (SK 27) UC 1 1497–1803 Dean et al., 2001

A. anamensis LC 1 988 Smith et al., 2015

A. anamensis LC 1 1280–1499 Smith et al., 2015

A. africanus UC 1 1014 Smith et al., 2015

P. robustus LC 1 938 Smith et al., 2015

P. robustus LC 1 1558 Smith et al., 2015

P. robustus UC 1 818 Smith et al., 2015

aRange calculated from their reported mean and one SD.

F IGURE 5 Retzius periodicity for the
U.W. 102b-511 mandibular canine. (a) Retzius
lines at a magnification of 4� in the U.W. 102b-

511 canine. (b) Close up (20�) of A, showing three
Retzius lines indicated by large white arrows with
cross striations running between the three
adjacent lines. (c) Image B duplicated with two
direct counts of cross striations illustrated by
small white arrows. Each count of cross striations
between two adjacent Retzius lines gives an RP of
11 days (12 cross striations minus 1 = RP of
11 days). Zoom in to count cross striations.
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crowns, and modern human anterior teeth with more tightly compacted

perikymata in the cervical portion of the tooth, both tend to have faster

initial extension rates at the dentin horn (Guatelli-Steinberg et al., 2012). It

is difficult to know if the relationships observed in humans would hold for

H. naledi as the longer period of cervical extension probably alters things.

If the U.W. 101-886 canine followed the recent human pattern, then the

slow pace of cervical growth would fit a lower RP not the higher RP we

report. It is clear that the initial extension rate of these H. naledi canines is

not fast compared to our human comparative sample.

4.2 | Crown formation time

The U.W. 101-886 lower canine formed over a longer period com-

pared to CFTs reported for all hominins except those from recent

Europeans and the Irhoud 3 fossil human child. It is likely that the slow

rate of cervical extension (Figure 4a) combined with a long EDJ

(Table S4 for data) to produce a high CFT for H. naledi. The EDJ length

of 12.86 mm for the U.W. 101-886 canine lay just above the EDJ

lengths that ranged between 7.64 to 12.66 mm (mean = 10.34 mm)

in a sample of recent human lower canines (Table S4).

4.3 | Retzius periodicity

An 11-day periodicity for the U.W. 101-886 and U.W. 102b-511

canines is not unusual. It lies within the upper range of RPs reported

for recent humans (McFarlane et al., 2021) and it has been observed

in A. africanus and A. anamensis (Smith et al., 2015). Furthermore, a

12-day periodicity is present in recent humans and was observed in

F IGURE 6 Retzius periodicity in
hominins (see Table S7 for data and
sources).

F IGURE 7 Index of mean cranial capacity and
mean Retzius periodicity for hominins. See
Table S8 for data and sources.
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P. robustus (McFarlane et al., 2021; Smith et al., 2015). However,

these high RP values are not representative of the RPs that are typical

of fossil hominins. Analyses of currently available data indicate that

when fossil hominins are considered as a group, they have a modal RP

of 7 days (Table S7), and a mean periodicity that is significantly lower

than the mean RP of recent humans (Hogg et al., 2020). Australopiths

have a modal RP of 7 days (Table S7).

Accumulating evidence indicates that RP reflects an underlying

biological cycle that acts upon the mammalian hypothalamus. It is

hypothesized that the cycle regulates cell growth when compared

between mammalian species (Bromage et al., 2009), and it has been

observed that RP relates to body mass and maturation rate within

human adolescents (Mahoney et al., 2022). These findings have been

important for developing ideas about the evolution and pace of pri-

mate life history (Bromage et al., 2012), whereby the higher mean RP

of recent humans relative to other hominins may relate to a unique

life history profile (e.g., Hogg et al., 2020).

Mean RP scales positively and significantly with relative encepha-

lization (endocranial volume / body mass) when just hominins are con-

sidered (Hogg et al., 2020). Relative encephalization for H. naledi is

13.2 calculated from an endocranial volume of 535.0 mL and body

mass of 40.5 kg (mean values calculated from Garvin et al., 2017;

Hawks et al., 2017; Holloway et al., 2018). When H. naledi is included

in a regression analysis of log-transformed mean RP and mean ence-

phalization of hominins, the relationship is not significant (linear

r = 0.209, p = 0.539). This occurs because H. naledi does not scale as

expected (Figure 7). When H. naledi is removed, the relationship is sig-

nificant (r = 0.714, p = 0.020).

Other than Neandertal and P. robustus, most fossil hominin spe-

cies are currently represented by a few RP values. As sample sizes

increase future studies can determine if the relatively high RP we

observed in H. naledi is characteristic of this species, and if this points

towards a life history signal that differs compared to other hominins

with lower RPs. Based on the few RP values we report, it would seem

likely that the biological pathway that links mean RP to encephaliza-

tion is different for H. naledi (Figure 7). An RP closer to seven days

might have been expected, rather than nine or 11 days, given that H.

naledi has an encephalization quotient that is similar to Australopithe-

cus (Garvin et al., 2017). Yet, even though H. naledi has an

australopith-sized brain, it shared aspects of brain organization with

larger-brained species of Homo (H. habilis, H. rudolfensis, H. erectus,

H. sapiens) (Holloway et al., 2018). It is possible that the shared

aspects of neuroanatomy may indicate shared behaviors related to life

history. Future studies might investigate if information from endocast

morphology is important for understanding the disassociation we

observed between RP and encephalization.

It is important to recognize that we have not considered the

full spectrum of the capacity of mammalian ameloblasts

(e.g., Ungar, 2015). The terms “relatively fast” or “slow” have been

applied here to the enamel growth of fossil hominins. But hominin

enamel growth can represent the slow end of a continuum among

mammals. In wild boar for example, DSR values can centre around

20 μm/day in the outer enamel of molars (Kierdorf et al., 2019). Molar

enamel extension rates of domestic pig can reach over 300 μm/day

(Emken et al., 2023). In this context, the “fast” enamel growth rates of

some australopiths would be quite slow.

4.4 | Dental development of H. naledi

Our histology study adds new information about the dental development

of H. naledi. On average, enamel was secreted slightly faster in two

canines and a molar compared to recent humans and H. erectus, but the

fast DSRs present in some australopiths and Paranthropus were not pre-

sent in H. naledi. The canine formed over a long and ‘human like’ period
with a very slow rate of extension in cervical enamel. When considered

alongside previous research, these findings indicate that the dental devel-

opment of H. naledi has a mosaic ontogeny, with enamel growth that

resembles recent humans combined with aspects of tooth emergence

that are both modern and more primitive.
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