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Life-history inference is an important aim of paleoprimatology, but
life histories cannot be discerned directly from the fossil record.
Among extant primates, the timing of many life-history attributes
is correlated with the age at emergence of the first permanent
molar (M1), which can therefore serve as a means to directly
compare the life histories of fossil and extant species. To date, M1
emergence ages exist for only a small fraction of extant primate
species and consist primarily of data from captive individuals,
which may show accelerated dental eruption compared with free-
living individuals. Data on M1 emergence ages in wild great apes
exist for only a single chimpanzee individual, with data for gorillas
and orangutans being anecdotal. This paucity of information limits
our ability to make life-history inferences using the M1 emergence
ages of extinct ape and hominin species. Here we report reliable
ages at M1 emergence for the orangutan, Pongo pygmaeus (4.6 y),
and the gorilla, Gorilla gorilla (3.8 y), obtained from the dental
histology of wild-shot individuals in museum collections. These
ages and the one reported age at M1 emergence in a free-living
chimpanzee of approximately 4.0 y are highly concordant with the
comparative life histories of these great apes. They are also consis-
tent with the average age at M1 emergence in relation to the tim-
ing of life-history events in modern humans, thus confirming the
utility of M1 emergence ages for life-history inference and provid-
ing a basis for making reliable life-history inferences for extinct
apes and hominins.
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To fully understand the evolution of primate life histories, it is
important to be able to evaluate the life histories of fossil

species within the wider context of those of extant primates. The
correlations between molar eruption schedules and various life-
history variables provide a means to do this (1). The age at first
molar (M1) emergence in particular provides a reliable proxy
from which to infer the overall pace of life history in fossil spe-
cies (1). This requires accurate knowledge about the relation-
ships between M1 emergence and various life-history attributes
in living species. However, there are currently deficiencies in the
data on extant primate M1 emergence ages that limit the accu-
racy and reliability of life-history inference for fossil species.
First, data on age at M1 emergence exist for only 26 primate

species (2–4), and there are major impediments to expanding this
database by the usual methods, most of which require long-term
field or laboratory studies wherein animals are sedated at regular
intervals for radiography and/or to monitor tooth emergence.
Given the difficulty of collecting dental emergence data from
living animals using these techniques, the number of species in the
sample is not likely to increase greatly. Apes in particular are
poorly represented, and no reliable data exist for any species other
than the common chimpanzee, Pan troglodytes (5, 6). Second, the
extant primate database has been constructedmostly using captive
animals (2). There is now evidence suggesting that captive animals
exhibit accelerated development compared with free-living indi-
viduals, including earlier emergence of teeth (4, 7–10).
These deficiencies have led some to question the reliability and

usefulness of M1 emergence ages for inferring the life histories of

fossil species, including fossil hominins (11). Thus, it is critical
to obtain M1 emergence data on additional species, especially
African and Asian apes, and to obtain these data from noncaptive
animals. Here we report reliable ages at M1 emergence for the
orangutan (Pongo pygmaeus pygmaeus) and the gorilla (Gorilla
gorilla gorilla), obtained from wild-shot individuals in museum
osteology collections and calculated entirely from the incremental
growth lines preserved in the enamel and dentine of the teeth.
Teeth preserve both short- and long-period growth lines that are

visible in histological thin sections. These include, respectively,
daily cross striations and Retzius lines in the enamel and the cor-
responding von Ebner and Andresen lines in dentine (12–15).
Although there is intra- and interspecific variation in Retzius/
Andresen line periodicity (i.e., the number of daily short-period
lines betweenadjacent long-period lines), within any individual the
periodicity is constant (12, 14, 16). Counts of these lines, therefore,
reveal the time taken to form a tooth, including the tooth crown
and howevermuch root had formed at the time of death (17) (Figs.
1 and 2; seeMaterials andMethods). The correlations between life-
history variables and age at M1 emergence are particularly fortu-
itous because, in all higher primates, the M1 begins to form at or
just before birth. Therefore, in an individual that diedwhen theM1
was emerging, the total formation time of the M1 yields both the
age at death as well as the age at M1 emergence.
Ground sections were prepared from the M1s (one maxillary,

one mandibular) of two Pongo individuals and one Gorilla (man-
dibular), all of whomdied while theM1was erupting (Fig. 1; see SI
Materials and Methods). All could be demonstrated to be just past
the stage of initial gingival penetrance—the clinical definition of
tooth emergence—despite the lack of gingival remnants in
osteological specimens. In one of the Pongo teeth, the cusps were
slightly higher than the level typical of gingival emergence, based
on comparisons versus other primate individuals for which there is
a radiographic record of eruption and direct observations of gin-
gival emergence (18). In the second Pongo M1, and in that of the
gorilla, eruption had also proceeded slightly beyond initial gingival
emergence, indicated by the presence of food protein stain only at
the tips of some cusps and delimited by a distinct gingival line (19).
Total formation time (TFT) for each M1 was calculated from

the mesial cusp region (plus one section through the distal cusps
in one of the Pongo specimens) using two different methods, one
using the incremental lines in both the crown enamel and root
dentine, and the other using only the axial dentine extending
from the tip of the dentine horn underlying the tooth crown to
the last-formed dentine adjacent to the pulp chamber (see
Materials and Methods). TFT for one of the Pongo M1s was
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calculated using both the enamel-plus-dentine and the dentine-
only methods to check for consistency of results.

Results
Summary results from each of the histological sections are shown
in Table1 (see Tables S1–S3 for full details). For the two Pongo
individuals, total M1 formation times, and therefore ages at
death, were nearly identical at 4.78 and 4.66 y, respectively. Dif-
ferent age determinations from the first individual were highly
consistent regardless of the method used (4.76 vs. 4.79 y) or
whether the section was from the mesial or distal cusps (4.79 vs.
4.80 y). As the M1s of both Pongo individuals had undergone
gingival emergence, age at M1 emergence in both would have
been somewhat earlier than the age at death. Based on the
position of the mesial cusps in relation the deciduous premolars
and the alveolar margin of the mandible, eruption had proceeded
somewhat further in the first individual. Therefore, slightly more
time had probably elapsed between M1 emergence and death in
this individual than in the second. We estimate this elapsed time
at approximately 2 months in the first individual and 1 month in
the second, or 0.17 and 0.08 y, respectively (see SI Materials and
Methods). This results in an estimated age at M1 gingival emer-
gence of 4.6 y in both individuals. However, we note that, although
we did not observe prenatally formed enamel (delimited by an
accentuated neonatal growth line [Fig. 1B]) in either Pongo indi-
vidual, if prenatal enamel was in fact present in these individuals,
the ages at death would be reduced by approximately 1 month and
ages at gingival emergence would be closer to 4.5 y (see Table S1).
Age at death in the gorilla individual was calculated to be 3.91 y.

As in the two orangutans, M1 emergence slightly preceded death
in this individual, and by approximately the same amount of time
judging by the extent of protein stains on the cusps. Therefore, age
at M1 emergence is estimated to have been at 3.8 y, or nearly 1

year earlier than in the two orangutans. However, because, in
primates, the mandibular M1 nearly always emerges somewhat
earlier than the maxillary M1 (ref. 2; see SI Materials and Meth-
ods), and because one of our two orangutan specimens is a max-
illary tooth, the difference between Pongo and Gorilla might not
be quite as great as suggested by these results.

Discussion
Themedian age atM1 emergence in captive chimpanzees is 3.18 y
for the maxillary M1 (range, 2.26–4.38 y) and 3.15 y for the
mandibular M1 (range, 2.14–3.99 y) (6). Based on these data, plus
questionable estimates of 3.5 y for both Gorilla (20) and two
captive Pongo individuals (2), mean ages at M1 emergence for all
of the great apes have commonly been reported to be in the range
of 3.0 to 3.5 y. Until now, the only reliable estimate for age at M1
emergence in noncaptive apes was for a single individual of Pan
troglodytes verus, at approximately 4.1 y for the maxillary M1 (4).
The likely age of emergence for the mandibular M1 in this indi-
vidual was approximately 3.8 to 3.9 y, resulting in a combined age
of M1 emergence of approximately 4.0 y (see SI Materials and
Methods). The M1 emergence ages for noncaptive animals
reported here of 4.6 y in Pongo and 3.8 y in Gorilla (mandibular
M1 only) offer support for the likelihood of a later average age at
M1 emergence in free-living chimpanzees than in captive animals.
Although the M1 emergence age for Pongo is based on only two
individuals, the uniformity of the two values suggests that the
average age at M1 emergence in the orangutan is likely to be
substantially greater than in chimpanzees or gorillas, although
data frommore individuals will be needed to confirm this. The age
atM1 emergence of 3.8 y in theGorillamandibularM1 is the same
as our estimate of 3.8 to 3.9 y for the mandibular M1 in the
noncaptive chimpanzee (4), but, again, more data will be needed

Fig. 1. Polarized lightmicrographof a section through themesial cusps (protoconidon left) of theGorilla gorillaM1 (specimenZSM1913/1163). (A) Entire section
and (B)magnifiedviewof theprotoconid cusp showing theneonatal line (redarrows) in theenamel. (C)Magnifiedviewof the lateral enamel illustrates a seriesof
successive striae of Retzius (white arrows) that appear as black lines running from the outer enamel surface (left) toward the dentine (lower right).
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to determine if the means for these two great apes are in fact
coincident (as discussed further later).
Although limited, the cumulative data therefore suggest that

the average age at M1 emergence in noncaptive extant great apes
ranges from just younger than 4 y to just older than 4.5 y, or
approximately 1 year later than previously supposed.
The ages at M1 emergence reported here, particularly those

for Pongo, as well as the later age reported for noncaptive Pan
(4), are also consistent with the comparative life histories of
these species in relation to one another and in comparison with
that of modern humans. Ages at M1 emergence between 3.0 and
3.5 y for great apes represent only approximately 52% to 60% of
the average age at M1 emergence of 5.8 y in modern humans, the
latter based on an average of various non-European/nonwhite
American populations (21, 22) (see SI Materials and Methods). In
contrast, the ages for M1 emergence reported here for wild great
apes represent 65% to 80% of the modern human value. This

range is more concordant with the durations or ages of attain-
ment for many key life-history attributes of great apes, which are
generally in the range of 55% to 80% of the modern human
values (Table 2) (23–27).
The relatively late age at M1 emergence for Pongo compared

with those of the other great ape species is particularly note-
worthy. Recent findings on the life histories of wild orangutans
reveal that many life-history milestones occur much later than in
chimpanzees or gorillas, and that life stages are consequently of
longer duration (26, 28, 29) (Table 2). The late ages at M1
emergence in the two Pongo individuals described here are
consistent with this more prolonged life-history profile. The
estimated age at M1 emergence in the gorilla, at 3.8 y, is likewise
broadly compatible with the comparative life-history data for
great apes and humans (Table 2). Based on the even shorter life-
history schedule in gorillas than in chimpanzees, we would pre-
dict that analyses of larger samples would show a somewhat

Table 1. Summary of crown formation time, root formation time, total tooth formation time,
and age at death for the two P. pygmaeus M1s and the G. gorilla M1

Parameter

P. pygmaeus pygmaeus

G. gorilla gorillaIndividual 1 Individual 2

Prenatal formation, d (y) 0* 0* 48 (0.13)
CFT , d (y) 1,079 (2.96)† 1,152 (3.16) 1,025 (2.81)
RFT , d (y) 671 (1.84)† 547 (1.49) 449 (1.23)
TFT (CFT + RFT), d (y) 1,749 (4.79) 1,699 (4.66) 1,474 (4.04)
TFT (dentine)‡, d (y) 1,737 (4.76) NA NA
Age at death, y 4.78§ 4.66 3.91||

CFT, crown formation time; RFT, root formation time.
*Prenatal enamel was not observed, but some prenatal enamel formation is common in Pongo M1s (see text).
†Average of crown and root formation times from mesial and distal M1 sections (see Table S1 for details).
‡Method II determination for this individual only (see Materials and Methods and Table S1 for details).
§Represents the average TFT derived from both the mesial and distal sections (both determined by method I; see
Materials and Methods) and from the axial dentine (method II).
||Age at death = 4.04 − 0.13 y.

30µm

30.52µm 

29.42µm 

29.93µm 

A B

Fig. 2. Close-ups of a section through the mesial cusps of the Pongo pygmaeus M1 (UIC specimen). (A) Striae of Retzius in the lateral enamel (long white
arrows) outcropping at the outer enamel surface (right) and daily cross-striations (short white arrows). (B) Close-up of a field of dentine tubules that run
obliquely from the upper left to lower right; arrows indicate linear measurements across 10 successive daily von Ebner lines, which can be seen oriented
perpendicular to the long axis of the tubules. In this region of dentine, the daily lines are spaced, on average, 2.99 μm apart.
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earlier mean age at M1 emergence in the former. Moreover, the
schedule of M1 eruption among Gorilla subspecies might be
expected to vary, with the faster-growing and more folivorous
mountain gorilla (G. g. beringei) predicted to possess an even
earlier eruption age than the more frugivorous western lowland
gorilla analyzed here (30, 31).
It has recently been claimed that body mass is a better pre-

dictor of great ape life histories than “dental development,” and
that the latter is only weakly related to the timing of life-history
events (11), but there are several problems with this analysis.
First, the authors of this study (11) included data from the entire
dentition rather than just the first molar, whereas it is the latter
that is most strongly correlated with the timing of life-history
events (1). Second, they included data on tooth crown formation
as well as crown emergence, despite there being almost no dif-
ference in M1 crown formation times among Pongo, Gorilla, and
humans (11), resulting in poor correlations with the timing of
life-history events. Last, their data on the timing of molar
emergence include some unreliable, anecdotal information and
also combine data from both wild and captive animals (11). Our
results and the life-history data in Table 2 demonstrate that,
contrary to the conclusions of Robson and Wood (11) and when
the emergence of only the first molar is considered, dental
eruption is strongly related to the timing of life-history events in
humans and free-living great apes. It follows that age at M1
emergence should provide reliable inferences about the timing of
life-history events in fossil members of this clade, including
early hominins.
Finally, our results demonstrate the utility of obtaining ages at

M1 emergence entirely from the histology of first molars that
were in the process of erupting. Whereas previous studies of both
extant and extinct primate taxa have demonstrated the feasibility
of obtaining ages at death using dental histology (13, 17, 32–39),
and these have occasionally included the first molar, we propose
that analyses of dental histology be extended specifically to
individuals that died while the M1 was erupting in a variety of
extant primate species, with the express purpose of providing
more reliable ages at M1 emergence and therefore more accu-
rate representation of the correlations between age at M1
emergence and the timing of life-history events for primates as a
whole. This is the most practical method for developing an
inventory of ages at M1 emergence from noncaptive individuals
of many primate species. As we have done here, this can be
accomplished by sampling wild-shot individuals from museum

collections that died when their first molars were erupting. Using
this method, the relationships between various life-history vari-
ables and age at M1 emergence in extant primates can be por-
trayed more accurately than is currently possible with M1
emergence ages that have been obtained mostly from captive
animals. This will lead to more accurate interpretations of life
history in extinct primates, including early hominins, and a better
understanding of the evolution of life-history variation within the
primate order.

Materials and Methods
Specimen Preparation. Erupting M1s were extracted from the skulls of three
African and Asian ape osteological specimens and then prepared for histo-
logical analysis. Two of the M1s were from Borean orangutans (P. pygmaeus
pygmaeus): a maxillary M1 from a skull in the osteology collection of the
College of Dentistry, University of Illinois at Chicago, and a mandibular M1
(specimen 1981/233) from a skull in the collections of the Zoologische
Staatssammlung, Munich, Germany. The third specimen was a mandibular
M1 from the skull of a western lowland gorilla (G. gorilla gorilla, specimen
1913/1163), also from the Zoologicshe Staatssammlung, Munich, Germany.

Following extraction, the teeth were photographed and examined for any
wear or staining, either of which would indicate that the molar had pierced
the gingiva and/or was in functional occlusion. Each molar was molded,
cleaned, and embedded in epoxy to prevent shattering during sectioning.
Two sections were prepared from each tooth, one through the apices of the
mesial cusps and one through the distal cusps. All sections were initially
approximately 500 μm thick and were progressively lapped to a final
thickness of approximately 100 μm using a graded series of abrasive discs
and then polished with a 3-μm aluminum oxide powder. The sections were
then ultrasonicated, rinsed in both 90% and anhydrous alcohol, cleared in
CitraSolve, and mounted with DPX medium. The sections were examined
using polarized light microscopy and images were captured using a Spot
Insight 4-MB digital camera and image analysis system.

TFTs. To determine TFTs, we employed two different methods as a test of
methodological reliability. One method used both crown and root compo-
nents (method I) and the other used only coronal/axial dentine (method II).
Method I. TFT equals crown formation time (cuspal enamel formation time
plus lateral enamel formation time) plus the time to form however much root
was present at the time of death. Cuspal enamel formation time equals the
cuspal enamel thickness measured along a prism divided by the average daily
secretion rate of ameloblasts, the enamel matrix forming cells. Secretion rate
was calculated as the grand mean from >10 measurements of daily cross-
striation lengths in each of the inner, middle, and outer regions of the cuspal
enamel (secretion rate typically increases from inner to outer enamel; Fig. 2).
Lateral enamel formation time equals the total number of lateral enamel
Retzius lines multiplied by their periodicity, which is constant in any indi-

Table 2. Comparative life-history variables and age at M1 emergence in extant great apes and
humans

Variable Gorilla Pan Pongo Homo

Age at first reproduction, y 10.1* (51.3%) 14.3† (72.6%) 15.7‡ (79.7%) 19.7
Interbirth interval, y 4.3 5.8† 6.9‡ 3.4§

Survivorship, y|| ? 29.7 (54.9%) 43.0 (79.5%) 54.1
Age at M1 emergence, y 3.8 (65.5%) 4.0† (69.0%) 4.6‡ (79.3%) 5.8

Numbers in parentheses indicate the percentage relative to values in humans. Life history sources: Gorilla (23,
24); Pan (25); Pongo (26); Homo (27); all survivorship data from ref 27. M1 sources: Pan (4); Homo (21, 22); Gorilla
and Pongo (present study).
*Value for mountain gorilla, G. g. beringei, which is likely to be earlier than in G. g. gorilla (see text for
explanation).
†Values for P. t. verus only (Taï Forest, Ivory Coast).
‡Values for P. p. pygmaeus only (Borneo), omitting a single value for age at first reproduction from Gunung
Palung (26), which involves an age estimate.
§Interbirth interval is anomalously low in modern humans compared with other anthropoid species. This life-
history variable is included for between-ape comparisons only and percentages of human values were not
calculated.
||Expected age at death at age 15 y based on empirically derived survival curves (see Materials and Methods for
further discussion).
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vidual (Figs. 1 and 2). Root formation time was calculated in different ways
depending upon the preservation of growth lines in the root dentine (see
Fig. S1): (i) by measuring the root cone thickness along an odontoblast path
(or dentine tubule) at the tooth cervix (the point of root initiation) and
dividing that distance by the average daily secretion rate of odontoblasts
(the innermost dentin of the root cone adjacent to the pulp chamber rep-
resents the time of death); (ii) by multiplying the number of Andresen lines
in the cervical root cone by their periodicity (in d), which is the same as the
periodicity of Retzius lines in the enamel; (iii) by measuring the maximum
length of root formed (measured along the granular layer of Tomes from
the cervical margin to the last formed dentine at the tip of the root cone)
and dividing that distance by the average root extension rate (RER), a
measure of the rate of root elongation in μm/d, which was determined by
averaging extension rates taken from many different regions along the root
surface from the cervical margin to the tip of the developing root cone (see
Fig. S1 legend for details on calculating regional RERs); or (iv) the same
procedure as in i, but with the root segmented into three portions defined
by prominent accentuated Andresen lines and then summing the formation
times of the three segments.
Method II. Axial dentine thickness—measured in the coronal dentine along a
single dentine tubule from the tip of the dentine horn to the pulp chamber—
is divided by the average daily odontoblast secretion rate. This yields an
estimate of TFT as it records the time span between the first-formed dentine
at the dentine horn (coincident with the initiation of tooth formation) and
the last-formed dentine (at the time of death) at the margin of the pulp
chamber (see Fig. S1).

Life-History Variables. For the comparative life-history data, we chose three
key variables relating to fecundity or lifetime reproductive success: age atfirst
reproduction, interbirth interval, and survivorship, the latter being an
expression of longevity (Table 2). We chose survivorship rather than max-
imum lifespan as an expression of longevity for several reasons. First, with
very small samples, maximum lifespan is not particularly reliable as a species
characteristic, and for all the included taxa save modern humans would be
based on a single individual. Second, because even the longest periods of
continuous observation of great apes in the wild have not been of sufficient
duration to record the birth dates of the oldest individuals that have died,
ages at death for these individuals are estimates. Finally, and specifically
concerning comparisons to modern humans, the ability in human societies
for others to partly assume the care of and provide for elderly individuals

makes it more likely that some individuals will live nearer to the actual
physiological maximum of the species. This combined with samples sizes that
are many orders of magnitude larger than those for great apes renders
comparisons of maximum lifespan between humans and great apes some-
what questionable. Nevertheless, maximum lifespan data are still useful as
supporting documentation of species longevity, especially for comparisons
between great ape species (discussed further later).

In contrast to maximum lifespan, survivorship curves incorporate longevity
data from the entire sample, which allows for statistically meaningful
comparisons between taxa. Among other useful metrics from survivorship
curves, in addition to projected age at death for individuals that survive until
age 15 y (used in Table 2), is the age at which the probability of survival
becomes very low. For example, the ages at which the probability of survival
equals 0.1 are approximately 35 y in Pan and 54 y in Pongo (28, 40).

Unfortunately, the only comparison that can be made for gorillas at this
time is the estimated age of the longest living individual in the wild. Among
mountain gorillas, the longest-lived individual, a female, was estimated to
have been somewhat older than 42 y at death. In contrast, the oldest sur-
viving chimpanzee, again a female, was estimated to be 55 y and still alive
when this age was reported, whereas the oldest chimpanzee male was
estimated to be 46 y at death (40). Among orangutans, the oldest wild
female was estimated to be 52 y and still alive, whereas the oldest male was
estimated to be 58 y at death (27). Although the longevity records for
chimpanzees and orangutans are fairly similar, it has been noted that those
for orangutans are based on much smaller samples and suggested that
samples equivalent to those of chimpanzees (and with similarly long periods
of observation) might be expected to reveal even older orangutan individ-
uals (27). It was also noted that this would be compatible with the con-
sistently higher probabilities of survival at all ages in orangutan survival
tables compared with those of chimpanzees (27).
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