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Exactly when during evolulion hominids acquired their extended exira-uterine
growth periad is a contentious issue. In order to shed light on the tempo and mode
of ontogenetic changes during hominid evelution, research has focused on the
patlern and, to a lesser extent, the rate of growth observed in the developing den-
tition of extant and extinct hominoid taxa. From these data, the absolute timing of
events has often been inferred, either implicitly or explicitly. Differences in patterns
of growlh, especially of the eruption of teeth, are reasonably well documented
among hominoids. However, dala on the absolute timing of dental developmental
gvents are much more scarce, rendering tentative all inferences about liming from
patlems alone. Such inferences are even more lenialive when they involve inter-
preling ontogenetic Irajeclories in exlinct spectes such as Plio-Pleistocene homi-
nids, which almost certainly had unigue patterns of maturation. In order {o contribute
to the debale aboul possible relations between pattern and timing in the developing
denlition, we have collaled information that specifically relates to the absolute timing
of developmental events in extant and extinct hominoids and, hence, atso to the rate
at which processes occur. In doing so, we have attempted to identify both develop-
mental constraints and possible heterochronic processes that may have led to the
oxtended growlh period characterisiic of humans. There appears to be growing
evidence that evolution toward an extended hominid ontogeny did not follow a path
thal can be describad as a simple heterochronic event.

Time and the relative liming of
events are important factors in bio-
logical studies, for they have the po-
iential 10 permit inferences about the
evolution of both morphology and life
history. The best known category of
study that invokes time as an influence
on morphology is allomeiry.! In an
earlier issue of Lvolutionary Anthro-
pology, Smith? demonstrated the im-
portance ol time and the timing of
dental developmenial events as 10ols
to help us understand changes in life-
history variables (hat have occurred
during hominid evolution. These vari-
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ables include, for example, gestation
length, age al weaning, and sexual ma-
turity. Such inferences arc possible
only because evidence suggests that
denta) eruption sequence is correlated
with significant life history parame-
ters among mammals and thal Lthe ab-
soluie timing of events can be
reasonably deduced from eruption
patterns. A case in point is that, at one
extreme, rapidly growing, shori-lived
mammals such as insectivores erupt
all their molars belore their deciduous
dentition has been shed, whereas
slowly growing mammals such as hu-
mans generally delay the eruption of
their molars, However, differences be-
tween closely related specics oi' genera
are often sublle. As Harvey and Clut-
Lon-Brock? pointed oul, “..it is desir-
able that analyses should be cairied out
al a higher level than the species” (p
561).3-4 The difficulty of describing lite
history precisely enough, and of de-

ducing the timing ol developmental
events [rom patterns is compounded
when one is dealing with extinct (axa.
Itis a virtual certainty that the ontoge-
nelic trajectories of 1those taxa are not
exactly paralleled by those of extant
species. Demonstrably, thai is the case
with regard to Plio-Pleistocene homi-
nids and modem humans.* Most re-
searchers would probably agree that
even early African Homo erectus did
not yet exhibit an exiended infancy
precisely like that seen in modern hu-
mans. Thus it comes as little surprise
that there is an ongoing debate about
the nature of the ontogeny of early
hominid taxa.

Many discussions about the devel-
opment and life history of early homi-
nid taxa have centered around the
conceptual framework within which
tointerprel the data rather thap focus-
ing on the data. An example is the dis-
agreement between Alan Mann and
Holly Smith. Both have studied devel-
opment in early hominid taxa. Mann
and his colleagues®'? maintain that
the pattern of dental development is
within the limits of modern human
variation and therefore implies a
“modern human” Liming ol develop-
mecntal events. On the other hand,
Smiths interpretations? 1319 favoy
the conclusion that the early hominid
patteyn is more like that of apes than
modern humans, thus suggesting a
more pongid-like rate of development
for these early hominid species. This
debate has not only highlighted the
probler of inferring time from pat-
tern, but has also led researchers 10
investigate variations in dental devel-
opmen! within and between species,
as well as between sexes.?®22 Such
studies are invaluable for establishing
the extent of intraspecific plasticity
during development, but they have
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also been used tovalidate otherstudies
that have proposed that species are
characterized by a typical sequence of
eruption, despite a considerable
amount of variation.!¥ In order Lo ex-
tract information about any species-
specific pattern from the fragmented
remains of fossil taxa, however, some
combinations of teeth within the de-
veloping dentilion lend themselves
more readily than others to charac-
terizing and thus deciphering this typi-
cal pattern.'® Disregard of this
constraint has reduced the value of
many discussions about the develop-
ment and life history of early homi-
nids. Even so, it still remains to be
determined to what extent tooth devel-
opment and cruption in extinct spe-
cies are taxonomically valent
variables. To make this determination,
we require not oply a better under-
standing of differences in the se-
quence, or pattern, but also data about
the absolute timing of different events
during dental development. It is only
through combining both data sets that
we will be able to identify developmen-
tal constraints, as well as to make in-
ferences about which changes in
developmental pathways may have oc-
curred during hominid evolution.
Heterochronic changes are the pre-
dominant means by which evolution-
ary change occurs within members of
smaller taxonomic units, such as the
family, genus, or species.?**” Helero-
chrony refers Lo changes in the timing
of events. These changes during
growth and development can be either
global or local. [n the former, the rela-
tive growth relationships are pre-
served and the whole of growih is
extended to a longer period or re-
duced, concertina fashion, to a shorter
absolute period. Local heterochronic
events result from a dissociation of de-
velopmental processes, so that growth
of one or more parts of an organism is
advanced or relarded relative (o the
growth of the rest of the organism.
There are, however, only three aspects
of adevelopmental process thatcan be
changed: the time when it is initiaied,
the rvate at which it occurs, and the
time when it is terminated.
Evolutionary modifications are
theoretically possible at any point dur-
ing onlogeny.?® Moreover, change can
result from more than one king of hel-

erochronic modification during devel-
opmenl. For example, early eruption
of a tooth may result from early initia-
tion of formation, a fast rate of
growth, an early termination of the
growth period, or a combination of
these processes. Our aims in this paper
are to determine which processes
might have operated (o bring about
the extended period of dental develop-
ment in modern humans and (o ask to
what extent the heterochronic
changes that occur within the develop-
ing dentition are correlated with each
other. Throughout the paper, the in-
iliation times and growth periods of
teeth are generally given as mean val-
ues. No confidence limits are provided
because, in many cases, the data are
too scarce. Although this means of
presentation suggests a higher level of
precision and accuracy than the evi-
dence allows, we have adopted it for
simplicity for, in this review, we are
mainly concerned with geperal trends.

ARE THERE SPECIES DIFFERENCES
IN THE TIME OF ONSET OF
DENTAL DEVELOPMENT IN

HOMINIDS?

Data available on the timing of the
initiation of crown formalion are
scarce owing to Lhe difficulties of ob-
tajning histological samples, or, alter-
natively, because of the problem of
determining satisfactory criteria for
radiographic definition of this event
[Box []. Some irends, however;, are ap-
parent. Based on the interference in
the development of enamel and den-
tine referred (o as (he neonatal line.?®
there is general agrecment that first
permanent molars in hominoids start
calcifying shortly before or around
birth.*0-3! In gibbons, which appear to
be an exception to this rule, first per-
manent molar calcification is appar-
ently somewhat more advanced at
birth than that of other hominoids.3?

The initiation of central incisor
crown formation occurs shortly after
the onse of first molardevelopment in
all hominoids 2> Although many
publications have presented develop-
mental charts indicating the approxi-
mate time of initiation of crown
formation, at present good species
data are available only for Pan troglo-
dytes2'33 Homo sapiens 37 and

Pongo?34 (Table 1). In modern hu-
mans, incisors start calcifying in swift
succession from anterior to posterior,
the times reported for one jndividual
are around 0.3 years for central inci-
sors and about 0.7 years for laleral in-
cisors. Data graphically presented by
Liversidge and colleagues?® suggest a
similar timing for the onset of jncisor
calcification. This concurs with obser-
vations made in great apes.?!*334 Ca-
nine crown formation also
commences at about 0.38-0.5 years in
humans and chimpanzees. 333638 |pn
orangutans, it may occur somewhat
carlier?® Hence, crown initiation
times of anterjor teeth and the first
permaneni molavs appear to conform
to a common developmental chronol-
ogy and sequence in moderm humans
and living great apes.

It is in the other postcanine teeth
thal differences between (axa occur
with regarvd to the time of initiation of
crown formation. In modern humans,
the reported time for the initiation of
P3 crown (ormation is 1.67-1.8 years
and, for P4, 2.41-3.00 years.’® These
are similar (o the Limes derived trom
radiographic studies, which, respec-
tively, are approximately 1.8 and 3.0
years.’” In Pan and Pongo, the initia-
tion of premolar development occurs
almost simultaneously in upper and
lower P3 and P4 at about 1.5-(.9 years
of age. 20213334 There are also differ-
ences belween apes and humans ia the
timing of the initiation of second and
third molar development. Human secf
ond molars initiate crown foymation
at about 2.5-3.7 years of age.3¢37 (Sce
Smith'” for a summary of earlier stud-
ies.) Third molar inibation is delayed
until 6.42-5.6 years.*37 Some studies
suggest, however, that these ranges are
too natrow and thal the amount of
variation and, hence, the amount of
overlap between stages of molar forma-
tion is greater when other, non-Euro-
pean populations are included.?737:3%-4!
In other hominoids, the initiation of
molar crown formation is less widely
spaced, resulting in a marked overlap
between stages of molar crown miner-
alization. For chimpanzees, initiation
of second molar formation has been
reported to vary from 1.1-1.6
years,?12233 whereas an average age of
2.9-4.0 has been given for the initia-
tion of third molar formation32!22 (Ta-
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Radiographic studies have substantially contributed to our
understanding of dental development sequences. However,
problems arise when one wishes to determine the time and
timing of dental developmental events precisely.

s Since the amount of time a living animal can be anesthe-

Radiographic Studies of Dental Development

« Developing crowns and roots cannot always be matched

with the “idealized” stages of developmqnt, but are often
visualized when they are between stages. Therelore, an
absolute lime scale cannot be pul to varous stages.

Recent histological studies have shown that crown com- |

tized and exposed to radiation must be kept to a minimum,
most studies have relied on routine lateral radiographs.
Aithough lateral radiographs allow reasonably good as-
sessment of the developing stages of molars and, to a
lesser extent, premotars, they do not allow accuracy in
determining crown stages of anterior teeth 2233.38

Detection of early stages of crown formation from radic-
graphs is particularly problematic. For example, Winkler
angd colleagues® have recently extracted the tooth bud of
a first permanent orangutan molar of which there was no
radiographic evidence. Although all hominoids start molar
calcification around birth, the earliest radiographic indica-
tion of M1 having started to form was found in a specimen
nearly 3 weeks of age.? This problem applies equally to
other teeth. Initiation of crown formation cannot be reliably
determined from radiographs.

Determination of cessation of crown formation is difficult
becauss the tapering enamel toward the cervix is 100
small to be clearly visible. This difficulty and the underes-
timation of early stages of calcifaction have led to esti-
mates of crown formation times that are lower than those
based on histological studies.

Assessment of attainment of stages of crown and root
formation from radiographs must rely on a priori knowl|-
edge of the morphology of the fully formed tooth. For ex-
ample, itis necessary to assess whether a tooth crown is
hall or two-thirds complete.2° This is especially problem-
atic with regard to fossils of extinct species, for which we
have little knowledge about the range of variation in tooth
size or about sexval diflerences.

pletion is not an abrupt process, but thal some parts or
cusps of a tooth may grow for a longer time than others.
For example, Liversidge and colleagues® drew attention
to the fact that in incisors and canines enamel extends
further down the buccal and lingual root surface, so that
the cemento-enamel junction may be difficult to identify in |
radiographs. A similar sitvation is found in molars, al-
though to a lesser extent.”2

» Tooth development does not occurin a regular linear man-
ner.3% There is a slowing of the rate of ename! and dentine |
extension foward the cervix, which is most marked in mod-
ern humans and least markegd in robust australopithecinegs
(see text). Differences in this siowing need 1o be taken into
account when determining developmental stages of tooth
formation and, in particular, crown completion.* Moreover,
enamel and dentine secretion and extension rates are
insufficiently documented for some tooth types in exiant
and extinct species.

« Interpretation of developmental stages from radiographs
may be further confounded by differences in patterns of
secondary mineralization (maturation) between teeth and
between species.*

In summary, although radiographic studies have provided
vsefu) information about the sequence of developmental
events, (nformation about the time and timing derived from
radiographs must be interpreted cautiously. The reader is
therefore reminded that throughout the text we place more |
emphasis on histological and morphological studies than on |
radiographic findings. The latter are mainly used to provide
a more complete picture of dental developmental events.

ble 1). Beynon, Dean, and Reid,* in
their study of the initiation of the sec-
ond molar in Pongo and Gorilla, have
shown that although this occurs some-
what later than in Pan, the estimated
age of M2 initiation is just under 2
years, vesulting in a developmental
overlap between molar crowns in
these taxa.?0

Although few detailed data are
available on other extant or extinet
hominoids, two general trends can be
discerned from the reported ages of
the initiation of permanent crown for -
mation. First, the time of initiation of
the stem progenitor within a tooth

class®>—specifically, the centra) incj-
sor, canine, P3, and the first perma-
nent molar—varies relatively little
among hominoid taxa. (See Osborn®?
for an alternative interpretation of the
premolar clone.) Second. the initia-
tion times of central and lateral inci-
sors do not vary significantly among
hominoids, whereas there are differ-
ences between modern humans and
apes in the initiation times of P4, M2,
and M3 Although the Uming of the in-
itiation of buman premolars extends
over a longer period than it does in
other hominoids, delays in jnitiation
are most marked within the maolar

class, with the third molar experienc-
ing the greatest absolute and relative
shift when the extant apes are com-
paved to living modern humans.

DOES THE RATE OF TOOTH TISSUE
FORMATION DIFFER AMONG
HOMINOIDS?

The development of teeth is perma-
nently recorded within their micro-
structure. Both tooth crowns and
roots grow in an incremental manner.
But cven though the rate and mode of
enamel formation has been relatively
well documented, good data for rates
of dentine formation in the roots of

£
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TABLE 1. Crown Formation Time (Years)

" 12 c P3 P4 M1 M2 M3
Manxilia
Pan troglodytes’ 547+024 4611015 454+034 3.466:006 283+£021 345:016 3.33t0.2)
Gorilla gorio’? 404 4200 >55(B0) >470GBYH 3.4(3.5) 2.9(2.8) 2631 >
Pongo pygmaeus* 4.88 5.38 7.79 5.85 4.29 2.81 347
Horno saplens®’® 35 3134 3.1-3.4 2. 28 2.8
Homo sapiens™® 315 3.72 437 2.85 31 2.4 313
Mandible
Pon lroglodytes™ 486+037 556+039 7.78+09 5654+079 4041040 2901019 3.77+024 4101040
Pan troglodytess® 25 2.33 50 35 35 2.0 25 3.5
Pon troglodytes?? 141025 216038
Pan troglodytes®'®
mailes: 395+0.65 3501045 683£1.29 3.19+045 456+059 1.6+022 3.57+1.09
temnales: 3004089 3.00+089 596+064 326+024 3.30+£024 3N 4141088
Gortiar goriia™ 3.6(3.8) 42(45) >53(50) >4.6(>4.6) 3.8(3.5) 27@1 3233 >
Pongo pygmaeus> 472 5.70 8.73 7.08 4.31 3.12 2.87
Homo soplens®® 445 496 3.12
Homo sopiens’° 3.5 3.1-3.4 3.1-34 2.1 2.8 2.8
Homo saplens® 3.10 3.72 4.37 285 3N 2.67 3.6
Maxlllac and mandible comblned
Homo sapiens> 421 42 3.34 2.35 278 2.74
range 371-47)  371-471 271-3.97 220-250 195-383 1.17-431

¢ Radiographic studies (see Box).

primate leeth are scarce. *4+47 Hence,
this study will place somewhat more
emphasis on enamel formation within
and between tooth types, while root
formation will be dealt with within a
broader framework only.

Some incremental markings in
teeth, which are visible as cross-strja-
tions, result from the approximately
24-hour periodic oscillations in the
rate of secretion of enamel matrix by
ameloblasts. Similar daily markings
also occur in dentine.?” Superimposed
on this circadian rhythm is a second
thythm having a periodicity of 6-10
days, which produces the so-called
striae of Retzius in enamel (for review,
see Dean *84%) and the analogous lines
of Andresen indentine (Fig. 1). Schour
and Poncher,® in a pioneering in vivo
labeling experiment on a human in-
fant with jnoperable hydrocephalus
and mepingocele, were the first to
demonstrate unequivocally the peri-
odicity of incremental markings in
teeth. Schour and colleagues®'-33 then
validated their findings in subsequent
experiments. These and other studies

have now provided a solid under-
standing of the daily incremental na-
ture of tooth formation3* (see Dean?’
for review). 1t is the shorter periodic
markings that permil estimates of
daily rates of enamel secretion and
crown foymation times in fossi] homi-
nids.

Schour and colleaguess®-5* first
showed that human deciduous teeth
exhibit a far higher secretion rate than
do permanent teeth; the average fig-
ures given range from 3.6 um to 8.0 um
per day for the deciduous teeth and
from 2.4 to 4.5 um for first permanent
molars. Moreover, enamel secretion
varies not only between and within in-
dividval teeth, but also between spe-
cies, although there is apparently a
common pattern of enamel maltrix se-
cretion within permanent teeth in ex-
tant primates3404354-57 and extinct
hominids.38-0

Two trends characterize changes in
ameloblast activity during the growth
of individual teeth in the primates
studied. First, there appears to be an
overall slowing of enamel matrix se-

cretion toward Lhe cervical margin, a
trend thail is most pronounced in hu-
man permanent teeth® (Fig. ). (o hu-
man postcanine teeth, the enamel
secretion rate toward ihe cervix is
about 60% of thai at the outer ename]
surface at the cuspal part.5” Amon

great apes, the relatively high-
crowned Gorilla Leeth show the great-
est (71%) and Pan the least (86%)
change; Pongo is intermediate (78%).
Second, ameloblasts tend to increase
their daily secretion rates from the
dentino-enamel junction (DEJ) to-
ward the surface of the tooth crown, a
phenomenon that apparently is wide-
spread within higher primates®’ (Fig. 1),
Jn Homo and all great apes, the average
increase in the rate of enamel malrix
secretion {rom the DEJ to the surface
is 2.3 t0 6.0 pm/day in cuspal enamel
and from 2.0 t0 4.0 pm/day in ihe cer-
vical region.®? These values may be
consistent across an even wider taxo-
nomic group. Bromage®* has given an
average mid-cuspal value of 4.9 pm for
Macaca nemestrina, a value that falls
within the ranges given for homi-
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Enamel Formation Among Hominoids

OEJ

e)

DEJ

f)

(o) Vertlcal section through a stylzed singlevooted tooth showing the
appearance of the advancing front of enamel formation. Enamel is
produced by ameloblasts, cells that begin their active lite at the inter-
face between enamel and dentine and what wlll become the
dentino-enamel Junction (DEJ) Ameloblasts are not all achvated at
once, but starr enamel secrehion in order. beglnning with the cells at
the fip of the cusp. The "wave™ of activalion then spreads down the
DEJ tloward the cemento-enamael Junctlon (CEJ). The rate of progress
of this wave Is called the extenslon rate. Enamel sectetlon confinues
until the omeloblasts die. The thick line marks the boundary between
the lost wave of ameloblasts that confribute exclusively to enamel form-
Ing the cuspal port of the enamel and those that contribute to formation
of the tcoth walls. The former is referred to as the cppositional enamel,
where complete loyer Is buitt upon complete layer, whereas the sides of
the tooth ars loid down in o tile-like fashlon, and thus are refered to
os “Imbricationa!” enamel. Where the Imbricallonal enamel comes to
the surface. Ihe cycles of enamel formation form grooves calleg
perkymata, from the Greek "pen,” meaning "around.” and “kyma,”
meaning “wave.”

(b) The best analogy for the process of enamel secrstion s to liken the
ameloblosts to old-fashloned toothpaste tubss. The “paste,” In this
case the enamel matrx, apparently is squeezed out of the fube con-
tinuously, but not always at the same rate Two perodictties occur, @
short one and a long one The short onas have a perlod of about 24
hours and are known as cross-striations; the long ones. called the strice
of Retzlus. may be the result of regular interferences of various cir-
cadion rhythms, which occur approximately eveey &-10days. Itis note-
worthy that the number of cross-striations between striae do not vary
between teeth of anindividual and even appear to be relatively sta-
ble within @ speciss. although differences may occcur behween genero
of families. It Is these stiae of Retzlus that produce the “waves” of enamel
formation shown In (&) ond represented by the solld continuous lines in
(0)«Q). To llustrate how enomel s secreted, the small Inset diogrom (b
shows a close-up of the DEJ Indicating the movement of a single
ameloblos! and the column of enamal formed by that ameloblast. The
more frequent snorter Iines conespond 1o the crass-siiations, with thelr
appioxmately 24 hour perodicity, the lorg lines represent the strice of
Retzus The amow indicates the progress of the wave of activation

() This dlagram, a close-up of ihe frlangle shown In (a). represents the
enamel that Is secreted during the active Iife of the ameloblast that
begaonto secrets anamel at Ay. During the life of this omeloblast, which
spanned just seven of the longer cycles durng the Interval between
&) and lis dealh (1), its secretion rate was constant |n that time. the
wave of activation had sprecd down the DEJ. from A to A5, ot o
regular rate. Thus, when the omeloblost died. the cell ot A5 was just
beginning its petiod of enamel matrix secretion. The hypotenuse of the
triongle represents tha advancing front of enamel at the time of death

N

of the first ameloblast.

Tnls diagram illustrates in a simplified way how enamel forms but, in
realbfy, hominold teeth modify the rate of enamel formation In a sys-
tematlc maonner from the cusp tip toword the CEJ and from the DEJ
toward the outer enamel surface. These variations from the steady
state are shown in diograms (@)~

(d) The enamel extenslon rate along the DEJ Is not constant. bul re-
duces from the cusp tip downward Dlagram (d) shows the effect of
gradually reducing the extenslon rate while maintalning a steady se-
crefionrate. Thus. at the fime of the death of the Individuol comeloblast,
and compared with (¢). the wave of activation has not progressed as
far down the DEJ at time a,. Although all hominoids show a simllar
paffern of reducing the enaomel extenslon rate toward the CEJ. this
slowing of cell aclivation Is most marked in modern humans However.
changes olso occur In the enamel secretion rate, as liustrated in dia-
grams (&) and (f),

(&) In this diagram, the extenslon rate is kept constant but the secretion
rate isincreased steadily. Thus, the rate of enamel matrix secretion by the
amalobtast Just before tsdeathat 1 is greater thanIfs Initlal rate However,
changesin enamelmatrix secreilon not only occurfrom the DEJ outwarg,
but also toward the CEJ

(N nls diagram shows a more elaborate verslon of the incrementai
increase in the secretion rale shown In (8) In {his schema, there Is not
only an incremental increase In the secrstion rate during the active
life of each ameloblast. but there is also an incremental reduction in
the Inltial secrehon rate as the wave of cell activalion moves toward
the CEJ. The dots represent ameloblasts tha! hove been active for the
same length of time, but because of the gradualreducton of the initial
rate of enomel secretion as the CEJ isapproached, ameloblasts move
smaller and smaller distances away from the DEJ per unit of time This
results instrice of Retaius that are curved rather than siralght The extent
of the reduction in the initial rate of enamel secretion can be judged
by the slope of the iines that connact the equivalent dots in each of
the seven strice of Retzius.

(@) Tnls dlagram lllustrates the developmental scenarlo thal occurs
when the changes In (d) are comblined with those In () All omeloblost
shown In {Q) hove the same Iife span. The effects of changes In enamel
secrefion tates combined with reduction In enamel extension rates
result In @ pattern that resembles o section through the ename! cop.
The bold ine through the diegram marks the advoncing enamel front
at time Ay, which coesponds to the death of the first omeloblast.

In surmmary. the thickness of the enomei and the shape of the surface
of o completed tooth crown are reflections of the numbers of octive
ameloblasts, the amount of enamel ecch aomeloblast secretas perunlt
of time. and the octive Ife of each cell.
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noids. Other monkeys and Proconsul
range from about 4 to 6 pm/day (Dean,
personal communication).

Enamel matrix secretion rates from
inner to outer enamel in Plio-Pleisto-
cene hominids are comparable to that
reported for the primate species listed
above.%-60 As regards the increase of
secretion from the DEJ to the crown
surface, the cross-striation repeat in-
terval of the cuspal enamel of a P. boisei
premolar was found to be 4.0 pm at the
innermost enamel; increasing to 6.5 um
at the crown surface.®® Mid-cuspal daily
secretion in a robust australopithecine
canine from Swartkrans, southern Af-
rica, was 5 um. The figures given for
early Homo and P. boisei molars from
East Africa are 5.8 um and 7.3 pm, re-
spectively.®? Although the average val-
ues of ameloblast secretion for
Plio-Pleistocene hominids appear to
be relatively high, they nonetheless lie
within the range observed for the de-
ciduous and permanent teeth of mod-
ern humans.’? Despite differences in
the average enamel secretion rates
among species, there is sufficient evi-
dence to suggest that the amount of
variation in daily enamel matrix secre-
tion rates is as great, if not greater, be-
tween anatomical regions of an
individual tooth than between pri-
mates species. Therefore, a simple dis-
tinction between fast-forming and
slow-forming enamel®2% cannot be
sustained for taxonomic purposes.

The enamel-forming cells, the
ameloblasts, successively acquire
their competence—that is, the ability
to secrete enamel matrix actively—
from the cusp tip. Once “switched on,”
these cells secrete enamel from the
DEJ outward. In modern humans the
rate of differentiation of ameloblasts,
defined by Shellis as the “enamel ex-
tension rate,”®® differs for deciduous
and permanent teeth (Fig. 1 legend).
The extension rate is nearly constant
in deciduous teeth, but in permanent
teeth it falls from an initially higher
level to a constant rate of about 4 um
per day.>® The differential between the
faster extension rate at the cusp tip
and the slower rate toward the cervix
is greater in high-crowned than in
lower-crowned teeth.5® Also, the initial
extension rate, as well as the daily rate
of secretion, is greater on the longer,
labial, surface of upper and lower hu-

man incisors than it is on the shorter,
lingual surface.5664

In early hominids, the slowing of se-
cretion rate toward the cervix appar-
ently is less marked than it is in modern
humans.®* Judging from the angles
between the striae of Retzius and the
DEJ% some Plio-Pleistocene hominids

Except for maxillary
incisors in Pan, all extant
hominoids exhibit the
same trend: the more
posterior teeth within
each tooth type (e.g.,
lateral incisors, second
and third molars) take
longer to form than do
their more mesially
positioned counterparts.
Although available data
on permanent incisor
formation times indicate
that there is
considerable overlap
among great apes and
humans, it appears that
humans, followed by
Gorilla, take the least
time to form these teeth,
whereas Pan and Pongo
take the longest time to
do so.

also exhibit relatively rapid enamel ex-
tension rates,’6% with Paranthropus
boisei specimens apparently having a
rate and pattern similar to that in hu-
man deciduous teeth.3*¢ Incremental
markers on the surface of the tooth,
called perikymata, suggest that pro-
gressive slowing of the enamel exten-
sion rate toward the cervix may have
occurred in Australopithecus incisors
as compared to Paranthropus inci-

sors.* In early Homo, on the other
hand, this slowing of the enamel ex-
tension rate is unequivocal 599 al-
though it appears to be less marked
than in modern humans. Bearing in
mind the proportionally lower tooth
crowns of robust australopithecines®
and their reportedly earlier eruption,
the similarities in enamel extension
rates between these Plio-Pleistocene
hominid teeth and human deciduous
teeth are not surprising.

Although good data for daily rates
of dentine formation and for the ex-
tension rates of primate tooth roots
are scarce, some general trends
emerge from the available stud-
ies 3644:464767.68 1 jke enamel matrix
formation, dentine formation in the
cuspal region is initially high in pri-
mates but slows to a constant rate of
about 4 pm toward the apex. Changes
in dentine extension rates toward the
cervix are comparable to changes ob-
served in enamel extension rates dur-
ing tooth crown formation, but
uncertainty remains about the exact
nature of the dentine extension rate
after crown completion. Dean?3%? pro-
posed a method, which involved ana-
lyzing the geometry of the growing
root front, the “root cone angle,” as a
proxy for root extension and, hence,
root formation, to assess the rate of
root extension from radiographs (see
Box 1). Simpson’ has challenged this
proposal. Using a large sample of Pan,
Gorilla, and Homo he has found vari-
ations in root cone angles within sp-
cies to be greater than between
species and therefore has suggested
that all hominoids share a common
pattern of root development. Until
this impasse is resolved, caution
should be exercised when employing
Dean'’s method to assess the develop-
mental status of fossil hominids.
Whether any clear species-specific
trends have also been masked by pay-
ing too little attention to various tooth
types, however, needs to be estab-
lished.

To summarize, it appears that over-
all tooth size, especially crown height
and enamel thickness, together with
the time available to form a particular
tooth crown determine the enamel ex-
tension rate as well as the average
daily enamel secretion rate. Thus,
large teeth and thick enameled teeth,
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as in robust australopithecines, or
fast-forming teeth, such as ape and hu-
man deciduous teeth, have on average
both greater extension rates and
higher secretion rates. This is consis-
tent with the pattern observed in other
mammalian species.”

DOES CROWN FORMATION TIME
DIFFER AMONG HOMINOIDS?

Studies have determined the rate of
enamel secretion among hominoid
species by using either specially pre-
pared sections of teeth*:586! or the ex-
posed enamel of naturally broken
teeth.5960.72 These studies have also es-
timated crown formation times. Tradi-
tionally, crown formation times have
been assessed from routine lateral
skull radiographs (see Box 1). In addi-
tion, anthropologists have used the
surface manifestations of the striae of
Retzius, the perikymata, as a nonde-
structive technique to determine
crown formation times in fossil mate-
rial.® This method, however, is not
without pitfalls, which has led some
researchers to question its usefulness
for taxonomic interpretations,'®!!

Problems can arise at various levels.
During the cuspal, or appositional,
stage of enamel formation, striae do
not reach the tooth surface. Only striae
of Retzius formed at the later, imbrica-
tional stage, become manifest as
perikymata on the enamel of the side
of the tooth crown. Hence, the amount
of appositional enamel, directly as-
sessed by counts of daily increments,
needs to be taken into account when
comparing crown formation times us-
ing perikymata counts. In those cases
in which crown formation time has
been calculated, it transpires that each
tooth type in each taxon, and even
each cusp of posterior teeth, has con-
sistent but different appositional enamel
formation times. 364561 Recently, evi-
dence has come to light that suggests
that previous assessments of crown
formation times in Plio-Pleistocene
hominids® may have underestimated
the time required to form this early de-
posited enamel.® Consequently, the
upper limits of crown formation times
listed in earlier studies® probably pro-
vide more accurate estimates of crown
formation times. The second potential
problem is that, although striae of
Retzius occur ata regular interval with

a near-weekly periodicity, an exact as-
sessment of that periodicity, which
usually is on the order of 7-9 days, can-
not be made on intact teeth. This,
again, can lead to underestimation or
overestimation of crown formation
times. In addition, perikymata are
variably expressed at the cervix of
teeth,73.74

For all these reasons, estimates of
crown formation times from periky-
mata counts should be interpreted
with caution. Nevertheless, despite
these potential sources of error and
the general presumption that esti-
mates made in this way may be too
low, a substantial body of comparative
data using these and other approaches
is now available to assess differences
in crown formation times among ex-
tant hominoids. This has made it pos-
sible to compare average crown
formation times of fossil hominid and
extant hominoid teeth.

Crown formation data based on his-
tological studies are now available for
the dentition of Homo sapiens **4> Pan
troglodytes,™ Gorilla gorilla, and Pongo
pygmaeus,? as well as for a maxillary
P4 of P boisei®® and a mandibular ca-
nine of P robustus.®! Radiographic
studies give further information about
the range of variation (Table 1, also see
Box). Except for maxillary incisors in
Pan,™ all extant hominoids exhibit the
same trend: the more posterior teeth
within each tooth type (e.g., lateral in-
cisors, second and third molars) take
longer to form than do their more
mesially positioned counterparts. Al-
though available data on permanent
incisor formation times indicate that
there is considerable overlap among
great apes and humans, it appears that
humans, followed by Gorilla, take the
least time to form these teeth, whereas
Pan and Pongo take the longest time to
do so. Canine formation times vary
substantially both within and between
species, as well as between upper and
lower teeth. This variation seems, at
least in part, to be associated with sex
and size; this suggestion is supported
by the fact that canine size not only
differs considerably between humans
and apes, but also between the sexes
within a species. In both instances,
moreover, this variation is paralleled
by differences in crown formation
times.’” Conversely, perikymata

counts of chimpanzee canines suggest
that differences in crown height be-
tween sexes in that species have not
resulted in differences in crown for-
mation times.’® Howeyer, a recent ra-
diographic study on dental
development in Pan could not confirm
this finding?! (Table 1). Overall, avail-
able evidence suggests that great apes
take eight or more years to form their
canines, whereas the smaller modern
human canine crowns are formed in
less than 4.4 years 3¢

As regards premolar formation, hu-
mans, as compared with other homi-
noids, appear to exhibit a somewhat
foreshortened growth period for the
crowns, which is even more marked
than it is with regard to human inci-
sors (Table 1). This may, again, be re-
lated to differences in overall size
between the species, especially where
P3 is concerned. On the other hand,
the crown formation times of molars
are more similar between hominoid
species, with all taxa exhibiting a
slight increase in crown formation
times from first molars to more poste-
rior ones, On average, molar crown
formation time is around three years
(Table 1).

During the last decade researchers
have repeatedly tried to assess crown
formation times in hominid fossil
teeth, with most of the discussion cen-
tered around incisor crown formation
time based on perikymata counts. We
have already discussed shortcomings
of this method and, indeed, recent evi-
dence suggests that appositional
enamel formation times may have
been consistently underestimated by a
few months.®! Nevertheless, it appears
that the average crown formation
times of early hominids are all below,
or are at, the lower end of the range of
the living hominoids. Among early
hominid species, A. afarensis and A. af-
ricanus incisor formation times are
the longest, with values of 3.0 and 3.1
years for LH 2 and Sts 24a, respec-
tively.® New estimates of timings for P
robustus suggest that its lower central
incisor crowns formed between 2.35
and 2.68 years, while its lateral incisor
crowns took between 2.57 and 2.91
years.®! The central incisors of P. boisei
appear to have formed in just over two
years,”” whereas those of two early
Homo specimens are reported as hav-

£
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TABLE 2. Age of Eruption®

n 12 C P3 P4 M1 M2 M3
Maxllla
Pon koglodytes .
males: mean 5.62 6.68 8.97 693 7.23 3.38 682 ) 11.36
range 492-650 583-767 B800-983 608-767 633-833 300-375 567-783 1000-1358
females: meon 5.43 679 9.03 6.96 7.47 3.27 675 11.33
ronge 4.50-6.75 583-825 758-1008 608-808 625-833 275-375 892-758 9.75-13.08
Gorila goriaP
mean 6.02 6.50 890 7.14 6.95 3.50 677 11.40
ronge 53-6.8 55-75 7.5-103 60-83 59-80 30-40 59-7.6 9.7-13.1
Homo sopiens
males, mean/sd 7.34+0.77 839+1.01 112904139 1064+1.41 11.21+£148 640+079 1052+1.34 2050
femaies: mean/sd 6.98+0.75 797 +091 10621140 1017 e 1088+ 186 635+£074 1195+122 2080
1.38
Mandible
Pon troglodytes
males: mean 5.65 622 924 7.38 7.39 3.33 647 1027
onge 5.17-642 558-692 808-1008 633-825 433-825 3.00-358 558-700 9.00-11.08
femaies: mean 5.84 6.05 8.63 7.32 7.58 3.19 6.45 10.71
range 500~-7.00 500-733 792-908 4633-808 608-908 267~375 592-733 Q00-1308
Gorilto gorilld®
mean 5.75 6.12 7.70 7.32 7.4 3.80 6.58 10.38
range 4.9-6.6 53-70 64-9.0 6.1-86 59-84 30-~4.0 57-75 87-121
Homo sapiens
males: mean/sd 630+ 081 747+£078 1052+1.14 1070+137 11.43+161 6331£079 1200+£138 19.80
females: mean/sd 6.18+0.79  7.13+0.82 Q78+126 10171128 1097+£1.50 6154076 11.494+1.23 2040

a Data are reproduced from Smith et al.,® in which the originat sources of the informatlon con be found.

b Please note that Smith and colleagues™ have recently drown attention to the Inadeguately documented data for Gorilta goritio
In the orlginal publicatlon’® from which these dota were token.

ing formed in 2.52 years in KNM-ER
820and 2.62 years in SK 74b.6 The small
canine of P robusius SK 63 formed in
less time, 3.18 to 3.48 years,5 than has
been reported for any other hominoid
canine (Table 1). The premolar crown
formation Lime in P boisei was similaaly
trupcated to approximately 2.4 years. 3

Although it could be argued that the
small size of the anterior dentition of
robust australopithecines may have
been responsible for their relatively
short crown foymation times, this ar-
gument cannot be applied to the large
molar tecth of these taxa. Paran-
thropus aethiopicus formed its molars
between 2 and 2.5 years.”? Published
crown formation times of P boisei mo-
lars suggest that they were formed be-
tween 2.12-2.59% years and 2.67-3.43
years.’2 Unfortunately, little published
information is available on differences
in crown formation times within the
molar series in Paranthropus. How-
ever. it seems Lhat, at least in P boisei,

although not in P aethiopicus,’ there
is a trend toward an increase in crown
formation time in more posteriorly
deveJoping molars. Second molars of
P, boisei took, on average, 2.88 years to
form and M3s completed crown for-
mation in 3.02 years.” This is a mod-
est difference, given the potential
errors involved in such calculations.
The crown Fformation time of M1 in P
robusius (SK 63) has been estimated
to be about 2.40 years.8!

These data indicate that Plio-Pleis-
tocene hominids may, in general, have
had somewhal foreshortened anterior
tooth crown formation times. What
evidence there is suggests that crown
formation times of postcanine teeth
may also have been abbreviated. Asre-
gards anterior teeth, it should be noted
that such short formation Limes are
not only rarely observed in modern
humans, but also clearly are distinct
from the observed ranges in extant
nonhuman hominoids (Table )). Great

apes differ most from fossil homiruds
and modern humans jin canine forma-
tion limes, a kact that commonly has
been associated with absolute diffes
ences in canine size.36'% However,
while size may account for differences
in crown formation (imes in incisors,
canines, and third premolars, the dif-
terent formation times of the other
postcanine teeth cannol be so easily
explained (Fig. 2). Although all living
great apes have similar molar crown
formation times, values given for
modern human and P boisei premo-
lars, despite the discrepancy in overall
size, are all below those reported for
Pan, Pongo, and Gorilla.

DO ROOT FORMATION TIMES
DIFFER AMONG HOMINOIDS?

Root formation times in hominoids
are less well documented than are
crown formation times.2' 2233353778 [
effect, comparable data are availabie
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Humans

Figure 2. Heterochronic Changes That Have Occurred During Hominid Evolution, Which
May Account for the Unique Eruption Pattern and the Delay in Tooth Eruption in Modern

Great Apes
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The dlogram is an attempt to show how the fimmng of nitiation of crown
formatlon, the time crowns take 1o form, and the rote of root develop-
ment combine to proaduce the differences between great opes and
modern humans with regard 1o ihe time and sequence of tooth erup-
tions. These overage data are almost exclusively derlved from histologi-
cal and mormphologlcat studiss (see Box 1). In (@) and (b). respectively,
each tooth fype 15 glven the same basic image for the great apes and
modern humans. The highest point on the crown of each tooth Imaoge
represents the average time ot the inltiation of crown formation; the
helght of the tooth represents the average fime taken for that particular
foothto form. Ctown formation s completed at the time coresponding
to ihe bottom of the vertical lne that runs through each tooth Image
Thus. the height of each Image Is a reflection of the ciown formation
fime and not necessarly of the shape of the tooth crown. However, It
is noteworthy that there is an cpproximate correspondence betweesn
| the shopes of the images inthe diagram and therelotive crown heights
In the hwo groups. The differences in the size of the images of the three
molors of modem humars In (b). on the other hand. do not reflect
observed crown size, but rather the malor differences in crown forma-
tion between first and third molars. Crown formation imesin (a) are the
composite of the crown formation times glven for the maoxillary and
mandibuiar dentition for Gonflaand PonIn Table 2. The crown formation
i fimes in (b) are averoge times glven for the maxlliory and mandibular
dentition for modem humars (Table 2). Initiction of crown formation of
the central tooth within @ tooth class varies liftle between the two

groups. Conversely. Injtiction of Iater forming members of the premolar
and molar tooth closs ore delayad In modern humans as compared 1o
the greot apes. Asterlsks refer to average eruption times.

The dlagroms (¢) ond (d) are stylized sections of a sihgle-rooted 1ooth

They illustrate the differences in the tempo and moede of tooth formao-
tion around the CEJ In modern humans. ihe rate of enamel formation
and extension slows towara the CEJ. Also, there is a comesponding
slow-down of the root extension rate around the CEJ and extending
beyond It, although changes In dentine secretion rates are not marked.
The slowing of enamel and root extension rate aftects each tooth type
differently, as Isreflected in the discreponcles between the completion
of crown formation and eruption.

These different mechanlsms combine to produce the differences in the
Hring of eruption in great apes ond modern humans. which are shown
in (e) and documented in Tables 2 and 3. The sequence of eruption
shown In (e) Is bosed on $mith's findings. 17 whereby "=" Indicates poly-
morphisms of eruption in more than 40% within each group The brack

ets point to woves of eruption within eoch species whereby sequence
reversals may occur In 15% or more of the sample The asterlsks In (@)
and (b) mark the average times of 1ooth eruption and emphaslze, in
dlagrammatic form. the discrepancles betwesn great opes and mod-
ern humans with respec! to the cessation of crown formation and the
fiming of toath eruption.

for Homo and Pan troglodytes only,
and all estimates are derived from ra-
diographs (see Box). Except for inci-

sors, chimpanzee tooth roots gener-
ally are formed in a shorter time?!.22.33
than are the equivalent roots of mod-

ern human teeth.3”7 Moderm human
incisor roots form in 4.4-5.2 years,?®
but those of chimpanzees take be-
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tween 5 and 6 years.?! Conversely, the
roots ol Pan premolars take about 4 (o
& years to form, whercas those of mod-
ermn humans take up to 7 years. Al-
though published data are scarce and
do not provide a clear picture, modern
humans nonetheless seem to form
their molar rools in 4.6-7.2 years,738
whereas Pan does so in 3-6.5
years.2122.33 Available data a)so suggest
that, with the exception of medern hu-
mans, there may be an increase in root
formalion time from anterior to pos-
terior molars; this pattern seems to be
common among primates.”

Hence, although average root for-
mation limes ditfer between modern
humans and great apes, these difter-
ences do not appear to be consistent
across 1ooth types and are not always
marked. Kuykendall?! also noted that
certain periods of tooth formation
seem equivalent in Pan and Homo,
and made the interesting suggestion
that this may be the result of a shift in
proporiion between crown and root
formation in the wo species whereby
the absoluie lime of development re-
mains the same.?! Although this may
be the case tor canines and P3s and,
perhaps, P4s, Kuykendall's claim is
not borne oul for the other teeth (Table
). Molars of modern humans appear
to have extended the period of root
growth without reducing crown for-
mation times. More strikingly, both in-
cisor crowns and incisor roots appear
to take longer (o form in great apes
than in modern humans (Table 1).3778

Lack of detailed data on growth
rates and times of root formation have
made it difficult to assess the develop-
mental status of fossil hominids, espe-
cially because root formation
apparently does not proceed line-
arly.2637:46 Arpong early hominids, root
formation (imes have been estimated
to be between 3 and 5.5 vears for one
individual of Homo habilis (OR 16).47
These cstimates are based on counts
of periradicular bands, which are be-
lieved to correspond to long-period in-
cremental markings in the dentine,
which are equivalent to perikymala in
1ooth crowns,*” on 8 mandibular tecth
of this fossil specimen. This study con-
cluded that the average root formation
time in this Hono habilis specimen is
closer to the range found in chimpan-
zees than that of modern humans. Al-

though from the available data it ap-
pears reasonable (o suggest Lhal there
is a relationship between root size and
formation time, on one hand, and be-
tween delayed eruption and voot for-
mation time on the other, more
comparative data are badly needed to
test such a hypothesis.

Great apes differ most
from fossil hominids and
modern humans in
canine formation times,
a fact that commonly
has been associated
with absolute
differences in canine
size. However, while size
may account for
differences in crown
formation times in
incisors, canines, and
third premolars, the
different formation times
of the other postcanine
teeth cannot be so
easily explained.

DIFFERENCES IN ERUPTION TIMES
AND PATTERNS AMONG
HOMINOIDS

Smith, Crummett, and Brand(¥
have recently collated data on erup-
tion times for many primate species
and the Limes forextant hominoid per-
manent teeth are summarized in Table
2. It should be remembered that there
are differences among modern hu-
mans in the fiming of eruplion of scc-
ond and third molars. Specifjcally,
non-European populations, or people
living in poor sociocconomic condi-
tions, generally show less of a gap be-
tween both formation and eruption of
molars® (forreview of studies, see Ev-
eleth and Tanner?'). The extent to

which population differences may
also exist in nonhuman primaltes
needs to be determined.

It is evident that humans erupt their
teeth absolutely angd relatively later
than do the great apes. However, be-
cause the delay in eruption bimes is
not uniform across all teeth, this re-
sults in different erupiion pattemns be-
tween modern human and ape
species? 31935 (Fig, 2). For example,
great apes erupt their incisors rela-
tively late, but modern humans tend
to erupt theirs at approximately the
same time as their first molars. Fur-
thermare, premolar and canine erup-
tion in the apes usually occurs afier
the second molars have come into oc-
clusion, butl in modern hiunnans both
iooth types erupt before, or at about
the same time as, the second molars.
To illustrate this difference further,
and to assess it in relation Lo the abso-
lute timing of events, we computed
the average difference in eruption
times between the respeciive ape and
human teeth (Table 2). Compared
with apes, angd using an absoluie time
scale, central and lateral incisor erup-
tion in humans isdelayed by | and ] .4
years, respectively, whereas canine
eruption is delayed by about 1.8 years.
Human posicanine (eeth show the
greatest delay in absolute eruption
times, so that, in increasing order; first
permanent molars come into occlu-
sion 2.9 years later than they do in
greal apes, [ollowed by P3 (3.2 vears)
P4 (3.8 years), M2 (4.9 years), and M’
(8.7 years) (calculated from Table 2)

Only one study has yet attempted (o
relate measures of the absolute timing
of denral development with the pat-
tern of eruption in the same juvenile
fossil specimen.f' This study con-
{irmed that although the pattern of
dental development in this 2 robustus
individual, especially with regard (o
stages of M1/11 development® 4194283
resembles that in modern humans
more closely (han it does the pattern
found in great apes, the absolute tim-
ing of its developmental events, as de-
termined by histological methods,
was foreshortened.®? Further studies
that directly relate patiern with timing
are needed. Presenily too much reli-
ance has (o be placed on referential
and conceptual models (see Smith?
for an explanation of the assumpiions
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TABLE 3. The Average Time Beiween Completlon of Crown Formatlon and Eruption

n 12 (o P3 P4 M1 M2 M3
Great apes 1.1 0.7 0.2 0.1 1.8 04 1.9 3.7
Moderm humans 3.2 3.0 5.7 58 5. 3.6 4.9 6.9
Difference 2.1 23 55 5.7 3.3 3.2 3.3 3.3

underlying each model) to assess the
extent to which the patterns of tooth
eruption in early hominids suggest an
extended period of growth.

DO TEETH THAT GROW FASTER
ERUPT EARLIER AND VICE
VERSA?

Overall, the answer 1o this question
must be no. Apes erupi their teeth ab-
solutely earlier than humans do (Table
2), yet Lheir canines and P3s—i.c.,
their sectorial canine complex—and
apparently their incisors as well (Table
1), take longer to form than they do in
humans. Only for the canines and P3s
is it possible to detect a correlation be-
tween crown formation and eruption
times, although both the extended pe-
riod of crown formation and the late
eruplion of the sectorial canine com-
plex in great apes may be linked with
iheir larger overall size.'® In sexually
dimorphic species in which males
have much lavrger canines than do fe-
males, formation times vary consider-
ably between the sexes. This may, at
least in part, account for polymor-
phism in canine eruption!$2! (but see
Dean and Beynon’). Tt has been
pointed out '8¢ thal both large size
and late eruption of canines and P3s
are the result of intermale competi-
tion, which allows an animal 1o attain
full adu)t status before being per-
ceived as a potentia) reproductive
competitor. Although a velationship
between overall size, crown formation
time, and eruption time may hold for
canines and P3, such an arrangement
does not apply to the other postcanine
teeth. In apes and humans, as well as
extinci hominjds such as the
megadont robust australopithecines,
molar teeth take a similar amount of
time (o form, vet their eruption times
appear to differ markedly.

If differences in crown formation
times do not account for the differ-
ences in eruption times between mod-
ern humans and great apes, might the

differences be due to the time of onset
of crown formation? Apparently not,
for later erupting teeth are not peces-
sarily those in which the initiation of
crown formation is delayed. Among
homincids, the time of initiation of
the more mesial tooth within a tooth
class is relatively invariant, as is the
order of tooth initiation within each
tooth class [rom anterior to posterior.
Hence, the polymorphism in premolar
eruption [P; = P,] reported for hu-
mans3® results from developmental
processes occurring later in ontogeny
and that are not manifest during early
stages of crown calcification (that is,
provided premolars constitute a class
of their own, separate from molars).

It appears that developmental
changes during evolution have af-
fected cach tooth class differently, so
thal each follows its own developmen-
tal pathway. For example, the timing
of development of both incisor tooth
crowns is relatjvely stable across taxa
and appears to have changed little
during hominid evolution, whereas in
postcanine teeth the initiation of pos-
terior members has experienced a de-
lay, perbaps gradual, during evolution
{oward the modern human condition,
with the initiation of molar crown for-
mation being more affecled than that
of premolars.

Given that there is no relationship
between the time of crown initiation,
crown formation time, and the time of
eruption, how is the distinclive rate
and patiern of tooth formation and
eruption in modern humans (o be ex-
plained? Do modern human teeth
erupt wilh a greater proportion of
their roots formed? Is (ooth develop-
ment in modern humans “retarged”
following the completion of crown
foxmation? It would seem that both
these mechanisms may operate (Fig.
2). Both bumans and great apes erupt
their teeth wijth varying amounts of
rools formed,20223585 but there are
systematic differences among species

with regard to Lhe absolute and pro-
portional amount of roots formed at
eruption (Fig. 2). In modern humans
both the crown and, more impor-
tantly, the root exiension rates slow
considerably toward the cervix, thus
accounting for thei later eruption bui
similar crown formation times com-
pared to the apes.?54547

In order to gain an overall idea
about the amount of time that usuvally
clapses between crown completion
and eruption in greal apes and mod-
erm humans, we subtracted the aver-
age time of crown completion, plus
the time of initiation, hrom the re-
ported eruption time (Table 3). Al-
though we recognize that such a
calculation can provide only a crude
measure of how much time elapses, on
average, between crown completion
and eruption, the figures presenied in
Table 3 nonetheless offer some insight
into the mechanisms that may be op-
erating. As expected from the data pre-
sented, it isinmodern human canines,
third premolars, and third molars,
which, however, are notoriously vari-
able among populations, that the long-
est periods—S5.7-5.8 and 6.9 years,
respectively—elapse belween crown
complction and eruption. In great
apes, in contrast, (ully formed canines
and M3s come into occlusion 0.2 and
3.7 years, respectively, after crown
completion.

Humans have experienced a general
delay in dental maluration during
hominid evolution, but the extent of £
that delay difters across tooth classes.
It is least in the incisors, while the ca-
nines and premolars have the longest
intcrval between the end of crown for-
mation and eruption (Table 3).

CAN A SINGLE
HETEROCHRONIC CHANGE
EXPLAIN THE PROLONGED
DENTAL MATURATION IN
MODERN HUMANS?

In order to explain the major
changes in eruption patterns during
hominid evolution, Smith!® has ve-
cently drawn attention 1o Schultz's in-
itia) proposal®¢ in which he identified
two “waves of eruption” in primates:
molars (wave 1) and antemolar tecih
(wave 2). Slow-growing species ex-
hibit a relative acceleration of wave 2
eruption in relalion to wave 1 so that
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both waves erupt simultaneously,
whereas fast-growing species erupt
the two waves sequentially, In fact,
Homo appears to be characterized by
three waves, with third molar eruption
constituting the additional wave. Al-
though we generally concur with this
model, the data on absolute timing of
devclopmental events presented here
indicate that tooth classes should be
viewed and compared as separale
units. Furthermore, the appearance of
ihese waves may be a by-product of
changes that have occurred within,
and are specifically confined to, a par-
ticular tooth class. We propose the fol-
lowing mechanisms to explain the
changes that occurred during homi-
nid evolution (these are illustrated in
Fig. 2).

First we suggest thal within the pre-
molar and molar tooth classes a
change in growth rate (activity) of the
primordia has resulted in a retarda-
tion of the initiation of the later-devel-
oping teeth within each class.
Although each tooth class initiates
tooth formation at aboul the same
time, the delay in the calcification of
later-forming teeth constitutes a rela-
tively simple heterochronic change. In
a series of experimental studies,
Snead and colleagues investigated de
novo amelogenin gene expressicn in
mice?’89 and suggested that the acqui-
sition of competence by prcameloblasts
to respond to the epigenetic (i.e.,
autocrine and paracrine) signals de-
pends on a genetically determined
minimal number of cell cycles.t” Ac-
cording (o these investigators, this de-
pendence would explain why the
lingual aspect of the inner dental epi-
thelium of mouse incisors did not syn-
thesize and secrete amelogenin even
when it was brought into contact with
a permissive microenvironment. (f
ameloblasts become activated only af-
ter a minimum number of cell cycles,
the delayed initiation of later-forming
teeth within a tooth class may thus be
a simple conscquence of the overall re-
duced growth rate of the face.'8 More-
over, if initiation of crown formation
and overall growth of the face are
linked, then the similarities in devel-
opmental patierns between Hono and
Paranthropus, even though the abso-
lute timing of events may be difter-

ent 3849091 come as little surprise,

given the parallels in overall growth
and bone remodeling of Lhe face in
both genera. Previous studies have
suggested that the development of
teeth is determined by the space avail-
able in the developing jaw.’®%? Al-
though there seems to be a
relationship between the two, we con-
iend that it may not be a causal one.
Rather; development of both the face
and the teeth is determined by a com-
mon growth trajectory, whereby space
only exerts a secondary influence on
the later stages of development.

Modification of the
masticatory complex

is not the simple
process some recent
interpretations have
suggested. The interplay
between selection
pressures acting both
on dental function

and social behavior,
together with the highly
integrated nature of the
development of the
masticatory system,
precludes simplicity.

Second, the cervical slowing of
enamel formation and, particularly,
the rool extension rate is exaggerated
in humans when compared with other
hominoids. This may be sufficienl lo
account for most of the delay observed
in human eruption patterns. It scems
that the proportional decrease in in-
cremental enamel growth toward the
cervix, and a similar decrease in root
exlension rale during early root for-
mation, have affected tooth types dif-
ferently (Table 3).

In summary, it seems evident thal
evolution toward an extended onto-
geny did not fellow a path that could
be described by a simple hetero-
chronic event, such as an overall retar-

dation of growth. Developmental
changes within the dentition appearto
have been complex, involving both
crown and root initiation and forma-
tion. However, some processes within
the developing dentition seem re-
markably conserved—that is, develop-
mentally constrained. These processes
include the initialion time of the stem
progenilor within a tooth ¢lass and the
average raie of enamel and dentine se-
cretion, ie., the activity rate of the
ameloblasis and odontoblasts. It
seems that at leasl two heterochronic
mechanisms must be proposed to ex-
plain the delayed dental maturation of
modern humans. These are the slow-
ing [rom anterior (o posterior of the
growth rates of the primordia and the
exaggerated slowing of tooth exien-
sion rates at the cervix.

DO THESE CONCLUSIONS AND
HYPOTHESES HAVE
IMPLICATIONS FOR SYSTEMATIC
STUDIES AND THE
INTERPRETATION OF LIFE
HISTORY?

[l this velatively complex hetero-
chronic explanation for the peculiar
features of modern human dental de-
velopment survives refutation, jt will
suggest that evolotion toward ex-
tended human infancy is not part ol a
general prolongation of growth and
development. Similarly, the data pre-
sented here indicate that species dif-
ferences for such variables as croy
formation times, for example, may not
be as unequivocal as was previously
thought. Should palecanthropologists
therefore abandon studies of hominid
dental growth and development for
taxonomic purposes or in order to de-
duce details of life history? We believe
not. However, in order to retrieve in-
formation that can be used (o imprave
ow understanding of phylogenetic re-
lationships and life history, the denti-
tion as a whole, vather than individual
tecth, should be the subject of study.
In this review we have collated infor-
mation on differences in dental devel-
opmenl among hominoids and have
gone on to identify possible taxon-spe-
citic developmental coustraints and
evolutionary mechanisms, but these
proposals must remain Lenlative until
a more integrated analysis has been
atiempled.
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Given the importance of the size of
the dentition (or both (ood processing
and social display, it is reasonable to
assume that it is under strong selec-
tion pressure, yel the means by which
changes in size can be attained are fi-
nite and constrained. Although most
paleoanthropologists would regard
this statement as a truism, its signifi-
cance for dental developmental stud-
ies has perhaps not been fully
recognized. The data presented here
suggest that more attention should be
paid to the impact of overall size on
development, although it may be ap-
propriate to move away from the con-
ventional means of expressing overall
size. For example, it appears that
crown formation time and, to a cer-
tain extent, eruption, may be more
closely linked with crown height than
with tooth size as reflected in crown
base area. It is also likely that the rate
of enamel secretion is scaled to
enamel thickness and not to more con-
ventional measures of tooth size. In
the same vein, different scaling proce-
dures may be indicated for individual
tooth components, such as, for cxam-
ple, lingual and buccal cusps. Only
when such scaling relationships have
been taken into account can we begin
to assess (he taxonomic and (unc-
tional implicalions of the differences
in dental development between taxa.

Researchers are stjll in the early
stages of elucidating the natwre of the
heierochronic changes that occur dur-
ing development. For example, al-
though it is acknowledged that
evolution toward an extended intancy
is coupled with a delay in overall den-
tal maluration, the exact mechanisms
are still elusive. Among rmammals, the
timing of eruption of first molars is
correlated with life history variables,
and interspecific siudies indicate that
these variables are similarly corre-
lated with body weight.®? Such find-
ings are particularly useful for
comparisons between species, but
they may not have a high enough reso-
lution (o be emploved in analyses of
closely related taxa with greatly over-
lapping ranges of body and brain sizes.
We must therefore seek to identify com-
mon biologically relevant correlations
between various developmental proc-
esses, specifically between dental and
somatic growth. For example, in this

review we have proposed that the
growth of the primordia may be
closely linked with the growth and de-
velopment of the entire face. However,
thjs needs 10 be substantiated. Simi-
larly, Smith,”8 in her study of the de-
velopmental status of the early African
Howmio erectus specimen from Nariok-
otome, related indicators of somatic
matunty to dental development. The
resulting range of different age esti-
mates suggests that much more needs
to be learned about the relationship
between “general” versus “localized”
heterochronies.

We advocate a more holistic ap-
proach to dental development studies.
One of our professional colleagues has
summarized this review as providing “a
depressing prospect for those...who
had hoped to track the evolution of the
slowed human growth pattern by us-
ing teeth.” On the contrary, we would
argue that comparative dental devel-
opment has much to contribute to our
general underslanding of the relation-
ship between evolutionary processes.
We add our support to the conclusions
of a recent review article:*

“The nolion of a developmental
constraint is imporiant in under-
standing how development influences
evolution; the notion of a developmen-
tal patiern is important in under-
standing the evolution of development.”
(p 233).

Modification of the masticatory
complex is not the simple process
some recent interpretations have sug-
gested. The interplay between selec-
tion pressures acting on both dental
function and social behavior, together
with the highly integrated nature of
the development of the masticatory
sysiem, precludes simplicity. Al-
though it is right and proper to adopt
a reductionist strategy for investigat-
ing evolutionary history, the study of
dental development without proper
regard for the wider issues involved in
the development of the face and jaw
probably means taking the reduction-
ist stratagem a stage too (ar.
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