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GRADUAL CHANGE IN HUMAN TOOTH SIZE IN THE 
LATE PLEISTOCENE AND POST-PLEISTOCENE 

C. LORING BRACE, KAREN R. ROSENBERG, AND KEVIN D. HUNT 
Museum of Anthropology, University of Michigan, Ann Arbor, MI 48109 

Abstract.-Starting with the onset of the last glaciation approximately 100,000 years ago and 
continuing to the end of the Late Pleistocene approximately 10,000 years ago, human tooth size 
began to reduce at a rate of 1% every 2,000 years. Both the mesial-distal and the buccal-lingual 
dimensions of mandibular and maxillary teeth were undergoing the same rate of reduction. From 
the beginning of the Post-Pleistocene until the present, the overall rate of dental reduction doubled, 
becoming approximately 1% per thousand years. Buccal-lingual dimensions are now reducing twice 
as fast as mesial-distal dimensions, and maxillary teeth are reducing at an even more rapid rate 
than mandibular teeth. Late Pleistocene rates are comparable in Europe and the Middle East. The 
Post-Pleistocene rates are also the same for Europe, the Middle East, China, Japan, and Southeast 
Asia. It is suggested that the cookery at the beginning of the Late Pleistocene allowed the earlier 
changes to occur. The use of pottery within the last 10,000 years further reduced the amount of 
selection that had previously maintained usable tooth substance. Reduction then occurred as a 
consequence of the Probable Mutation Effect (Brace, 1963; McKee, 1984). 
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There is a widespread assumption that 
human evolution effectively ceased with the 
appearance of "anatomically modern" 
Homo sapiens just over thirty thousand 
years ago (Wallace, 1864, 1870, 1871, 1903; 
Bergson, 1907; Hooton, 1931; Haldane, 
1932; Howells, 1959; Coon, 1962; Mayr, 
1963; Fishbein, 1976; Tattersall and El- 
dredge, 1977; Stanley, 1981; Eldredge and 
Tattersall, 1982; R. E. Leakey in Fisher 
[1983]). In virtually every case, however, 
this assumption is based on theoretical ex- 
pectations rather than empirical analysis of 
actual data distributed through time. 

Studies of long-bone robustness (Lovejoy 
and Trinkaus, 1980) and cranial-vault re- 
inforcements (Smith and Ranyard, 1980; 
Wolpoff et al., 1981; Trinkaus and LeMay, 
1982; F. Smith, 1982) show that change has 
indeed taken place, but the scattered and 
incomplete nature of the evidence has left 
open the question of whether that change 
occurred throughout the hominid gene pool 
as some have suggested (Brace, 1964, 1979a, 
1979b; Frayer, 1978; Wolpoff, 1980; F. 
Smith, 1982), or by a sequence of invasions 
and extinctions as traditionally assumed 
(Boule and Vallois, 1957; Howells, 1973) 
and recently reasserted (Tattersall and El- 
dredge, 1977; Brauer, 1981, 1984a, 1984b; 
Stanley, 1981; Eldredge and Tattersall, 1982; 
Stringer, 1982, 1985; Rightmire, 1983a, 
1983b; Stringer et al., 1984). 

In the present paper, we consider data 
from the most readily preserved portion of 
the skeleton, namely the dentition. Teeth 
are preserved in greater numbers than are 
other parts of the skeleton, they are a closer 
reflection of the genotype, they are more 
directly affected by the forces of natural se- 
lection, and they are easily treated by quan- 
titative methods (Brace, 1 979a, 1980). 

MATERIALS AND METHODS 

Since teeth have adaptive value only so 
long as usable crown substance is preserved, 
the most meaningful measures are those of 
crown size. The crown is a three-dimen- 
sional object, and ideally it would be best 
represented by dimensions of length, width, 
and height. However, the widespread oc- 
currence of occlusal wear, especially on the 
-teeth of prehistoric populations, means that 
crown height is almost always reduced by 
an unknowable amount (Brace, 1967). Our 
assessment is based on a study of the stan- 
dard mesial-distal and buccal-lingual crown 
dimensions of human teeth (Brace, 1 979a, 
1980). Because interproximal wear may re- 
duce the mesial-distal dimensions to a 
marked extent, we did not use teeth when 
we judged that wear would significantly have 
reduced the original dimension. Neverthe- 
less, we continue to consider mesial-distal 
measurements because they yield useful re- 
sults when treated in conjunction with buc- 
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cal-lingual measures, and also because the 
rate of change of the two dimensions ap- 
pears to have diverged in the recent past. If 
we had used only the dimension least af- 
fected by wear, we could not have discov- 
ered this divergence. 

Each dimension of the 32 teeth in the 
normal dental arch can be considered, which 
involves 64 separate variables. Since the left 
and right antimeres can be regarded as prod- 
ucts of the same genetic background, the 
mean of both may be a better reflection of 
the genotype than each taken separately. 
Useful comparisons can also be made by 
examining the product of the mesial-distal 
and buccal-lingual measurements, a statis- 
tic that has been called the "cross-sectional 
area' (Brace and Mahler, 1971). For all but 
the Neanderthal samples, the data used for 
comparison are mid-sex means, that is, the 
sum of the separate male and female means 
divided by two. Since most of the Nean- 
derthal material cannot be sexed, the figures 
used are total-sample means. For our most 
basic comparisons, then, we use 16 mesial- 
distal and 16 buccal-lingual means per pop- 
ulation. 

For ease of graphic comparison, we also 
sum the upper and lower cross-sectional 
areas of each tooth category to produce what 
has been called a "composite tooth-size pro- 
file" for each group (Brace, 1980). The use 
of this is illustrated in the comparisons dis- 
played in Figure 1. Finally, if we sum the 
eight means in the composite tooth-size 
profile we get a single number referred to as 
"summary tooth-size" (TS) that can be used 
as a crude index of total occlusal area in 
each population (Brace, 1978; Brace and 
Hinton, 1981). The results lend themselves 
to the kind of treatment illustrated in Fig- 
ure 2. 

For those who may feel that such a treat- 
ment obscures what might be separate rates 
of change for the anterior and posterior teeth, 
rates of cross-sectional area change for each 
of the individual maxillary and mandibular 
teeth are presented in Figure 3. Even this, 
however, obscures what might be separate 
individual mesial-distal and buccal-lingual 
rates of change. The Late Pleistocene and 
Post-Pleistocene change rates for these in- 
dividual dimensions are presented in Fig- 
ures 4 and 5, and it is clear that separate 

consideration is warranted if we wish to un- 
derstand what has happened in detail. 

Samples Compared 
Research efforts concerned with human 

prehistory have been pursued more inten- 
sively and for a longer period of time in 
Europe than anywhere else, and conse- 
quently there is more evidence on which to 
base our assessment of European dental 
change through time than there is for any 
other part of the world. The material used 
to determine tooth size at the beginning of 
the Late Pleistocene is from Krapina, in Yu- 
goslavia. This is the only site from which 
complete data are available for Early Nean- 
derthal tooth size (Brace, 1979a). The ma- 
jority of the teeth are not implanted so it 
was not possible to make a determination 
of sex. 

The Late Neanderthal material is from 
western Europe and includes isolated teeth 
and unsexable specimens (Wolpoff, 1971). 
Such included specimens as Le Moustier, 
La Ferrassie, and La Quina from France and 
Spy from Belgium were excavated before a 
detailed knowledge of stratigraphy and dat- 
ing was possible. Our attempts to assess an- 
tiquity, then, are approximate at best. With 
the new realization that the Mousterian tool- 
making tradition associated with the Nean- 
derthals stretched over a time span almost 
twice as long as that previously accepted, 
dates of approximately 100,000 years ago 
for the Early Neanderthals and 50,000 years 
ago for the Late Neanderthals of Wiirm II 
are about the best that we can do (Dennell, 
1983). 

The situation for the European Upper Pa- 
leolithic, Mesolithic, and Neolithic, is a lit- 
tle better, although in many instances the 
material, as with the Neanderthal speci- 
mens, was excavated at a time when its ex- 
act antiquity could not be determined, and 
stratigraphic information was not preserved 
to allow us to calculate this in retrospect. 
The associated archaeology, however (Fray- 
er, 1978), does allow us to posit the dates 
used in Figure 2. 

RESULTS 

Figure 1 portrays the change in tooth size 
for the available European samples starting 
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FIG. 1. Composite tooth-size profiles (Brace, 1980) for available European samples from the beginning of 
the Late Pleistocene to the present. The vertical axis represents cross-sectional area in mm2 of the tooth categories 
noted on the horizontal axis. The lines connecting the tooth-type points provide the tooth-size profiles for the 
populations indicated by the symbols in the legend. The Early Neanderthals are from Krapina in Yugoslavia 
(Brace, 1 979a), the Late Neanderthals are from approximately 50,000 years ago (Wolpoff, 1971; Brace, 1 979a). 
The Early Upper Paleolithic is from between 28,000 and 33,000 years ago, and the Late Upper Paleolithic is 
from 12,000-15,000 years ago (Frayer, 1978). The Mesolithic figures are from French material between 8,000 
and 10,000 years old (Frayer, 1978). The Neolithic figures are from English, French, and Swiss material between 
4,000 and 6,000 years old and the "modem" European figures were compiled by combining data from Medieval 
and post-Medieval samples from England, France, Germany, Switzerland, Italy, and Yugoslavia measured by 
the senior author at the British Museum (Natural History) in London (courtesy of Dr. C. B. Stringer), the 
Duckworth Laboratory at Cambridge University (courtesy of Dr. J. P. Garlick), the Mus6e de 1'Homme in Paris 
(courtesy of Dr. J.-L. Heim), The D36partment d'Anthropologie at the Universit6 de Gen6ve (courtesy of Prof. 
M.-R. Sauter and Dr. C. Kramar-Gerster), the Peabody Museum at Harvard University (courtesy of Prof. D. 
R. Pilbeam) and the von Luschan collection at the American Museum of Natural History in New York (courtesy 
of Dr. I. Tattersall). 

with the beginning of the Late Pleistocene 
somewhere between 70,000-115,000 years 
ago and continuing up to the present. There 
has been a marked reduction since the be- 
ginning of the Late Pleistocene. If the data 
in Table 1 are used as a basis for compar- 
ison, then the reduction in total crown area 
from the Krapina Neanderthals to an av- 
erage "modem" European amounts to some 
45%. The reduction from Krapina to the 
Medieval Swiss figure is over 50%. It is also 
evident that tooth-size reduction is roughly 
proportional to time, a matter we shall re- 
turn to again shortly. 

Tooth Size and Body Size 
For some human groups, low but positive 

correlations between tooth-size and body- 
size measures have been noted, and some 
of the correlations are significant (Gamn et 
al., 1968a, 1968b; Henderson and Corruc- 
cini, 1976; Lavelle, 1977). For at least one 
group of Australian aborigines the correla- 
tions are markedly higher ranging between 
0.24 and 0.5 1, although, even there, the al- 
lometric exponents are less than half the size 
of those recorded for the other primates for 
which such data are available (Wolpoff, 
1985). However, even if the nature of the 
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TABLE 1. Summary Tooth Size (TS) in mm2, average 
N and range of N for the European samples used. 

Mean Range of N 
Sample TS N (per tooth) 

Krapina 1,631 13 (9-18) 
Late Neanderthal 1,415 13 (5-20) 
Early Upper Paleolithic 1,355 14 (5-27) 
Late Upper Paleolithic 1,235 19 (9-34) 
Mesolithic 1,220 49 (25-62) 
Neolithic 

English 1,196 39 (17-57) 
French 1,180 36 (7-56) 
Swiss 1,138 15 (12-18) 

Modem (17th century) 
English 1,120 32 (5-44) 
French 1,128 52 (19-80) 
German 1,141 30 (12-39) 
Swiss 1,078 28 (21-34) 
Italian 1,149 23 (7-39) 
Yugoslav 1,140 79 (43-97) 

allometric relation between tooth and body 
size in other organisms (Kurten, 1954, 1967; 
Gould, 1966, 1968, 1971; Gould and Gar- 
wood, 1969; Gingerich, 1977, 1981; Gin- 
gerich et al., 1982; Gingerich and Smith, 
1985) had been observed, it is clear that if 
differences in human tooth size are to be 
thus accounted for, then the amount of body- 
size change would have to have been an 
order of magnitude beyond that which ac- 
tually took place. There is evidence to sug- 
gest that the recent human physique is less 
robust than that of the Neanderthals of 
50,000 years ago and earlier (Trinkaus, 1978, 
1981, 1983a; Lovejoy and Trinkaus, 1980; 
Rosenberg 1986a, 1986b), and there are 
abundant indications that tooth size has also 
undergone substantial reduction (Brace, 
1964,1979a). Consequently, it is important 
to consider whether the observed tooth-size 
reduction is simply an allometric result of 
body-size changes. 

While there is no way to deal directly with 
body size for most of the groups we have 
considered, we do have cranial measure- 
ments for some of them. If in fact there is 
an allometric relation between body size and 
brain size within a given group as many 
have noted (Jerison, 1973; Riska and Atch- 
ley, 1985), then there is some reason to use 
those cranial measurements that can be 
combined to give an approximation to brain 
size as the basis for an appraisal of the extent 

to which body and dental dimensions co- 
vary. The product of the length, width, and 
height of the brain case gives a crude ap- 
proximation of brain size, especially in 
Homo sapiens where the configuration of 
the cranium corresponds more closely to the 
dimensions of the brain itself than is true 
for the majority of mammals. 

For four of our modern samples, two 
Asian and two European, we have produced 
correlations and regressions of tooth size on 
brain size as indicated by the product of 
those three cranial dimensions. The highest 
within-group r values between brain size and 
the dental dimensions with which it is most 
highly correlated (namely first and second 
lower and upper molars used separately and/ 
or together, whichever produces the highest 
figure) are 0.12 for the Ainu (N = 62), 0.38 
for Italians (N = 11), 0.54 for Hong Kong 
Chinese (N = 27) to 0.60 (N = 18) for Ger- 
mans. Only the German figure is signifi- 
cantly different from zero. 

The regression coefficients on log-trans- 
formed data range from 0.012 for the Ainu 
to 0.07 for the Hong Kong Chinese, with 
the Germans and Italians at 0.03 7 and 0.038, 
respectively. Only the Hong Kong slope is 
significant. When the several modern 
regressions are used to predict Neanderthal 
tooth size from the available data for Nean- 
derthal brain size (cranial measurements 
from Suzuki [1970]), the modern regres- 
sions underestimate the observed extent to 
which Neanderthal tooth size exceeds mod- 
ern levels by percentages ranging from 45% 
using Germans to over 90% using Ainu data. 
Looked at the other way around, there is no 
way that we could use the reduction in hu- 
man cranial size recorded in the recent geo- 
logical past to predict the magnitude of de- 
crease in dental dimensions that in fact 
occurred during that same period of time. 

There has been some previous reflection 
on the possibility that brain and body size 
have become "decoupled" in the course of 
primate evolution (Pilbeam and Gould, 
1974; Gould, 1975; Lande, 1979). Our data 
suggest that in contrast to other mammalian 
groups, tooth size and body size have be- 
come notably decoupled in recent prehis- 
toric and modem human populations. From 
this we can conclude that our findings are 
in keeping with previous observations on 
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tooth size and body size in fossil hominids, 
namely that the relationship is "effectively 
nil" (Garn and Lewis, 1958; Henderson and 
Corruccini, 1976). 

Rates of Change in Tooth Size 
When European summary tooth-size (TS) 

is plotted against time (see Fig. 2), the slope 
is not only significant (r > 0.98, P < 0.01), 
but the Post-Pleistocene regression line is 
twice as steep as that for the Late Pleisto- 
cene. The Early Neanderthal material from 
Krapina comes from the boundary between 
the last interglacial and the onset of the last 
glaciation (Malez, 1970a, 1970b), but 
whether that date is 70,000, 75,000, 
100,000, 110,000, or 115,000 years ago is 
still a matter of debate (Bowen, 1978; van 
Eysinga, 1978; Ruddiman and McIntyre, 
1979; Woillard and Mook, 1982). If the be- 
ginning is considered to be at 70,000 years 
ago, the regression slope is -0.0066 mm2/ 
yr and the r value is 0.982 (P = 0.003). At 
110,000 years ago, the slope is -0.0041 
mm2/yr and the r value is 0.992 (P = 0.0009), 
and at 100,000 years ago, the slope is 
-0.0046 mm2/yr and the r value is 0.996 
(P < 0.0001). In contrast, the Post-Pleis- 
tocene slope is -0.0123 mm2/yr and the r 
value is 0.888 (P = 0.0003). When the 
regressions are calculated on pooled un- 
sexed data instead of using the mid-sex 
means, the Late Pleistocene slope is reduced 
by 0.0002 mm2/yr and the Post-Pleistocene 
slope is reduced by 0.002 mm2/yr because 
of the weighting of the larger male dimen- 
sions. However, the change in slope is not 
significant in either case and makes virtually 
no discernible difference in the nature of the 
overall picture. 

Depending on which terminus post quem 
is used for the onset of the Late Pleistocene, 
the Post-Pleistocene rate of dental reduction 
is between two and three times the Late 
Pleistocene rate. In contrast, there is no evi- 
dence that there was any reduction at all 
from the earlier Middle Pleistocene popu- 
lations to the levels visible at the beginning 
of the Late Pleistocene (Brace, 1967, 1979a, 
1980). Figure 2 shows the plot of TS against 
time where the beginning date is arbitrarily 
set at 100,000 years ago and separate regres- 
sion lines are calculated for the Late Pleis- 
tocene and Post-Pleistocene data points. 

1650- 

1550\ 

- 1450\ 

E 

E 1350 - 0 

a- 

1250 

0 

1150 0 

0 
1050- 

100 80 60 40 20 0 
Thousands of Years BP 

FIG. 2. TS regression lines for Early Neanderthal, 
Late Neanderthal, Early Upper Paleolithic, Late Upper 
Paleolithic, and Mesolithic European samples (slope = 
-0.0046, r = 0.996, intercept = 1181.7, P < 0.0001), 
and Mesolithic, Neolithic, and modern European sam- 
ples (slope = -0.0123, r = 0.888, intercept = 1115.2, 
P = 0.0003). The TS data are listed in Table 1. 

Furthermore, as can be seen in Table 2 
and also in Figure 5, the Post-Pleistocene 
acceleration of dental reduction is largely 
the result of change in the buccal-lingual 
dimensions in general and the maxillary 
teeth in particular. The rates of reduction 
in both maxillary and mandibular teeth and 
in both length and width were essentially 
the same during the Late Pleistocene (see 
also Fig. 4). In the Post-Pleistocene, how- 
ever, the maxillary teeth are reducing twice 
as fast as the mandibular teeth (this con- 
firms the previous observation of this trend 
based on a more limited sample by LeBlanc 
and Black [1974]), and the buccal-lingual 
dimensions are reducing more than twice as 
fast as the mesial-distal dimensions (Fig. 5). 
The Late Pleistocene and Post-Pleistocene 
rates of reduction in cross-sectional areas 
are graphically depicted in Figure 3 where 

TABLE 2. Average regression slopes (change per thou- 
sand years) for mesial-distal and buccal-lingual di- 
mensions calculated separately for the maxillary and 
mandibular teeth of Late Pleistocene and Post-Pleis- 
tocene European samples. 

Mesial- Buccal- 
Distal Lingual 

Late Pleistocene maxilla -0.018 -0.017 
Late Pleistocene mandible -0.015 -0.016 
Post-Pleistocene maxilla -0.035 -0.049 
Post-Pleistocene mandible -0.016 -0.041 
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TABLE 3. Rate of Dental Reduction (cross-sectional 
area in darwins1) in Late and Post-Pleistocene Europe. 

Krapina- Mesolithic- 
Mesolithic Modern 

Maxilla 
I1 1.70 6.83 
12 2.87 5.62 
C 1.73 4.16 
P1 2.23 4.91 
P2 1.70 4.54 
Ml 1.30 3.89 
M2 1.00 4.64 
M3 1.25 4.99 

Mandible 
I1 2.04 2.28 
12 2.15 2.88 
C 2.08 2.70 
P1 1.87 4.01 
P2 1.60 2.48 
Ml 0.71 3.83 
M2 1.50 3.47 
M3 1.05 2.69 

Darwins of areas are divided by 2 to make them comparable with 
rates for linear dimensions. 

the bar representing change for each tooth 
extends above (for maxillary teeth) or below 
(for mandibular teeth) the zero line in dar- 
win units where one darwin is a change by 
a factor of e in one million years (Haldane, 
1949). The rate of mandibular tooth-size 
change nearly doubles while that of maxil- 
lary tooth size change nearly triples (P = 
0.0001). 

The increase in the rate of change for in- 
dividual tooth dimensions in the Post-Pleis- 
tocene relative to that for the Late Pleisto- 
cene can be seen by comparing Figures 4 
and 5. While the rate of change increases 
for most dimensions, it is most marked for 
the buccal-lingual measurements in general 
(P = 0.005) and the maxillary teeth in 
particular (P < 0.0001). As can be seen in 
Figure 5, the obvious exception to this gen- 
eralization is the large change in the mesi- 
al-distal dimensions of the Post-Pleistocene 
maxillary incisors. This is the dimension 
most strongly affected by interproximal 
wear, especially in the anterior dentition of 
earlier populations. This does not mean that 
the pattern shown in Figure 5 is incorrect, 
but it suggests that the earlier pattern for 
maxillary incisor change shown in Figure 4 
is an underestimate of what may have been 
taking place. 

Although it can be no more than specu- 
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FIG. 3. Rates of change (in darwins) of maxillary 
and mandibular cross-sectional area for each tooth cat- 
egory. The shaded bars represent Post-Pleistocene rates 
and the unshaded bars depict Late Pleistocene rates. 
The figure is based on the data in Table 3 from the 
sources noted in Figure 1. 

lation, we can at least suggest that the con- 
straints of maintaining regular interproxi- 
mal contacts and a functioning occlusion 
indicate that mesial-distal dimensions are 
less free to vary than buccal-lingual dimen- 
sions. The role of approximal relationships 
in maintaining an effective occlusion may 
indicate that a component of selection con- 
tinues to affect mesial-distal dimensions. 
There are no such constraints affecting buc- 
cal-lingual dimensions, and when selection 
for maintaining usable crown substance is 
suspended, the subsequent predictable re- 
duction should be most marked in the buc- 
cal-lingual diameters. 

The Non-Europeazn Evidence 
The Middle Eazst. -Although the actual 

evidence presents a picture of gradual and 
accelerating reduction in Europe, the tra- 
ditional explanation has been to regard this 
as caused, not by change in situ, but by in- 
vasion of new populations from the east and, 
initially, by replacement of the resident 
Neanderthals (Spencer and Smith, 1981; El- 



CHANGE IN HUMAN TOOTH SIZE 711 

10- I I I I I I I I 
11 12 C P1 P2 M 1 M2 M3 

8- Maxilla 

aa 

CC8- Mandible 
10 

0 

w 
C2 

codeadTttral 92 Legendre 
1983a, 193b; Striner et al.1984).BuccalLigal 

east 12a in Erpe Fortunaely,th Mid 

FIG.r4 Late Pleistocene raesofcang(i sklealrwins 

maxillar andu mnibua suficenth iunty Eurpe Thefiur 

ismasde.n thedanetahnables from thanda same souce 
not aedi Fiuemoa eqiaenso Erpa 

drede or"lsi"Nand erthals,ll 1982 Rightmire 
1983a 1983bngl stimilar et al., (Brace, Suc 97a; 
Triewkasumes 1983b) modtermform, winthi caTSe 

eatfha in Eurpe (calculateld from Trinkau 
dle9East]i they only otherethr of the samesize 
wher Late0 Plearstaocen theu"Nandseerthaloids" 
main occul, iont sufficent qusantity hand daT- 
abl contex so (cacuate afromparisown candb 
mae.t Neandrthal fro 1200hyanidago Caveinr 

Ltor"lsi"NandSerthalo, and) S o they Meslihi 

TrNkatusian in9Isrelbwa Futhrore, wth aetwee 
of1,27 0 3MM2 (calculated from Trinkaug 
[ 1983b])an the have teet ofro tesmeasize. 

ments made on (cluatped from McCwnara, 

Ket 13].B 200yasao(er 
an0 evlo'17) SfrteMslti 
Nauin0nIre a ont ewe 

1023M2(aclae rmDhbr 

190])ad136M2(rmmaue 

8et Md o ampilesfo Keaa 

12- 

11 12 C P1 P2 Ml M2 M3 

10- Maxilla 
Legend 

2 Mesial-Distal 

8 mD Bucca)-Lingual 

28- 

FIG 
wd 02- 

60 - 

of maxillary and mandibular teeth in Europe. The fig- 
ure is based on the data in Table 4 from the same 
sources noted in Figure 1. 

Shukba, and El Wad, stored in the collec- 
tions at the Peabody Museum, Harvard 
University, with the permission of Profes- 
sor W. W. Howells: sample sizes ranged from 
3 0 to 6 5 and averaged 5 0; as with the Nean- 
derthals, sexing was not possible because 
much of the collection consists of loose 
teeth). 

We have used the term "Neanderthaloid" 
in the sense preferred by the late Sir Arthur 
Keith (McCown and Keith, 1939): that is, 
to denote specimens that "frecall genuine 
Neanderthals in many respects, but in other 
features deviate in the modern direction"5 
(Brace, 1979b). The Skhuil individuals are 
the best representatives of intermediate 
morphology available, and, at 35,000 years 
ago (Brothwell, 196 1; Higgs, 196 1 a, 196 1 b; 
Oakley, 1962; Solecki, 1963; Trinkaus and 
Howells, 1979; Jelinek, 1982), they are in- 
termediate between Neanderthals and Up- 
per Paleolithic "'moderns" in time as well 
as form. 

There is another collection from Israel 
that has been considered "'Neanderthaloid"' 
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TABLE 4. Rate of Dental Reduction (mesial-distal 
[MD] and buccal-lingual [BL] dimensions in darwins) 
in Late and Post-Pleistocene Europe. 

Krapina-Mesolithic Mesolithic-Modern 

MD BL MD BL 

Maxilla 
II 1.22 2.16 10.17 3.72 
12 2.10 3.59 8.65 2.97 
C 1.65 1.80 3.26 5.07 
P1 2.36 2.09 4.14 5.92 
P2 2.18 1.32 2.14 6.34 
Ml 1.85 0.67 2.83 4.73 
M2 1.60 0.51 3.35 5.79 
M3 2.19 0.39 2.30 7.27 

Mandible 
II 1.21 2.83 2.29 2.66 
I2 1.95 2.33 1.88 4.18 
C 2.07 2.12 2.64 5.86 
P1 1.99 1.55 4.23 5.13 
P2 1.53 1.64 0.87 4.70 
Ml 0.88 0.61 3.24 4.37 
M2 2.00 1.04 1.13 5.67 
M3 1.59 0.66 0.19 4.98 

in the same sense. This is the series of spec- 
imens found at Qafzeh starting in 1934 
(Neuville, 1934-1935; Vandermeersch, 
1970). In many aspects of morphology, they 
are clearly intermediate between fully 
Neanderthal and "modern" forms (Van- 
dermeersch, 1981), but there remains an 
unresolved problem concerning their date. 
There is an amino acid racemization date 
of 33,000 years ago (Bada and Helfman, 
1976) which fits with the archaeological as- 
sessment of one authority (Jelinek, 1982). 
Another archaeological assessment suggests 
a date nearer to 50,000 years ago (Trinkaus, 
1983b), while sedimentological studies 
(Farrand, 1979) and evaluations of the fossil 
rodents (Bar Yosef and Vandermeersch, 
1981) support a date of 70,000 or 80,000 
years ago or older. The dentition is the one 
area where the Qafzeh specimens are not 
intermediate between the Neanderthal and 
modern conditions. With a TS of 1,503 mm2 
(calculated from Vandermeersch, 1981), 
they are intermediate between the Early and 
the Late Neanderthals. From this perspec- 
tive, we would prefer the earlier dates. How- 
ever, our whole thesis is compromised if we 
use morphology to determine date, so, since 
there is so much disagreement between those 
who have dealt with the data on which a 
date could be independently established, we 

have chosen to omit Qafzeh from the sam- 
ples on which our calculations are based. 

When reliably dated samples are used, the 
regression slope calculated from the Late 
Pleistocene teeth in the Middle East is 
-0.003 mm2/yr which changes to -0.0 165 
mm2/yr (P = 0.04) when the reduction from 
Mesolithic to Neolithic to modern is plotted 
(Dahlberg, 1960; Rosenzweig and Zilber- 
man, 1967; Arensburg et al., 1980). Al- 
though the Late Pleistocene slope is not quite 
the same as that for Europe, there is a dra- 
matic change at the end of the Pleistocene, 
and the Post-Pleistocene slopes are essen- 
tially identical. From this we can conclude 
that the Middle East, rather than being the 
earliest locus of the reductions that result 
in modern European form, gradually wit- 
nessed such reductions at precisely the same 
time that they were taking place in Europe. 

Nubia. -Similar trends of Post-Pleisto- 
cene dental reduction are also visible be- 
ginning in the Mesolithic in Nubia (Calca- 
gno, 1 983a, 1983b), although there is reason 
to suspect that Mesolithic tooth size there 
was as much as 100 mm2 larger than it was 
in the Middle East and Europe (Greene et 
al., 1967). 

The Far East. -While usable Late Pleis- 
tocene samples have yet to be found from 
elsewhere in the world, there are several 
places where Post-Pleistocene samples from 
Mesolithic to modern can be compared. In 
China, although data from only three Me- 
solithic individuals are available, large Neo- 
lithic (average N's of 35, 51, and 75) and 
modern (average N's of 30, 81, and 107) 
samples have been measured (Brace et al., 
1984). The Chinese regression line has a 
slope of -0.0 129 mm2/yr and an r value of 
0.922 (P = 0.003), almost exactly the same 
as that in Post-Pleistocene Europe. The only 
difference is in the fact that TS at each stage 
averages nearly 50 mm2 larger. This sug- 
gests that either Chinese teeth were slightly 
larger in the Late Pleistocene than European 
teeth or that the Late to Post-Pleistocene 
reduction trend began later. In Japan, from 
the Early Jomon of about 7,000 years ago, 
to Middle and Late Jomon, and finally to 
their modern descendants, the Ainu of Hok- 
kaido, the rate of dental reduction involves 
a slope of -0.0105 mm2/yr and an r value 
of 0.745 (P = 0.03) (Brace and Brace, 1987). 
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In Southeast Asia, usable Mesolithic sam- 
ples are available for Sarawak, Laos, and 
the Malay Peninsula. Neolithic and modern 
samples are available for Sarawak, Laos, and 
Vietnam (Brace and Vitzthum, 1984). For 
these, the regression line has a slope of 
-0.017 mm2/yr and an r value of 0.947 (P < 
0.0001). Evidently the Post-Pleistocene rate 
of reduction in Southeast Asia was com- 
parable to that in China, Japan, Europe, and 
the Middle East. 

India. -Work is still in preliminary stages 
for India, but the first report on Neolithic 
remains (Lukacs, 1983) shows that TS was 
comparable to European Neolithic figures. 
The one modern datum gives a TS of 1,144 
mm2 (from measurements on a sample of 
15 Bengalis in the American Museum of 
Natural History in New York, through the 
courtesy of Dr. Ian Tattersall), again quite 
in line with modern European figures. 

Australia. -Post-Pleistocene dental re- 
duction clearly was taking place among 
Australian aborigines, although it is not yet 
possible to determine how much was the 
result of in situ change and how much was 
the result of gene flow from the north, where 
it had begun much earlier (Brace, 1980). 
However, it is quite clear that Middle Pleis- 
tocene levels of tooth size were preserved 
in Australia right up to the end of the Pleis- 
tocene before the processes of reduction be- 
gan (Thorne, 1976; Freedman and Lofgren, 
1979; Brace and Ryan, 1980). 

The New World. -No skeletal remains in 
the Western Hemisphere can be assigned to 
the Late Pleistocene, and there is little rea- 
son to believe that inhabitants had entered 
the Americas much before the end of the 
Pleistocene (Haynes, 1982; Owen, 1984). 
While there is some reason to suggest that 
Post-Pleistocene dental reductions were 
proceeding in a fashion analogous to that of 
the Old World (Brace and Mahler, 1971), 
the evidence is not sufficient to warrant 
treatment here. 

DISCUSSION 
From the larger paleontological perspec- 

tive, our time intervals are so short and our 
samples so limited that we may not be able 
to transcend the problem of the effects of 
time and temporal scaling that have been 
discussed for other examples (Gingerich, 

1983, 1984; Gould, 1984). It is indeed pos- 
sible, however, that failure to accept Nean- 
derthals as being in the lineage of modern 
Europeans is just such a case of losing the 
sense of relationship because of the problem 
caused by seeing a rapidly changing picture 
at widely spaced points in time, while the 
failure to perceive change in the more recent 
human fossil record is due to instances of 
minor reversals of those long-term trends 
that appear over very short time intervals. 

The problem remains of whether the rates 
and changes we have documented are com- 
parable with those discussed for other mam- 
mals, specifically those noted for mandib- 
ular first and second molars (Kurten, 1959; 
Gingerich, 1974, 1980). Our data all fall 
within Gingerich Domains III and IV (mod- 
erate) (Gingerich, 1983). More specifically, 
our Late Pleistocene European rates all fall 
within Kurten's B rate calculated for Pleis- 
tocene bears, while our Post-Pleistocene 
rates, especially the maxillary teeth and their 
buccal-lingual dimensions, fall within the 
lower limits of Kurten's A rate of tooth size 
change reported for postglacial mammals 
(Kurten, 1959). 

The Mesolithic data from southern 
Southeast Asia (Brace, 1978; Brace and 
Vitzthum, 1984) and from southward in the 
Nile Valley into Africa (Calcagno, 1983a, 
1983b; Greene et al., 1967) suggest that the 
Late Pleistocene reductions had lagged in 
areas south of those where our picture of 
Late Pleistocene reduction is best demon- 
strated. The circumstances that are con- 
nected with the onset of that reduction, then, 
should be associated with the conditions of 
Late Pleistocene life along the northern 
reaches of human habitation, and specifi- 
cally those particular aspects of life that alter 
chewing requirements. The elaboration of 
food-processing practices changed the na- 
ture of the selective forces that had once 
operated to maintain the jaws and teeth. 
This is what was meant when Brace (1977 
p. 199) observed that, "The important thing 
to look to is not so much the food itself, but 
what was done to it before it was eaten." It 
has been observed that the adoption of 
"earth oven" cooking techniques, which al- 
lowed the use of frozen food early in the last 
glaciation, not only enabled humans to sur- 
vive in the northerly parts of the Old World, 



714 C. L. BRACE ET AL. 

but also incidentally reduced the amount of 
necessary chewing (Brace, 1977, 1978, 
1979a, 1979b; Brace and Hinton, 1981). 

Until recently, earth ovens were used 
throughout the world. From the New En- 
gland clambake to the Polynesian luau, the 
essentials of construction were the same. A 
pit of varying depth was scooped out in the 
ground, fist-sized rocks were placed in it, 
and a fire of wood and brush made over 
these. As the fire burned down, the ashes 
were raked aside and joints of meat, whole 
animals, or packets of food were installed 
among the rocks. A cover of hides or leaves 
was placed over the food, and the oven was 
sealed by being covered with dirt. The food 
then would steam without loss of moisture 
to a succulence treasured by the devotees of 
gastronomic excellence from the beaches of 
tropical Australia to the former imperial 
Chinese court, with the most sophisticated 
of the world's cuisines (Graebner, 1913; Lin 
and Lin, 1972). But beyond the extent to 
which such procedures are valued for the 
tastes they produce, they also materially re- 
duce the amount of chewing necessary and 
thus lessen the intensity of selection for 
maintaining tooth size. 

The consequences of relaxation of selec- 
tive forces were noted by the late H. J. Mul- 
ler over a generation ago (Muller, 1949) and 
have been independently realized by a num- 
ber of others since that time (Kosswig, 1960, 
1963; Post, 1962; Brace, 1963; King and 
Jukes, 1969; McKee, 1984). Reductions 
have been noted for light-related attributes 
of cave organisms (Wilkens, 1971, 1973), 
sexual behavior of fruit flies after genera- 
tions of parthenogenesis (Carson et al., 
1982), and molecular segments whose func- 
tions have been duplicated or usurped (Ki- 
mura, 1968, 1979a, 1979b, 1983a, 1983b; 
KimuraandOhta, 1974; Ohno, 1970, 1972; 
Ohta, 1974, 1980; Nei, 1975, 1983). Itseems 
plausible to us that the reductions we doc- 
ument were produced by the Probable Mu- 
tation Effect (Brace, 1963); that is, they re- 
sulted from mutations alone, when the forces 
of selection were less stringent than those 
which had maintained Middle Pleistocene 
levels of human dental substance (Brace, 
1967, 1978, 1979a, 1980; Brace and Mah- 
ler, 1971; Brace and Hinton, 1981; Brace et 
al., 1984; McKee, 1984). 

We are aware that such an interpretation 
is not favored by those who, following Fish- 
er (1930), regard all evolutionary change as 
having been produced by natural selection 
(Prout, 1964; Clarke, 1970a, 1970b; Steb- 
bins and Lewontin, 1972; Armelagos and 
Van Gerven, 1980). Some indeed have sug- 
gested that human dental reductions have 
been the secondary consequences of face- 
size reduction (Bailit and Friedlaender, 
1966; Sofaer et al., 1 971), although just why 
the latter should be the controlling trait and 
what led to its reduction remains unknown. 
Others have suggested that the metabolic 
energy or calcium saved by generating a 
fraction of a millimeter less dental sub- 
stance per generation was the driving force 
(Jolly, 1970; P. Smith, 1981, 1982). It is 
difficult to see how this could produce the 
requisite differential survival, and, recalling 
that Darwin ended the Introduction to the 
first four editions of The Origin of Species 
with the words "I am convinced that Nat- 
ural Selection has been the main but not 
exclusive means of modification" (Darwin, 
1964; Gould, 1980), we suggest that this 
may be one of those instances in which nat- 
ural selection is not the main agency. 

Conclusions 
Human tooth size, crudely considered, 

was maintained at the same level through- 
out the Middle Pleistocene. With the onset 
of the last glaciation in the Late Pleistocene 
between 75,000 and 100,000 years ago, den- 
tal reduction began to occur among the 
northernmost inhabitants of the Old World 
for which we have evidence. Tooth size then 
began to reduce at a rate of roughly 1 % per 
2,000 years until the end of the Pleistocene 
approximately 10,000 years ago. From that 
point on, wherever we can test the evidence, 
reduction has proceeded at twice the pre- 
vious rate and can be reckoned at about 1 % 
per 1,000 years. 

It is interesting that this rate of change is 
exactly the same as that documented for the 
divergence in dental morphology for a series 
of recent Asian, Pacific and Amerindian 
groups (Turner, 1986). In the latter case, the 
morphological change has been used to es- 
tablish what are called "dentochronological 
separation estimates," although no theoret- 
ical expectations are offered to account either 
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for the nature or the direction of the changes 
observed. In the present analysis, we suggest 
that metric reduction is just what we would 
expect to find following relaxation in the 
intensity of selective forces. It may be no 
coincidence that both dental metrics and 
dental morphology have been changing in 
these populations at the same rate of speed 
after the intensity of selection had been re- 
duced. 

If we only had populations from the be- 
ginning and the end of a 50,000-year time 
span during which such a rate of change had 
been taking place, the groups would be per- 
ceived as specifically distinct, using the cri- 
teria derived from other paleontological in- 
stances (Gingerich, 1983). Such a case would 
be accepted as evidence that a punctuation 
event had occurred, and indeed this is the 
interpretation preferred by many (Stanley, 
1979; Trinkaus and Howells, 1979; Brauer, 
1981, 1984a, 1984b; Stringer, 1982, 1985; 
Eldredge and Tattersall, 1982; Rightmire, 
1983a; Stringer et al., 1984). From the per- 
spective of a human life span, or even the 
extent of recorded history, the total amount 
of change has been so small that few have 
perceived it at all, and everyone would agree 
that it has been proceeding in a fashion that 
is so gradual as to be generally unrecog- 
nized. 

If, however, that gradual Post-Pleistocene 
rate were projected backwards 100,000 
years, the predicted human ancestor at the 
beginning of the Late Pleistocene would have 
had teeth not just of Homo erectus or Nean- 
derthal dimensions but would have had a 
fully Australopithecine TS of 2,056 mm2. 
This is greater than the 1,934 mm2 figure 
for the Pliocene hominids of more than three 
million years back (White et al., 1983), and 
almost identical to the 2,089 mm2 figure for 
the South African hominids from the Plio- 
cene/Pleistocene boundary some two mil- 
lion years ago (Brace et al., 1973). Whatever 
the outcome of the arguments concerning 
the names and relationships of those early 
hominids, most authorities agree that the 
genus to which they belong-Australopithe- 
cus-is ancestral to the genus Homo (How- 
ells, 1973; Brace, 1979a, 1979b; Wolpoff, 
1980). Given the recent rate of change for 
which we have produced evidence, the met- 
ric characteristics of the modern human 

dentition could have evolved from a fully 
Australopithecine condition after the end of 
the Middle Pleistocene. However, the evi- 
dence suggests that the transition from Aus- 
tralopithecus to Homo actually took place 
between 2 and 1.5 million years ago (How- 
ells, 1973; Brace, 1979b; Wolpoff, 1980) at 
a rate that was far less than that visible in 
the Late Pleistocene and Post-Pleistocene 
record. From one perspective, then, it could 
be argued that we are currently living in the 
midst of a punctuation event, which, from 
another perspective, is a classic manifesta- 
tion of gradualism. 

We suggest that it was not a dietary change 
but a change in food-processing techniques 
that provided the conditions for the occur- 
rence of Late Pleistocene dental reduction 
(Brace and Mahler, 1971; Brace, 1977, 
1979a, 1980). The question remains con- 
cerning why that reduction should double 
in rate after the Pleistocene had ended. 
Again, we suggest that this was the result, 
not of dietary change but of further develop- 
ments in the realm of food processing, since 
trace-element analysis of skeletal material 
from the Middle East has shown that a 
change in the proportion of plant to animal 
components in the diet had occurred well 
before the escalation of dental reduction be- 
gan at the end of the Pleistocene (Schoen- 
inger, 1980, 1981, 1982). In this instance, 
the development and widespread utilization 
of pottery after the end of the Pleistocene 
completely changed the previous require- 
ment that a person should maintain a func- 
tional dentition throughout the normal re- 
productive life span (Brace and Mahler, 
1971; Brace, 1977, 1978, 1979a; Brace and 
Hinton, 1981; Brace et al., 1984). Pottery 
enables the users to process foods to drink- 
able consistency, and it is no accident that 
human skeletal collections from the Neo- 
lithic and subsequent periods contain the 
remains of individuals who had survived 
for years in a completely edentulous state. 
No such evidence is available for any hu- 
man population that did not use pottery. 

Pounding, grinding, and milling tools also 
become common late in the Pleistocene in 
many parts of the world as human popu- 
lations exploited previously unutilizable 
plant foods, and it seems likely that this may 
also have contributed to the relaxation of 
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Pleistocene levels of selection, which had 
maintained large amounts of tooth sub- 
stance. Pottery, however, may have been 
the key factor that led to a doubling of the 
rate of tooth-size reduction within the past 
10,000 years, a phenomenon that appears 
to have occurred independently in Europe 
(Brace, 1979a), Asia (Brace and Nagai, 1982; 
Brace et al., 1984; Brace and Vitzthum, 
1984; Brace and Brace, 1987), and possibly 
in Meso-America (Brace and Mahler, 1971). 
It is possible that similar arguments can be 
applied to account for the reduction of levels 
of muscularity and skeletal robustness by 
which Middle Pleistocene hominids were 
converted into modern human form, but 
this must remain the subject for other in- 
vestigators and further studies. 
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