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ABSTRACT. — Mesiodistal measurements of all permanent teeth [rom a series of ten prehistoric Ohio Amer-
indian. somples (1000 BC—1300 AD) were used in an analysis of odontometric variation. Samples from Ohio
were compared to synchronic and allochronic samples from Tennessee, Kentucky and Illinois.

Mahalanobis’ generalized distance (D2) was computed and principal coordinates analysis used as a cluster-
ing techniques to assess biologic relationships. Although a pattern of dental reduction is noted, the results of
the study do not consistently support the hypothesis which predicts dental reduction as a concomitant result
of a transition from hunting-gathering to horticultural subsistence bases. :
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INTRODUCTION

Changes in tooth size dimensions through time
have been considered widely in anthropological stu-
dies (Anderson et al., 1975; Suarez, 1974; Wolpoff,
1975; Scott, 1979). The general trend of dental re-
duction is the central focus of many of these investi-
galions, yet hypotheses concerning the mechanisms
responsible for them and the possible adaptive signi-
ficance of dental reduction remain largely untested,
particularly in prehistory eastern native Americans.
Some investigators have argued that dental reduc-
tion is the result of natural selection (Ryan, 1977;
Brues, 1966), while others have proposed models
which predict that dental size should be expected to
decrease through time as cultural features such as
pottery, food procurement, and preparation reduce
the selective advantage of relatively larger teeth
(Brace, 1963, 1964).

The pan-human characteristic of dental reduc-
tion may, however, not be a global phenomenon.

Brabant (1971) has demonstrated that in particular
environments during relatively long periods of time,
dental size appears essentially stable, while Scott
(1979) has shown that dental size may even increase
through time.

The purpose of this study is to examine odonto-
metric variation in a series of prehistoric Amerindian
samples dating from the Late Archaic/Glacial Kame
(1000—500 BC) to the Fort Ancient Tradition (AD
1200—1300) in Ohio in order to examine patterns
of dental size variation through time. The objectives
of this study are threefold: first, to establish the
utility of one dental measurement, the buccolingual
diameter in assessing variation of dental size; se-
cond, to examine those samples recognized as re-
presentative of the Fort Ancient Tradition in Ohio
in terms of dental size similarity or difference; and
third, to compare the Ohio samples to synchronic
and allochronic samples from contiguous geographic
locales in order to address regional variation among
prehistoric eastern native Americans, if present. As
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these samples span a relatively long period of time
(approximately 3000 years) and represent popula-
tions practicing hunting-gathering and fishing and
horicultural subsistence strategies, an ancillary test
of dietary or culutral selection on dental size is
made. Finally, the analysis attempts to compare
dental size differences as phenetic measures of dis-
similarity in order to suggest possible degrees of
relatedness among the populations represented.

MATERIALS AND METHODS

Ten populations of prehistoric native Americans
were analyzed in this study. The earliest samples
examined are the Ohio Glacial Kame, represented
by 4 sites, the Late Archaic Indian Knoll site from
Kentucky, and the Tennessee Archaic, represented
by 2 sites. These populations are characterized by
the absence of pottery, a hunting-gathering-fishing
subsistence base (Sciulli, 1979) and fall within the
time span of 1000—500 BC. :

In time, the next sampled group is the Early
Woodland Ohio Adena, represented by material
from 5 sites. The Middle Woodland is represented
by the Ohio Hopewell sample, which includes ma-
terial from 3 sites, and the Late Woodland is repre-
sented by the Tennessee Woodland sampled from
6 sites. The Early, Middle, and Late Woodland
“samples are characterized by the production and use
of pottery along with hunting-gathering and fishing.
The inclusion of squash, sunflower and, in some
cases, maize indicates at least elementary horticul-
ture of these cultigens (Crites, 1978). These groups
were extant from about 300. BC to AD 500.

Finally, the Fort Ancient Tradition and Missi-
ssippian period is represented by four samples; the
Ohio sites of Anderson Village and State Line, the
Dickson Mound site from Illinois, and Toqua site
from eastern. Tennessee. These samples are repre-
sentative of populations living from AD 1200 to
approximately 1550 AD, and are characterized by
sedentary village life, moderate to intensive horti-
cultural subsistence bases which included maize,
squash, and beans, and technological features such
as the use of the bow and arrow (Essenpreis, 1978).

Mesiodistal and buccolingual dimensions were
collected for all permanent teeth from the Ohio
Glacial Kame, Adena and Hopewell samples, and
from the Anderson Village site. Data from the State
Line site were provided by Perzigian (personal
comm.), and data from Dickson Mound, the Tennes-
see samples and the Indian Knoll site were collected
from published reports (Wolpoff, 1971 ; Smith et al.,
1980; Perzigian, 1976). As the mesiodistal measure
is strongly affected by wear, and for reasons of com-
parability among data sources, only the buccolin-
gual diameter was used for this study.

A minimum of 200 permanent teeth per sample
was used for this analysis. Mean values for the
buccolingual diameter for each tooth per sample
were entered as vectors using SPEAKEASY III
computational methods (Cohen and Pieper, 1979)
for the analysis of Mahalanobis’ D? distance measu-
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re. This statistic compares each vector of mean va-
lues between all pairs of samples. Each difference
vector and its transpose is multiplied by the inverse
of a variance-covariance matrix as:

DM—dSid

where d is the difference of means vector, S71 is
the inverse of the variance-covariance matrix, and
d’ is the transpose of the difference of means vector
(Rightmire, 1969). The variance-covariance matrix
used in this study was derived from raw data avai-
lable for the Dickson Mound site, with an n of 57
complete dental measurements (Wolpoff, 1971).

Each resulting D2? value between all pairs of
samples was then corrected for sample size diffe-
rences using the maximum number of teeth per
tooth class for each sample:

SD2- yax where S = #“% and D2cmax =
— D2 pn_1+_"z]
ny ny

The SD2cmax values were then compared to the
X2 distribution with sixteen degrees of freedom for
statistical significance (Rightmire, 1969).

Following the determination of each corrected
D2 the values were entered.in matrix form for
principal coordinates analysis which provides
a clustering of D2 values.

RESULTS

The first step in the study was to compare
Mississippian and Fort Ancient Tradition samples
which included the Anderson Village, State Line,
Dickson and Tennessee Mississippian samples.
Corrected distances were plotted, resulting in the
pattern seen in figure 1. Although Anderson Village
appears distinct from the three other samples, none
of the distance between samples is statistically sig-
nificant.

Each corrected D? value for each pair among
the ten samples was entered as a matrix for prin-

PLOT OF MAHALANOBIS' DISTANCE, D Dickson

IMississippian)
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FIGURE 1. Plot of Mahalanobis’ distance (D) for the Fort
Ancient and Mississippian Samples.



cipal coordinates analysis. Of these measures, only
six distances are statistically significant. By exa-
mining each of the sixteen elements of the differen-
ce vector and its transpose, the relative contribution
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MATRIX OF MAHALANOBIS' D’
FOR PRINCIPAL COORDINATES ANALYSIS

FIGURE 2. Matriz of Mahanobis’ D? Values (Corrected)
Used for Principal Coordinates Analysis. (Va-
lues in darkened squares are statistically signi-
ficant).

PRINCIPAL COORDINATES PLOT BASED ON
MATRIX (10,10) OF MAHALANOBIS’ D

of each tooth mean to the resulting D2 value was
evaluated. It is evident that the post-canine denti-
tion, particularly the maxillary premolars, demon-
strate a relatively larger contribution to the D2 than
does the anterior dentition among all pairs of
samples. The general trend seen is a temporal pro-
gression of post-canine reduction, although it is the
entire dental profile which distinguishes among the
samples with statistically significant D? values.

The plot of the first 3 principal coordinates for
all samples is represented in figure 3. The first axis
accounts for 62 9 of the variation present among
the D2 values. The dispersion seen by the first prin-
cipal coordinates axis appears to distinguish geo-
graphically separated groups. The Ohio samples
[Adena (AD), Glacial Kame (GK), Hopewell (HO)
and Anderson Village (AN)] cluster to the left of
the central axis while the Tennessee samples [Ten-
nessee Archaic (TEA), Woodland (TEW) and Missis-
sippian {TEM), and Dickson Mound (DI)] cluster to
the right, with the Late Archaic Indian Knoll sample
(IK) in a central position. The State Line site (SL)
clusters with the Tennessee Mississippian, which
would not be expected if the first axis discriminates
among geographically distant sites. A possible expla-
nation for State Line’s position in the cluster may
be that, as it is located in extreme southern Ohio,
the sample may represent a population which shares
more in common with southernly located peoples
than it does with populations of Ohio.
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FIGURE 3. Plot of the Principal Coordinates Based on the Matriz (10, 10) of Corrected Mahalanobis’ D? Values.
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The second and third axes account for an addi-
tional 26 9/, of the variation among the D? values.
It does not appear that these two axes discriminate
between either geographically or temporally separ-
ated samples. ;

DISCUSSION

The most salient feature of this study is the
recognition of the relative homogeneity among the
ten samples examined. While a general progression
of post-canine tooth size reduction through time is
noted, it is not consistent, nor is it statistically sig-
nificant for all samples.

' Evidence from other studies has suggested that
dental size reduction is associated strongly with the
transition from a hunting and gathering subsistence
to a largely agricultural lifeway (Brace and Mabhler,
1971; Ryan and Posner, 1975; Le Blanc and Black,
1974). The results of this study cannot enthusiasti-
cally support this contention, as it would predict that
Fort Ancient and Mississipian horticulturalists should
have smaller teeth than earlier hunting and ga-
thering populations. The overall pattern of reduction
is noted, but is not significant between all of the
later groups and the earlier hunting and gathering
populations represented in this study. While a sub-
sistence model may explain the distance measures
observed between the State Line, Dickson, and Ten-
nessee Mississippian samples and the Glacial Kame,
Adena and Hopewell samples, it does not account
for the overall similarity between the Fort Ancient
Anderson Village sample and all other populations
examined. If subsistence strategy is the causal factor
affecting dental size reduction, its affect is not con-
sistent across samples, and the subsistence model’s
predictive value in this study is not strong.

Another possible explanation forwarded for
observed tooth size reduction has been that tooth
dimensions are secondarily affected by a generalized
pattern of reduced body size, particularly face size,
through time (Anderson, Thompson and Popovich,
1975). Decreased body size may be attributed to
dietary imbalance, undernutrition and malnutrition
which are concomitant with typical horticultural diets
characterized by high carbohydrate-low "protein
sources of nutrition. As the developing permanent
dentition is affected by maxillary and mandibular
bone growth, smaller jaw size caused by generalized
undernutrition may produee a developmental envi-
ronment which is not capable of permitting maxi-
mum tooth bud growth (Sofaer, 1973, Ten Cate,
1980). While this dietary/growth model is appro-
priate given the subsistence strategies represented
by the samples examined, it too fails to explain
the lack of significant D2 measures among hunting
and gathering and horticultural groups.

The trend of dental reduction also has been
attributed to alterations in the intensity and pattern
of natural selection on the dentition (Greene et al.,
1967). Severe occlusal attrition attributed to a coar-
se, gritty diet is evident during the Late Archaic
and Woodland periods. Selection would most likely
favor large, thick enamel teeth which would be able
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to withstand severe wear, hence prolong the life of
the tooth and possibly the life of the individual. As
more palatable foods are included in the diet and
wear becomes a less significant factor affecting tooth
longevity, the intensity of selection would be re-
duced, and smaller teeth would not be disadvanta-
gous (Brace, 1964). Although this model does ex-
plain the reduction in the degree of dental attrition
noted by many investigators from the Late Archaic
through the Mississippian periods, it fails to recog-
nize the possible adaptive significance of large, thick
enamel and morphologically simple teeth in a horti-
cultural population. While attrition may be reduced,
dental caries and abcessing are problematic for po-
pulations focused on foods containing readily
fermentable carbohydrates, such as maize. Relative-
ly large, thick enamed and morphologically simple
teeth may be as selectively advantageous in pro-
moting tooth longevity for horticulturalists as to
hunters and gatherers.

Finally, it is generally accepted that tooth size
is highly heritable. Townsend and Brown have de-
monstrated that 649, of the total variability of
permanent tooth size can be attributed to genetic
factors (1978: 497). The overwhelming similarity of
the comparisons based on the buccolingual diameter
presented in this study may indicate that while
dental reduction is observed, the populations repre-
sented by these ten samples may have derived from
a common ancestral population. Furthermore, the
lack of differentiation through time may be attri-
buted to an essentially fixed polygenic inheritance
of dental size. The only samples which demonstrate
statistically significant D2 distances are separated
more consistently by space rather than by time,
suggesting that lack of gene flow may be partially
responsible for their variation of dental size.

Most probably, changes in tooth size are the
result of an interplay of biological and cultural fac-
tors which cannot be effectively isoalted at this time.
Genetic variation among the populations represented
and shifting cultural practices associated with sub-
sistence base likely have contributed to the patterns
of similarities and differences among the samples.
The relative contribution of these factors may be
assessed with evaluations of dental morphological
variation, the inclusion of the mesiodistal diameter
comparisons, and further research designed to eva-
luate biological variation among these groups. If the
samples represent truly different populations expe-
riencing a pattern of dental reduction over time,
the buccolingual diameter does net, in this study,
effectively discriminate among them.
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a general type of information on whether or not
such traits have some degree of genetic determina-
tion. A more thorough analysis of crown morpholo-
gy in twins was conducted by Mizoguchi (1977) who
atilized tetrachoric correlation coefficients to esti-
mate heritability for 14 morphologic crown traits.
Although family studies have not yielded clear
results on the modes of inheritance of tooth crown
morphology in most instances familial correlations
indicate some genetic component. Twin studies can
provide further insight into the genetic component
of variance and contribute to our overall under-
standing of the developmental basis of tooth crown
morphology.

MATERIAL AND METHODS

The sample of twins examined in this study
represents part of the Indiana University twin panel.
One aspect of major research efforts on this panel
has been zygosity determination through genetic
markers and dermatoglyphic variables. Stone casts
were obtained from 79 monozygotic twin pairs and
59 sets of dizygotic twins. Observations were made
on all these pairs, but sample sizes vary from trait
to trait as some individual teeth could not be scored
due to fillings, crowns, casting error, and unerupted
or missing teeth. Most of the individuals in this se-
ries were between the ages of six and 16 at the time
impressions were made so attrition was not a major
impediment to observation. The total series was
about equally divided between male and female
twins. In addition to making observations on MZ
and DZ twins, individuals from a general American
white sample were matched randomly.to create
a control series of 50 unrelated pairs.

The trait set observed on the twin and control
series was: comprised of 10 crown traits observed on
14 teeth. Traits considered were: Shoveling (UI1,
U12), tuberculum dentale (UI1, UI2), the canine
tubercle (UC), the hypocone (UM1, UM2), Carabel-
li’s trait (UM1), the metaconule (UM1), multiple
lingual cusps (LP1, LP2), the hypoconulid (LM1),
cusp 6 (LM1), and cusp 7 (LM1). All traits were
scored through the use of ranked scales developed
by A. A. Dahlberg, C. G. Turner II, and G. R.
Scott. Classifications included absence and four to
seven degrees of trait presence, with size being the
primary classificatory _criterion (Dahlberg 1956,
1963, Turner 1970, Scott 1973, Scott and Dahlberg
1982). Going beyond the standardized scales, an
attempt was made to score a threshold level of ex-
pression which marks a very fine observational line
between trait absence and a low level expression of
presence. It should be noted that in the first table,
grade 1 represents trait absence, grade 2 represents
the threshold level of expression, and grades 3 and

above represent slight to increasingly pronounced

degrees of phenotypic trait expression. Observations
were made on both right and left antimeres for all
traits, but for purposes of analysis, the individual
count method was utilized (Turner and Scott 1977,
Scott 1980). :
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Methods of analysis involved basically two
strategies. A conservative strategy followed traditio-
nal efforts to estimate and compare concordance
rates between MZ and DZ twins and the control
series. of unrelated pairs. In the analysis of concor-
dance rates in MZ and DZ twins, the following
procedure was adopted. First, concordance rates
were calculated in the standard manner which in-
volves dividing the number of concordant pairs by
the total number of pairs (Berry 1978). For this
analysis, phenotype expression was broken down by
absence (0) and presence (4) so that twin pairs
exhibiting (0—0) or (+—-) were classified as con-
cordant with cases of (0—-) or (4—0) classified
as discordant. Concordance rates for commonly oc-
curring traits, however, provide little information by
themselves because a high frequency of concordance
can be achieved by chance. For example, for a trait
in a frequency of 509, in a population, chance
alone would result in the following proportions in
randomly matched pairs: (0—0) 25%; (4+—+)
25 9y; (0—4+ or +—0) 50 %. The concordance
rate in this case is 50 9. Thus, to estimate the sig-
nificance of a given concordance rate, expected
values of concordance and discordance were esti-
mated using the frequency of trait presence in
a sample (performed separately for MZ twins, DZ
twins, and the control series) as p and the frequency
of absence as g in the binomial expansion (p + q)%

. The expected values of p? (+—+), 2pq (0—+ and

+—0) and q2 (0—0) were then compared to the
observed cases of concordance and discordance,
with' chi-square used to test whether or not the
observed concordance rate differed significantly
from the expected rate. One degree of freedom is
available for this test. :

While concordance analysis is the standard
method for dealing with presence—absence variables
in twins (Smith 1970, 1974), information on the
variation in the expression of presence is lost when
considering tooth crown traits. Moreover, it is diffi-
cult to interpret concordance rates in terms of gene-
tic variance as they mask within and among twin
variation. In fact, intraclass correlation coefficients,
routinely used to estimate heritability for quantita-
tive traits, also conceal phenotypic variation which
is evident both among and within twin pairs in the
two twin types. In response to certain problems in-
herent in traditional methods of twin analysis,
Kempthorne and Osborne (1961), Haseman and
Elston (1970), Christian et al. (1974), Christian and
Norton (1977), Kang et al. (1978), and Christian
(1979) have developed new twin methodologies cen-
tering on analysis of variance techniques. Focus is on
the estimates of among mean squares (AMSy; and
AMS,;) and within mean squares (WMSy; and
WMS,,) and the relationships among these variance -
estimates.

In contrast to earlier methods which involved
deriving heritability estimates from intraclass corre-
lation coefficients without regard for the pattern of
variation within and among twin pairs, the analysis
of variance methodology involves testing explicit
assumptions about these patterns. If the assump-



tions of the model are not met, then heritability and
genetic variance estimates are biased. The assump-
tions are as follows:

(1) There should be no significant difference
in the means between MZ and DZ twins. If such
a difference does exist, it could indicate inherent
differences in the twinning process. To test this
assumption, the modified ¢ test of Christian and

Norton (1977) was utilized. This method takes into
account the nested hierarchical nature of twin pairs
and should be used rather than the standard inde-
pendent samples ¢ test.

(2) There should be no significant variance
inequality between the two twin types. Considering

the four mean squares obtained from a twin analy-
sis (AMSyz, WMSyz, AMSp;, WMSpz) the ratio for

TABLE 1. Tooth crown trait class frequency distributions for American white twins and control series.
| = =
: ! pression (grade).in 9%,
Trait Tooth Sample n 1 9 3 4 5 6 7 3 9 X2
MZ twins 150 14.0 36.0 37.3°  10.7 2.0 0.0 0.0 0.0 0.0
Shoveling n DZ twins 110 | 15.5 23.6 43.6 10.9 6.4 0.0 0.0 0.0 0.0 5.36
Control ser. 100 27.0 27.0 34.0 11.0 0.0 0.0 1.0 0.0 0.0
MZ twins - 126 19.8 389 ° 34.1 6.4 0.8 0.0 0.0 0.0 0.0
Shoveling Iz DZ twins 90 16.7 30.0 38.9 12.2 2.2 0.0 0.0 0.0 0.0 | 10.62
Control ser. 100 39.0 25.0 22.0 13.0 1.0 0.0 0.0 0.0 0.0 >
Tuberculum MZ twins 136 27.2 12,5  20.6  36.8 2.9 —— — — —
dentale It DZ twins 98 20.4 12.2 25.5 35.7 6.1 — — — — 15.73
Control ser. 100 36.0 23.0 13.0 27.0 1.0 — — — = b
Tuberculum MZ twins 106 434 217 132 104 5.7 1.9 0.9 2.8
dentale Iz DZ twins 80 3.3 213 13.8 113 5.0 6.3 6.3 5.0 — 6.18
Control ser. 100 32.0 18.0 18.0 5.0 4.0 13.0 8.0 2.0 s
Canine MZ twins 78 423 103 141 141 128 3.9 2.6 0.0 —
tubercle C DZ twins 52 26.9 30.8 15.4. 9.6 11.5 3.9 1.9 0.0 — 7.53
Control ser. 100 28.0 11.0 -20.0 23.0 9.0 7.0 2.0 0.0 —
Carabelli’s MZ twins 150 13.3 140 23.3 80 16.0 12.0 8.0 3.3 2.0
trait s DZ twins 112 17.0 13.4 16.1 8.9 15.2 15.2 4.5 5.4 4.5 1.83
Control ser. 100 14.0 12.0 21.0 6.0 17.0 12.0 5.0 5.0 8.0
< MZ twins 124 81.5 8.9 3.2 4.0 2.4 0.0 0.0 — =
Metaconule M! DZ twins 98 72.5  15.3 2.0 9.2 1.0 0.0 0.0 — - 2.70
Control ser. 100 67.0 16.0 3.0 13.0 1.0 0.0 0.0
MZ twins 150 0.0 0.0 0.7 2.0 16.7 63.3 17.3 — —
Hypocone M DZ twins 110 0.0 0.0 0.0 0.9 155 69.1 14.6 — — "1.76
: Control ser. 100 0.0 0.0 0.0 0.0 160 64.0 20.0 — —
MZ twins 82 12.2 7.3 14.6 17.1 34.2 12.2 2.4 — —
Hypocone M2 DZ twins 44 13.6 114 13.6 13.6  38.6 9.1 0.0 — — 6.77
Control ser. 100 2.0 10.0 12.0 13.0 35.0 26.0 2.0 — —
Multiple MZ twins 114 61.4 13.2 2.6 9.7 4.4 1.8 1.8 5.3 —
lingual I Py DZ twins 70 61.4  15.7 1.4 7.1 7.1 1.4 2.9 2.9 — 1.64
cusps Control ser. 100 68.0 2.0 3.0 110 6.0 3.0 3.0 4.0 —
Multiple MZ twins 88 21.6 6.8 11.4 29.6 15.0 15.9 10.2 4.6 — —
lingual P DZ twins 60 21.7 13.3 11.7 26.7 11.7 6.7 3.3 5.0 _— 4.42
cusps Control ser. 100 36.0 2.0 15.0 13.0 20.0 12.0 2.0 0.0 —
MZ twins 132 13.6 0.8 2.3 13.6 31.8 28.0 9.9 — —
Hypoconulid M, DZ twins 106 12.3 4.7 0.0 12.3 21.7 37.7 11.3 — — 2.02
Control ser. 100 13.0 4.0 2.0 8.0 25.0 37.0 11.0 — —
MZ twins 122 78.7 9.0 4.9 6.6 0.8 0.0 0.0 — —
Cusp 6 M, DZ twins 102 |- 814 13.7 1.0 1.0 2.9 0.0 0.0 - — — 4.68
Control ser. 100 78.0 11.0 3.0 6.0 2.0 0.0 0.0 — —
MZ twins A8 SR 08 RE ShE 90 e A *
Cusp 7 M, DZ twins 114 49.1 29.0 9.7 3.5 5.3 1.8 1.8 — _— 3.31
Control ser. 100 53.0 24.0 18.0 2.0 1.0 2.0 0.0 -— —

+ With the exception of the metaconule which has 2 d.f., all other chi-square values based on 4 d.f.

* Significant at 0.05 level
** Significant at 0.01 level
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total mean squares between the twin types should
not significantly differ from 1.0. The appropriate F
test, given by Haseman and Elston (1970) and
Christian (1979), is arrived at by taking the ratio of
the total mean squares of MZ and DZ twins with
the larger of the two values serving as the nume-
rator of a 2-tailed F test and the probability double
that shown in the usual F tables. Degrees of freedom
available for this F test were approximated follow-
ing the method of Christian et al. (1974). Variance
equality between twin lypes is important because
significantly lower total variance for MZ twins
would suggest greater environmental covariance for
this twin type. :

(3) The ratio of AMSp; to WMS;; should yield
an F value that is significantly larger-than 1.0. As
Christian et al. (1975) noted, if this ratio does not
differ appreciably from 1.0, “it seems unlikely that
any substantial proportion of total variance is ge-
netic.” . :
To determine whether or not the general analy-
sis of variance model holds for the type of dental
morphologic data under analysis, the control series
of 50 unrelated pairs was subjected to an analysis
parallel to that conducted for the twin samples. For
this series, two assumptions were tested. First, if
the analysis for a given trait is to be valid, there
should be equal among and within mean squares
for the control series. To test this, an F valuc was
computed from the ratio AMScs/WMScs. If this ratio
differed significantly from 1.0 in a 2-tailed F test,
potential bias exists in the twin analysis due to
the trait’s frequency and/or distribution in the po-
pulation. The second assumption is that there should
be significantly less variance within DZ pairs than
within randomly matched pairs. To test this, an F
value was computed from the ratio WMScs/WMSp;.

When all of the above assumptions are met,
it is possible to determine whether or not there is
significant genetic variance for a given trait. Signi-
ficance in this case is determined by an F value
derived from the ratio WMSp,/WMSyz (Christian
et al. 1974). If this F value differed significantly
from 1.0, genetic variance was estimated by sub-
tracting the WMS of MZ twins from the WMS of
DZ twins. Heritability was estimated by the follow-
ing formula (Corruceini and Potter 1980):

I i 3 \/VA’ISDZ - WAISMZ 2
¥ = (TMSuz + TMSp2)/4

Typically, these heritability estimates are more con-
servative than those based on intraclass correlation
coefficients. One can, however, be more confident of
the results when all variance components are consi-
dered and all assumptions are met.

RESULTS

The class frequency distributions for the entire
trait set are shown in Table 1 for MZ twins, DZ
twins, and the control series. In the table, n repre-
sents the total number of individuals in each series
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and not the number of pairs. The size of the scale
for each trait can be determined from the pesition
of dashed lines. For example, Carabelli’s trait was
classified as absent (1), threshold expression (2), or
in one of seven grades (3—9) indicating varying
magnitudes of expression. In contrast, cusp 6 was
classified using two fewer grades so dashed lines
are evident under 8 and 9. The chi-square values
used to test the differences in these distributions
generally involved 3 )X 3 contingency tables through
combining grades 1 and 2, treating 3 separately,
and combining 4-n grades.

In general, crown traits varied between 20 and
80 percent in these American white series. MZ and
DZ twins show very similar class frequency distribu-
tions, although DZ twins do tend to have higher
frequencies of dental tubercles on the upper incisors
and canine. The only significant differences among
the three series as determined by chi-square values
were for shoveling of the upper lateral incisor and
tuberculum dentale of the upper central incisor.
Most of the divergence in these cases was due to
lower frequencies in the control series. For the most
part, the three samples exhibit similar class fre-
quency distributions.

Shoveling appears to be exceptionally frequent
in these samples compared to other characterizations
of American white and European dentitions. It
should be noted, however, that combining grades 1
(absence) and 2 (threshold expression) results in
a total trait frequency of about 50 %/y. The threshold
grade of this trait is manifested as very subtle mar-
ginal ridges and has not been considered as part
of the shoveling complex by most workers.

Table 2 illustrates the concordance rates in
MZ twins, DZ twins, and the control series. Rates
are not given for the hypocone of ‘the upper first
molar as the frequency of this trait is invariant
(100 %) in these series.

For MZ twins, concordance rates vary general-
ly between 70 and 90 %, With the exception of
multiple lingual cusps of the lower second premolar,
all MZ concordance rates are significant at the .01
level. In all cases but one, DZ concordance rates
are lower than the respective rates shown by MZ
twins although the difference between twin types
is often slight. In contrast to the relatively small
absolute differences in concordance rates, DZ twins
consistently show much lower chi-square values
and, in seven instances, these values are nonsigni-
ficant. Except for the hypocone of the upper second
molar which has a high concordance rate (96 %)
due entirely to its high trait frequency (98 /), the
concordance rates for unrelated pairs are nofably
smaller than the rates for MZ and DZ twins. These
rates, which vary between 42 and 749/, are all
nonsignificant except for the metaconule. Even in
this case, the significance is due to an excess of
discordant pairs rather than concordant pairs as was
always the case for the two twin types. The small
chi-square values for the control series suggest that
randomly matched pairs closely approximate the ca-
tegories of concordance and discordance expected
by chance alone.



TABLE 2. Concordance rates in MZ twins, DZ twins, and unrelated pairs.

- e D2 twins Conikize Sesieg
Trait Tooth | (unrelated pairs)
1 % Conec. I X2 % Conec. | X2 % Cone. l X2
Shoveling n 88.0 18.44 ** 87.0 9.68%* 58.0 0.19
Shoveling 12 85.7 18.49%* 84.4 8.28%* 46.0 0.90
Tuberculum dentale I 80.9 20.98** 83.7 12.44** 52.0 0.10
Tuberculum dentale 12 81.1 20.01 ** 72.5 5.21 60.0 0.34
Canine tubercle C 92.3 25.70%* 69.2 1.20 52.0 1.99
Carabelli’s trait M 84.4 6.88%* 76.8 1.77 72.0 1.36
Metaconule M 88.7 24.71%* 69.4 2.66 42.0 4.81*+
Hypocone M — — — — —_ —
Hypocone M2 90.5 12.40%* 72.7 0.54 96.0 0.02
Multiple lingual
~ cusps P, 71.9 9.45%* 62.9 1.65 60.0 0.34
Multiple lingual
.cusps P, 75.0 2.89 70.0 0.42 44.0 2.35
Hypoconulid M, 94.1 51.44** 83.0 2.34 74.0 1.12
Cusp 6 M, 90.5 39.40%* 82.4 8,65%* 64.0 0.12
Cusp 7 : M, 68.9 10.00** 68.4 7.75%* 50.0 0.00

* Significant at 0.05 level
** Significant at 0.01 level
+ Significant due to excess of discordant pairs

TABLE 3. Mean trait expression and among and within mean squares (AMS and WMS) for MZ twins, DZ twins, and control series.

MZ twins DZ twins Control series
Trait Tooth!

nMZ M:an AMS WMS| »DZ Moan AMS WMS| nCS Mean AMS WMS
Shoveling It 7B 2.5 1.56  0.19 55 2.7 1.73  0.55 50 2.4 1.33 1.07
Shoveling 12 63 2.3 1.37 0.20 45 2.5 1.42 0.53 50 2.1 1.46 0.98
Tubzrculum dentale It 68 2.8 2.86 0.46 49 3.0 2.13 0.99 50 2.3 1.58 1.54
Tubercrlum dentele 12% 53 2.4 5.23 0.69 40 3.1 6.24  2.99 50 3.1 4.77 4.54
Canine tubercle C 39 2.7 5.80 0.54 26 A3 3.68 1.44 50 3.0 2.78 2.81
Carabelli’s trait M1 75 4.0 8.18 0.69 56 4.1 8.29 2.55 50 4.3 5.37 6.27
Metaconule - M - 62 1.4 1.57 0.11 49 1.5 0.97 0.98 50 1.7 0.99 1.41
Hypocone M1 75 6.0 0.83 0.13 55 6.0 0.37 0.30 50 6.0 0.35 0.38
Hypocone M2 41 4.0 4.60 0.68 22 3.8 2.37 2.80 50 4.6 2.19 1.79
Multiple lingual cusps P, 57 2.2 6.05 2.04 35 2. 3.98 3.16 50 2.3 5.13 3.56
Multiple lingual cusps | P, 44 3.6 5.18 1.24 30 356 440 345 50 3.2 3.60 3.96
Hypoconulid M, 61 4.7 5.81 0.42 53 4.9 5.01 1.72 50 4.8 3.63 3.21
Cusp 6 M, 61 14 1.54 0.14 51 1.3 1.02 0.28 50 1.4 0.82 1.01
Cusp 7 M, 74 117 1.69  0.53 57 2.0 2.67 1.22 50 1.8 0.98 1.36

* Tuberculum dentale, I2 is only trait that shows a significant difference in means between MZ and DZ twins (t' =
= 1.92, p = 0.C61)

TABLE 4. F tests for assumptions of the analysis-of-variance twin model.

I
OMz? = Opz? AMSpz|WMSpz | AMScs/WMScs | WMScs/WMSpz
Trait Tooth =
. F P F P l F P F P
Shoveling I 1.30 NS 3.17 <.01 1.25 NS 1.96 <.01
Shoveling Iz 1.24 NS 2.66 <.01 1.49 NS 1.84 <.01
Tuberculum dentale I 1.06 NS 2.15 <.01 1.03 NS 1.56 .01—.05
Tuberculum dentale 12 1.58 .05—.10 2.12 <.01 1.05 NS 1.52 .01—.05
Canine tubercle (o] 1.24 NS 2.55 <.01 0.99 NS 1.95 <.01
Carabelli’s trait M! 1.22 NS 3.25 <.01 0.86 NS 2.46 <.01
Metaconule M! 1.16 NS 0.99 NS 0.70 NS 1.44 .01—.05
Hygocone M! 1.44 .05—.10 1.23 NS ©0.91 NS | 1.27 NS
Hypocone M2 1.02 NS 0.85 NS 1.22 NS 0.64 NS
Multiple lingual cusps Py 1.13 NS 1.26 NS 1.44 NS 113 NS
Multiple lingual cusps P, 1.22 NS 1.27 NS 0.91 NS 1.15 NS
Hypoconulid M, 1.08 NS 2.92 <.01 1.13 NS 1.87 <.01
Cusp 6 - M 1.29 NS 3.60 <.01 0.81 NS 3.56 <.01
Cusp 7 M, 1.75 <.01 2.19 <.01 0.72 NS 1.12 NS




Table 3 presents the basic summary statistics
used in the analysis of variance twin model. This
includes number of pairs, mean trait expression,
and among (AMS) and within (WMS) mean squares
for MZ and DZ twins and unrelated pairs. Although
these figures serve as the basis for all subsequent
analyses, a few general points should be noted.

For MZ twins, the WMS is typically small in
magnitude indicating that MZ twins are very
similar phenotypically. The AMS for MZ twins is
consistently much higher than the WMS. For DZ
twins, there is always more variance within twin
pairs when compared on a trait by trait basis with
the WMS of MZ twins. For DZ twins, 12 of 14
traits show less variance within than among twin
pairs. In sharp contrast to either twin type, the
control series shows among and within mean squa-
res of similar magnitudes. The highest mean square
is evenly divided between AMS and WMS for the
14 traits.

Regarding mean trait expression in MZ and DZ
twins, only tuberculum dentale of the upper lateral
incisor shows a significant difference between twin
types. As recommended by Christian (1979), the
level significance for this test is .10 rather than .05.
For all others traits, MZ and DZ mean trait expres-
sion is similar (differences range from 0.0 to 0.3).

In Table 4, F values and associated probabili-
ties are shown for the tests of assumptions of the
analysis of variance twin model. For a trait to meet
these assumptions, it should have F values that do
not differ significantly from 1.0 for total variance
equality (column 1) or for the ratio of among to
within mean squares for the control series (column
3). In contrast, the ratios of AMSp;/WMSp; (column
2) and WMScs/WMSp; (column 4), should yield F
values that depart significantly from 1.0.

Crown traits which meet all the assumptions of
the twin model are: shoveling of the upper central
and lateral incisors, tuberculum dentale of the upper
central incisor, the canine tubercle of the upper ca-
nine, Carabelli’s trait of the upper first molar, and
the hypoconulid and cusp 6 of the lower first molar.
Tuberculum dentale of the upper lateral incisor vio-
lates the assumption of variance equality as DZ
twins show significantly greater total variance. In

addition, this was the only trait that showed a sig-
nificant difference in mean trait expression between
MZ and DZ twins. The metaconule of the upper
first molar, while meeting three assumptions of the
model, fails to show a significant difference in the
ratio of among to within means squares for DZ
twins. The hypocone of both upper molars and
multiple lingual cusps of both lower premolars fail
to meet the assumptions of greater among than
within variance for DZ twins ‘and greater within
mean squares for the control series than for DZ
twins. The hypocone of the upper first molar also
shows significant variance inequality. Cusp 7 of the
lower first molar shows significant variance inequa-
lity between twin types and also fails to show a sig-
nificantly larger within mean square for the control
series than for DZ twins.

Genetic variance and heritability estimates were
calculated for only those traits that met all as-
sumptions of the analysis of variance twin model.
These values are shown in Table 5. For the seven
traits that meet the assumptions of the model, all
show a highly significant genetic component of va-
riance. Genetic variance, estimated by the remainder
of variance when WM Sy, is subtracted from WMSp;,
varies between 0.14 for cusp 6 to 1.86 for Carabel-
1i’s trait. Of course, these genetic variance estimates
must be considered relative to the total variance

. shown within and among twin types. To standardize -

these estimates for intertrait comparison, genetic va-
riance is divided by the average of the four mean
squares For MZ and DZ twins. This standardized
value is one method to esimate heritability using all
relevant variance components (Corruccini and Potter
1980). The seven traits that met all assumptions of
the twin model show heritability estimates that are
of the same general magnitude. Only cusp 6 shows
a value (19) that falls outside the range of .32
to .40. :

DISCUSSION

Concordance analysis of presence-absence va-
riables in twins, while perhaps a more conservative
approach than analysis of variance, appears to have

TABLE 5. Tests of significance for genetic variance and genetic variance and heritability estimates for those trais meeting assumptions

of analysis-of-variance twin model.

i 1. 2. 3. Heritability
Trait Tooth WMSpz|WMSmz WMSpz—WMSz WMSpz — WMSuz
F P (TMSpz + TMSuz)/4
Shoveling It 2.92 <.01 .36 .36
Shoveling 12 2.69 <.01 .33 .38
Tuberculum dentale I 2.14 <.01 .53 .33
Canine tubercle C 2.68 <.01 .90 32
Carabelli’s trait M! 3.69 <.01 1.86 .38
Hypoconulid M, 4.05 <.01 1.30 .40
Cusp 6 M, 2.04 <.01 .14 .19

1. F test for significance of genetic variance
2. Estimate of genetic variance -

3. Estimate of heritability




major limitations when applied to morphologic den-
tal variables. Berry (1978) analyzed European twin
series for a large number of dental traits and found
basically the same pattern noted here; concordance
rates are higher in MZ twins than DZ twins and are
higher in DZ twins than in a series of unrelated
pairs. Her analysis, however, included no tests of
significance so it is difficult to assess these results
except in general terms. In his study of American
white twins, Biggerstaff (1970, 1973) found that for
lower molar cusp number and groove pattern and
for Carabelli’s trait, MZ and DZ twins did not differ
significantly in concordance rates. On this basis, he
concluded these traits did not have high levels of
heritability. Biggerstaff’s analysis however, was based
on 2)X2 contingency tables (MZ twins, DZ twins;
concordance, discordance) and this method masks
the two different types of concordance (0—0 and
—+—-). When a similar analysis was performed for
the twin series in this study, only two of 14 traits
differed significantly between twin types. This result
stands in contrast to the results of the goodness of
fit tests. For example, concordance rates do not
differ significantly between MZ and DZ twins for
the hypoconulid in a 2)X2 contingency analysis, but
the concordance rate is highly significant for MZ
twins and nonsignificant for DZ twins when assessed
by goodness of fit. The methods of Smith (1970,
1974) show that concordance rates are related to
total population frequencies and both must be con-
sidered, particularly when heritability is estimated.
For example, a concordance rate of only 30 9/ in
MZ twins indicates high heritability in cases where
trait frequency in low (e.g. 19). As population
frequencies increase, it becomes increasingly difficult
to estimate heritability from concordance analysis.
Considering the high population frequencies of mor-
phologic crown traits and the insensitivity of the
concordance analysis approach to among and within
twin variation, it does not appear that this is the
most suitable method available.

The results from analysis of variance are much
more informative than those obtained from the con-
cordance approach. The use of this method for tooth
crown traits can be justified, in part, by the analysis
of unrelated pairs. If a trait’s population incidence
and/or class frequency distribution biased results in
a patterned way, this would be reflected in the mean
squares among and within pairs. None of the
AMScs/WMS¢; ratios differed significantly from 1.0,
and, in fact, when all 14 F values were averaged,
the mean F was 1.02 (the expected mean assuming
random effect is 1.0). These results are in clear
contrast to the pattern of among and within mean
squares for the two twin types.

In contrast to most, if not all, prior twin studies
of tooth crown traits, we have tested a specific set
of assumptions which relate to the predicted magni-
tudes of the variance components for MZ and DZ
twins. Other studies present results for full trait sets
without distinguishing among traits which may be
biased by greater environmental covariance in MZ
twins. The question remains why some traits violate
assumptions of the model while others do not. One

could conclude that different dental traits show va-
rying degrees of genetic determination and this may
indeed be the case for some traits. There are, how-
ever, alternative explanations. For example, two
traits which violated more than one assumption of
the model were the hypocone (both upper molars)
and multiple lingual cusps (both lower premolars).
For these traits, the classification used to score
trait expression may be in part responsible. The hy-
pocone is difficult to rank consistently because, in
the classification system used, the size of the hy-
pocone is judged relative to the size of the other
major cusps of the upper molar crown. Such relative
judgements are difficult to make consistently. The

_scoring standard developed for multiple lingual

cusps of the lower premolars (Scott 1973) represents
an attempt to characterize phenotypic variation by
the presence and relative size of an accessory disto-
lingual cusp. While this system was thought to be an
improvement over the Kraus and Furr (1953) di-
chotomous classification which considered any acces-
sory cusp, regardless of placement or size, as char-
acteristic of multiple lingual cusps, the more complex
classification used here may not adequately reflect
the developmental parameters of this trait. Tuber-
culum dentale of the upper lateral incisor violated
the assumptions of equal twin means and total va-
riances. This variable, at the same time, is difficult
to classify and also shows a high degree of asym-
metry. The problem with this variant may relate to
both the classificatory scheme and a significant
element of environmentally induced variance. For
both the metaconule and cusp 7, observing low
levels of expression is difficult and as these traits
are rarely pronounced in size, the problem may. be
due to level of observation. Basically, the traits that
violate one or more assumptions of the twin model
may (1) actually reflect varying degrees of genetic
determination among tooth crown traits, (2) indicate
that the classification systems established for scoring
trait expression do not correspond to the underlying
biologic basis of the trait, and/or (3) suggest diffi-
culties in making consistent observations, especially
for those traits manifested in very subtle degrees.
It is possible that a twin analysis such as this is
a good method to determine the validity of specific
trait classification systems and indicate areas where
there is a problem with consistent observation.

For the set of traits that did meet all assump-
tions of the analysis of variance twin model, the
heritability estimates were comparable in magnitude.
Somewhat less than half of the variance in expres-
sion among and within twins could be attributed to
genotypic variance. Problems of classification and
observation could have contributed to lowering these
estimates, but their internal consistency, considered
in concert with other findings, suggest they are re-
liable estimates of population heritability. Although
heritability estimates are specific to the population
sampled, the results noted here are in agreement
with those of Mizoguchi (1977) who analyzed a large
Japanese twin sample. Excluding only two of 18
heritability estimates derived from this sample (one
exceeded unity while another was negative), the
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mean h? value for his remaining 16 crown traits was
.44 (range: .12—.75).

From twin studies, one can only estimate he-
ritability in “the broad sense” which means that
total genotypic variance is assessed in terms of its
relationship to the environment (Kang et al. 1978).
To derive “narrow sense’’ heritability, which is the
ratio of additive genetic variance to total pheno-
typic variance, it is necessary to use intergeneratio-
nal correlations, as in family studies. Theoretically,
heritability can range from 0 to 1.0. An h? of 0 in-
dicates that all phenotypic variance can be attribut-
ed to environmental causes. At the other extreme,
an h2 of 1.0 would suggest that phenotypic variance
was due entirely to genotypic variance. Most attri-
butes of the dentition, including tooth crown size
and morphology, have heritabilities that fall between
0 and 1.0 (cf. Mizoguchi 1977, Townsend and Brown
1978). Although the dentitton is often viewed as
a highly canalized developmental system, twin and
family studies show consistently that variation in
tooth size and morphology has an environmental
component. Significant secular trends in families
-have been shown for crown size (Hanna et al. 1963,
Potter et al 1968, Garn et al. 1968, Bowden and
Goose 1969), with improved nutritional status gene-
rally implicated as the most important causative
factor (Potter 1976). Studies of antimeric asymmetry
provide another line of evidence implicating environ-
mental factors in dental development. Twin studies
have shown that fluctuating asymmetry in the den-
tition has no appreciable genetic component (Staley
and Green 1974, Potter and Nance 1976). Such
asymmetry is often thought to reflect subtle dif-
ferences in the timing of development, both prenatal
and postnatal, between the sides of the dentition.
Such differences in timing between left and right
sides which generate asymmetry might be analogous
to slight developmental differences between MZ
twins which result in discordance. The mean intra-
class correlation for MZ twins for the 14 variables
in this study was .742. In an analysis of asymmetry
for eight molar crown traits (observed on 16 teeth)
in a large Pima Indian sample, the average correla-
tion (Kendall’s tau) between antimeres was .788 for
males and .761 for females (Noss et al. 1983). Ideally,
one should study the same trait set in a single ethnic
group to compare degrees of asymmetry and MZ
discordance, but the similarity between these corre-
lations is noteworthy.

While the dentition is not often considered in
discussions of human plasticity, it is becoming in-
creasingly apparent that we cannot simply view the
dentition as a system solely under the control of
genetic factors. General crown form is clearly under
strict developmental control as mediated by genetic
factors, but the subtle differences in size and mor-
phology that are of anthropological interest can be
influenced to a degree by environmental variables
(e.g. maternal diet, various types of stress, postnatal
dietary factors, including trace elements, etc.). Major
differences exhibited among groups in, say, shovel-
shaped incisors or Carabelli’s trait reflect underly-
ing genetic differences. From a long-term evolutio-
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nary standpoint, however, groups are not totally in-
flexible in terms of dental adaptations to new or
changing environmental regimes. In fact, Wadding-
ton’s (1957) concept of genetic assimilation may be
applicable to the dentition as well as to other more
plastic systems. That is, if a group migrates to a re-
gion and this move involves dietary or other changes,
the dental system has some latitude for minor
environmentally induced phenotypic adjustments
which, if selected for, could eventually involve ge-
netic changes in the population. This would occur if
there was some selective advantage to those indi-
viduals with genotypes which allowed for such ad-
justments. Considering the general stability and
conservatism of the dentition, the suggestion of
plasticity in the size and surficial morphology of
teeth might be of greatest utility in enhancing our
understanding of hominid dental trends (e.g. decreas-
ing erown size, increasing agenesis, and morpholo-
gical simplification in European and Asiatic Indian
dentitions).
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