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Abstract 

The Jomon period is one of Japanese prehistoric periods which began about 13,000 years BP and lasted 

roughly 10,000 years thereafter. Human life span (longevity) during the Jomon period is interesting when 

compared with those of the succeeding periods, which enables to shed light on the substantial change in 

ecology, subsistence and society over the human population history of Japan. In broader perspectives, it is 

also interesting as it provides an insight into the evolution of human life history which distinguishes hu-

mans from the other primates. The longevity of Jomon people has been previously estimated from the 

skeletons by Kobayashi (1967) where it was represented by the life expectancy at age 15. The result was 

16.1 years for males and 16.3 years for females. However, the age estimation method he employed included  

a statistical problem. Assignment of age to the skeleton referring to known ages of skeletons with similar 

aging expression is classified as inverse regression in statistical terms. It has been pointed out that the age 

estimation by inverse regression is to be influenced by the age distribution of the reference sample, and the 

reconstructed age distribution is to mimic that of the reference sample (Bocquet-Appel and Masset, 1982). 

Since the reference sample used by Kobayashi (1967) was composed dominantly of young adult individu-

als, a number of Jomon ages should have been underestimated in his study. 

To circumvent the problem, I adopted Bayesian approaches. Bayesian approaches use reference sample 

to derive the probability to obtain an expression of the age indicator for an individual of certain age. This is 

classified as forward regression, and not influenced by the age distribution of the reference sample. 

Furthermore, another problem might have distorted the estimation by Kobayashi (1967). Different du-

rability of bones against taphonomic processes presumably filters out the fragile old skeletons. This could 

make the estimation of ancient mortality distribution younger than the reality because the skeletons ob-

served by researchers would under-represent the deaths of the old individuals. While bones are likely dif-

ferentially preserved because the remodeling activity declines throughout the life, teeth are less likely on 

this regard because remodeling does not occur in teeth. To minimize the effect of differential preservation, I 

used teeth as the age indicator for Jomon skeletons. 

The pulp cavity in teeth reduces with age due to dentin apposition on the pulp wall through the life. I 

utilized the pulp volume ratio (PVRrt: volume proportion of the pulp cavity in the root portion) as the age 

indicator. Those volumes were measured on the digital imageries obtained by microfocus computed tomo-

graphy (micro-CT). I scanned 363 recent-modern Japanese lower canines and established a statistical 

model to describe the probability distribution of the PVRrt according to age. 

Next, the PVRrt values were observed on lower-canines from 234 Jomon individuals stored in The 

University Museum, The University of Tokyo (UMUT). As in Kobayashi (1967), the observations were 

limited to those individuals considered at or above age 15. Sexes were not separated in this study to avoid 

too much statistical assumptions in the Bayesian approaches. 

Bayesian approaches update the probability (called prior probability) of the subject to new one  

(called posterior probability) by applying the information from observations. The information (called like-

lihood) is the probability to obtain the observations when a certain hypothesis about the subject is assumed. 

In this dissertation, 5 parameters (α, β, γ, λ, θ) specify the hypothesis, among which α and β specify the 
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age-at-death distribution of Jomon people. The prior probability of those parameters (collectively denoted 

as Ω) can be updated by the likelihood to the posterior probability using Bayes’ theorem, 
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have an age-expression iz . This probability was computed by multiplications of the following four prob-

abilities: 

(1).   ,|xp : the pr ability density for a Jomon individual (with lower canine) to be at age ob x . This 

was formulated by a modified demographic model which was specified by α and β. 

(2).  ,x : the probability density of PVRrt value at age |PVRrtp x , parameterized with a st istical 

model derived from the recent-modern Japanese samples. 

at

  is the parameter which specifies the rate 

of PVRrt reducti os

(3). 

 or “incomplete.” This additional age information was 

on. It was set as one of the target to give the p terior probability distribution by 

Bayesian approaches to consider the possibility that the rate of reduction could be different in Jomon 

people from that of recent-modern Japanese . 

 xp |state epiphyseal : the age-conditional probability of the state of epiphyseal closure at sternal 

end of the clavicle. It was either “complete”

necessary to compensate for the unknown PVRrt reduction rate   for Jomon people. This probabil-

ity was set as 1 when clavicles were not preserved for the individual. 

 (4). ,,|onpreservati clavicle xp : the age-conditional probability for an individual with the lower 

canine to preserve the clavicle for the epiphyseal observation. The parameters   and   describe 

the change in the probability with a

The  

prob ge gives the probability to have the observation for the individual 

ct

as f

 

max

 50

ge, and the posterior probability distributions were given to them 

by Bayesian approaches. 

observation iz  denotes the set of (2)–(4) observations. Integrating the multiplication of the four 

abilities for whole age ran iz  i . 

The likelihood fun ion was composed of multiplication of this probability for the 234 Jomon individuals. 

Before conducting Bayesian approach, the maximum likelihood estimation w  calculated for the li e 

expectancy of Jomon people at age 15 ( 15e ), to compare the estimation with that by Kobayashi (1967). The

imum likelihood is the method to seek the parameter set which maximizes the likelihood function. The 

life expectancy at 15 calculated from the maximum likelihood estimate was 30.6 years. To test the differ-

ence of this result from that of Kobayashi (1967), pseudo-estimations of 15e  were calculated from 234 

pseudo-samples generated computationally upon the null hypothesis that the age-at-death distribution in 

Kobayashi (1967) was true. While the set of pseudo-samples were generated 0 times, the estimation from 

the real Jomon samples was larger than all the pseudo-estimations, indicating that the Jomon population 

from which the samples used in this study were extracted is significantly older than the age-at-death distri-

bution estimated by Kobayashi (1967). 
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The prior probability is that for the five parameters (α, β, γ, λ, θ) before obtaining the observations. I 

suppose that the ideal prior is the distribution of those parameters hypothetically to be achieved by a num-

ber 

on

eters, the 95% 

cred

4 years. With the human pattern of survival profile 

con

of human populations with similar genetic compositions and similar living environments to those of 

Jomon people. Since such information is not available, I used uniform prior distributions. However, some 

prior information about the parameters for age-at-death distribution (α, β) could be obtained from modern 

and historical human life tables. A scatter diagram of the life expectancy at age 15 ( 15e ) and the coefficient 

of variation of the years-to-death after age 15 (CV) indicated a human specific tendency for their survival 

profiles, which was distinct from that of other primates. This tendency enabled a n -uniform prior prob-

ability distribution for α and β. From the human distribution on the diagram, the non-uniform prior for α 

and β was calculated. This prior should be closer to the ideal one than is the uniform prior. 

The posterior probability distribution was calculated from the above-mentioned prior probability dis-

tributions and the likelihood function. When uniform priors were used for all the param

ible interval (defined as the interval between 2.5 percentile and 97.5 percentile values of the posterior 

probability distribution) of the life expectancy at age 15 was 19.5–43.6 years. The mean value was 29.5 

years. When the non-uniform prior was applied to α and β and uniform priors to the rest, the 95% credible 

interval was 29.2–41.5 years. The mean was 35.2 years. 

As the conclusion, the life expectancy for Jomon people at age 15 was substantially older than that es-

timated by Kobayashi (1967). The possible range is 19–4

sidered, I suppose that 29–42 years is the most probable range of the expected years for Jomon people 

at age 15. 
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Chapter I 

Jomon people and previous studies about their longevity 

 

This chapter reviews the archaeological and anthropological knowledge about the Jomon people, and 

introduces the pioneering study by Kobayashi (1967) for their life span (longevity). There, I will argue a 

statistical problem in the method he employed to estimate the ages of the Jomon skeletons, and discuss the 

methods to circumvent the problem. 

 

The Jomon period 

Jomon pottery—meaning “cord marked pottery”—is a type of pottery which can be popularly identi-

fied in many Japanese archaeological sites. The Jomon period characterized by the pottery is one of Japa-

nese prehistoric periods, succeeding the Paleolithic and followed by the Yayoi period. Beginning of the 

period dates back to Pleistocene–Holocene transition ca. 13,000 years BP (Nakamura et al., 2001), and the 

end is marked by a propagation of wet rice agriculture to the Japanese archipelago from the Asian continent 

ca. 3,250–2,100 years BP (Keally and Muto, 1982). 

People during the Jomon period are believed to have been hunter-gatherers with sedentary lifestyles. 

While indications of horticulture and arboriculture are accumulating through an amount of recent research, 

contribution of those activities to their lifestyles has been thought to be small compared to hunting and 

gathering for abundant wild food resources (Matsui and Kanehara, 2006). Archaeological remains indicates 

that their food resources included deer, wild boar, tuna, bream, salmon, whale, sea lion, clams, chestnuts, 

acorns, yam, etc., although the availability and exploitation of them seem to have varied depending on the 

locations in Japanese archipelago (Akazawa, 1986; Minagawa and Akazawa, 1992; Kusaka, et al., 2010; 

Naito, et al., 2013). Their settled lifestyles to some extent are evident in remains of the pit-dwellings. 

However, the degree of the sedentism (whether full or temporary settlement) have yet to be revealed (Habu, 

2004). 

1



Genetic contribution from Paleolithic inhabitants in Japanese archipelago to Jomon populations is un-

known. As to that from Jomon to modern Japanese, Hanihara (1991) hypothesized that the fundamental 

gene pool of the modern Japanese population had been composed of a mixture of two lineages: Jomon and 

populations migrated from northeast Asia at the end of Jomon and the following aeneolithic-protohistoric 

period. Supporting his hypothesis, the genetic contribution of Jomon population to modern Japanese was 

confirmed recently by ancient mitochondrial DNA analysis (Adachi, et al., 2009). 

As for funeral practices, Jomon people commonly buried the dead. Both primary and secondary burials 

existed. The most common style was the primary burial with a simple pit without cremation (Habu, 2004). 

For fetus or newborn, a burial into a jar seemed common (Kikuchi, 1983). Some variations of secondary 

burials including “collective” burials (mixture of multiple bodies) and “square-shaped bone-pile” burials 

(long bones are arranged to shape squares), and cremations have been occasionally identified (Habu, 2004). 

 

Life expectancy estimation by Kobayashi (1967) 

Since the end of 19th century, a number of Jomon skeletal specimens had been excavated from ar-

chaeological sites in Japan, which allowed Kazumasa Kobayashi to estimate the life history of Jomon peo-

ple on the basis of those skeletons with several age estimation techniques. In 1964, he preliminary investi-

gated 38 Jomon skeletons, in which he estimated their ages primarily based on metamorphosis of the pubic 

symphysis. In his paper in 1967, he expanded the study to include 235 Jomon individuals examining a vari-

ety of age indicators, i.e., besides the pubic metamorphosis, those of auricular surface of ilium, epiphyseal 

fusion and the osteophytosis or “lipping” in various skeletal parts, etc. Corresponding ages to those indica-

tions were derived from modern Japanese skeletons of known age and sex. He limited the age assessment 

to the skeletons assumed to be at or above 15 years of age due to lack of infants and children in the collec-

tion. He wrote 

“(i)n the course of examining skeletal remains for age estimation, it was noticed by the author that 

skeletons of infants and children in the collection were too scanty in general through all the 

(Japanese) periods to reveal any appropriate level of pre-adult mortality.” 
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As many life tables of world-wide human populations indicate, the mortality of the first few years of life is 

relatively high, and this tendency is more remarkable in pre-industrial society. The scantiness of infant and 

child skeletons in the Jomon collection might have been due to reasons that immature skeletons are so 

fragile that they seldom survive taphonomic processes, except the case where they had been stored in a jar 

as mentioned above. In the end, Kobayashi estimated the age-at-death distribution for Jomon people who 

had reached 15 years of age or older. By averaging the age-at-deaths and subtracting 15 years from it, he 

estimated the life expectancies at age 15 (given the assumption of stationary population) to be 16.1 years 

for males and 16.3 years for females. 

However, the age estimation method he adopted is problematic in its statistical manner. Assignment of 

an age to the expression of age indicator was accomplished by referring to the ages of skeletons with the 

similar expression. This is classified as an inverse regression (or inverse calibration) in statistical terms. 

Bocquet-Appel and Masset (1982) pointed out that the estimated age by the inverse regression is to be in-

fluenced by the age distribution of the reference skeletons. When X is an independent variable and Y is a 

dependent variable which is determined depending on X with a certain distribution of error, the regression 

analysis of X on Y in order to estimate new X (x0) from new Y (y0) is called inverse regression. In the 

case of age estimation, age should be X and age indicator be Y, as it is more natural to assume that the ex-

pression of age indicator is determined depending on how long the person has lived (i.e., age) with a cer-

tain random variation (caused by such as nutritional variations, etc.), than to assume the reverse. In other 

words, it may be stated that age and age indicators are in a causal relationship such that age is (one of) the 

cause and age indicator(s) is the consequence(s) but not vice versa. Figure 1 illustrates an example that the 

result of inverse regression is to be influenced by the distribution of independent variable X. When the age 

distribution of reference samples is younger than that of target samples, the inverse regression underesti-

mates the ages of the target samples, and in the opposite case, the inverse regression overestimates the 

ages of them. As a result, an age distribution reconstructed by such estimations is to be distorted toward 

the age distribution of the reference skeletons. Figure 2 shows the age distribution of the reference skele-

tons that Kobayashi used in his study of 1967. As the younger skeletons were dominant in the reference, a 
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number of Jomon ages should have been underestimated in his study, unless the real age distribution of the 

Jomon skeletons was coincidentally the same as or even younger than that of the reference skeletons. 

 

Methods to circumvent the influence of the reference-sample’s age distribution 

Summating Bayesian approaches 

Many researchers suggest Bayesian approaches to circumvent the influence of age distribution of ref-

erence samples. Bayesian approaches use the probability distribution of age indicators on an individual of 

certain age. Deriving this probability from the data of reference sample is classified as a forward (or nor-

mal) regression. Contrary to the inverse regression, the result of forward regression is not influenced by 

the distribution of independent variable(s) (Figure 1). If one use the Bayesian theorem to estimate the age 

of an individual, the probability of being at age x  when the individual has an age indicator y  is calcu-

lated as 

   
   

  
 




xall

xyx

xyx
yx

|PrPr

|PrPr
|Pr

 xPr

, 
(1.1)

where  is the probability of being x  and  xy |Pr y is the probability of being  conditional 

on being x . However, in the case of paleodemography,  xPr  is unknown (in fact, this is the one we are 

aiming to estimate). Nagaoka et al. (2007) used a uniform distribution for  xPr

 xPr

. Based on the metamor-

phosis of iliac auricular surface, they calculated the probability distribution of age for each of 86 Jomon 

individuals using the equation (1.1), and constructed the age-at-death distribution by summating those in-

dividual age probabilities. The life expectancy at age 15 was 31.5 years. This method sure is independent 

from the age distribution of reference samples; however, assuming the uniform distribution has no bio-

logical reasoning. The similar approach has been adopted by another researcher for another unearthed 

skeletal collection. Storey (2007) estimated the age-at-death distribution of skeletons from Mayan ar-

chaeological site, Copan, Honduras. She used a model human age distribution (the West 1 model, Coale 

and Demeny, 1966) for , and summated the individual age probabilities to obtain the age-at-death 

distribution. As a matter of fact, however, using a model distribution is not a fundamental solution to the 
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problem. The problem is not what kind of  xPr  should be used, but in the presupposition of  xPr

 

 

itself. The above mentioned approaches—which in this dissertation I refer to summating Bayesian—apply 

the Bayesian theorem inappropriately. Bayesian theorem is used to update the probabilities assigned to 

some each-competing hypotheses by applying new information obtained by the observations. In this frame 

of methodology, “probabilities assigned to hypotheses of age-at-death distribution” is the subject to be 

updated, “probabilities assigned to hypotheses of an individual’s age” is not yet. The latter can be the sub-

ject only after the age-at-death distribution is properly estimated (Hoppa and Vaupel, 2002). In addition, it 

is one of the merits of a Bayesian approach that we can obtain the resultant probability distribution as a 

measurement of plausibility of the competing hypotheses. The summating Bayesian can not produce such 

a measurement to assess the plausibility of the estimation. 

 

Non-model-based and model-based Bayesian approaches 

As described in Di Bacco et al. (1999), the Bayesian theorem which applies to the estimation of 

age-at-death distribution is written as 

   
   
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where  denotes an age-at-death distribution,  denotes the set of age indicator expressions 

observed on  skeletons, and  is the set of all possible .  tFPr

tF

nyy ,....,1  tn Fyy |,....,Pr 1 nyy ,....,1

tF

—which is called a prior prob-

ability in terms of Bayesian inference—is the probability assigned to  before obtaining the observa-

tions . —which is called a likelihood—is the probability that  

will be observed when the age-at-death distribution is assumed to be .  nt yyF ,....,|Pr 1

tF

tF

                                                       

 is the an-

swer, called posterior probability. The denominator is just the summation of the numerator. Therefore, the 

task at this stage is to formulate the prior probability and the likelihood as the functions of . There are 

generally two approaches to describe : non-model-based and model-based approaches. 

 
 The likelihood will be italicized in this dissertation when it indicates the likelihood of obtaining the set of 
the Jomon observations in this study, to distinguish it from other likelihoods. 
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A non-model-based approach divides age range into m categories, and describes F  as a 

m-dimensional vector, 

t

 mtxtttF   ,....,....,1 1
1




m

x
xt

tF

tF

tF

, where . This approach is preferred by 

Caussinus and Courgeau (2010) and Séguy et al. (2013). A merit for this approach is that any  can be 

described if m is increased. A demerit is that the number of parameters tends to be large (=m−1). Addition-

ally, as a trade-off for the versatility, the competing hypotheses must include a number of biologically 

unlikely hypotheses, and posterior probability will be allocated to such hypotheses regardless of the bio-

logical plausibility. For example, age-at-death distributions in which mortality decreases with age even in 

senile age range are included among the competing hypotheses. Although reasonable prior probability dis-

tributions could preclude such unusual hypotheses, I did not adopt this non-model-based approach for this 

study due to the difficulty to find such reasonable prior probability distributions for Jomon people. 

A model-based approach describes the age-at-death distributions by using parametric models devel-

oped in fields of demography or fields of operating-time tests for industrial manufactures. Wood et al. 

(2002) introduced some mortality models including Gompertz, Gompertz-Makeham, Silar, and Weibull 

models to the field of paleodemography. The merit of using these models to describe  is that the num-

ber of parameters to be estimated is relatively small. The demerit is that they are just approximations of the 

real distributions in nature; for example, the Gompertz model can not describe any age-at-death distribu-

tion with two or more peaks. However, they can preclude an amount of biologically unlikely ’s, and 

further preclusion is possible by confining the range of parameters and/or applying appropriate prior dis-

tributions for the parameters with rather simple biological considerations. In this study, therefore, the 

model-based Bayesian approach is adopted for the estimation of Jomon age-at-death distribution and will 

be discussed in Chapter III and IV. 

 

Maximum likelihood approach 

On the other hand, the maximum likelihood approach has also been suggested and utilized in estima-

tion of age-at-death distributions of unearthed skeletons (Holman et al., 2002; Konigsberg and Franken-
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berg, 2002; Konigsberg and Herrmann, 2002; Herrmann and Konigsberg, 2002). The maximum likelihood 

approach seek parameters (in this case, ) which maximize the likelihood function.  can be either 

non-model-based or model-based. Likelihood function is defined as a function of , 

tF tF

tF

   tnt FyyFL |,....,Pr 1 , (1.3) 

where  is a likelihood function and other characters denote the same in equation (1.2) and (1.3). As 

equation (1.3) indicates,  multiplied by any value which is constant with respect to  

is considered as a likelihood function. Theoretically, the result of this method (say, ) is identical to the 

mode of the Bayesian posterior distribution by applying an uniform prior distribution which is non-zero 

for ; because, in equation (1.2), if 

 tFL

 tn Fyy |,....Pr 1 tF

1F

1F  tFPr  is uniform,  tFPr  in the denominator comes out of the 

summation and cancels with that in the numerator leaving a likelihood function alone. Therefore, I con-

sider that the maximum likelihood approach is just an aspect of Bayesian approaches. The maximum like-

lihood approach, however, will be used in Chapter III to compare the estimate for the Jomon life expec-

tancy with that of Kobayashi (1967). 

 

Summary 

Age estimation by inverse regression is to be influenced by age distribution of the reference skeletons. 

With young-adult-dominant reference skeletons being a factor, the life expectancy at age 15 estimated by 

Kobayashi (1967) for Jomon people (16.1 years for males and 16.3 years for females) is probably too short. 

To circumvent the problem, the maximum likelihood approach or model-based Bayesian approaches will 

be used in the following chapters to estimate the life expectancy of Jomon people. 
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Chapter II 

The dental pulp volume ratio as an age indicator 

 

In this chapter, I introduce the reduction of dental pulp volume as the age indicator for Jomon skele-

tons. After presenting an advantage of it and reviewing the previous studies, I report the observations on 

363 lower canines from recent-modern Japanese of known age and sex. Since, the morphological variation 

could cause undesired biases in the reduction pattern, only one tooth type was exclusively used (the lower 

canine). Then, I propose a statistical model to describe the observed aging pattern of the reduction. This 

model will be used to calculate the likelihood function in the following chapters. 

 

Introduction 

The Tooth as an age indicator 

 In the field of paleodemography, there is a long-lasting problem recognized by many researchers, 

which is differential preservation of skeletons regarding the age-at-death. When the recovery rate prefers 

young skeletons to old ones, the reconstructed age distribution based on them is younger than the true 

age-at-death distribution, no matter how accurately the ages are estimated. In a healthy bone, osteoblasts 

and osteoclasts are acting in an opposing manner renewing the bone substances; this is called bone remod-

eling. A reduced secretion of sex hormones in senior ages declines the activity of osteoblasts and makes 

the bone fragile. Presumably, this phenomenon causes the differential preservation with certain magnitude. 

However, since no remodeling happens in teeth (except for pathological cases), it is likely that the endur-

ance of teeth through the taphonomical degeneration is less dependent on age than that of bones. Although 

using a tooth as the age indicator reluctantly preclude the people who survived without the teeth, this ef-

fect can be countered by examining the frequency of jaws with closed alveolus in the population (this will 

be discussed in Chapter III). Walker et al. (1988) reported significant inconsistency between the age dis-

tribution of skeletons and burial records in a mission cemetery. Although their study had some dubious 
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points in the skeletal age estimations and the coverage of the excavation, there might have been a signifi-

cant magnitude of the differential preservation. I expect the effect of differential preservation was mini-

mized in this study by using teeth as the main age indicator. 

 

Pulp volume reduction by secondary dentin development 

As the secondary dentin grows gradually on the wall of pulp cavity throughout life, the volume of the 

pulp cavity reduces with age. Today, appositional dentine tissues are distinguished into 3 types of den-

tin—primary, secondary, and tertiary dentin—differentiated by the time and the causes of formation as well 

as their histological differences. Primary dentin is formed before tooth maturation and constitutes the most 

volume of the tooth. After tooth eruption and root maturation, odontoblasts (dentin-secreting cells) reduce 

the rate of dentin formation but still physiologically continue to form dentin. This dentin is called secon-

dary dentin. Tertiary dentin is generated as a protective reaction of the dentin–pulp complex against patho-

logical stimuli such as caries lesion, dentin exposure by attrition and/or inflammation of pulp tissue. When 

dentin is exposed to oral cavity by caries, attrition or any other traumas, tertiary dentin develops and fills 

dentin tubules preventing bacterial intrusion into the pulp tissue. 

The use of secondary dentin development as an age indicator started as early as in 1950 by Gustafson. 

He used ground sections of teeth and microscopes to assess the secondary dentin developments. A half 

century later, Kvaal and Solheim (1994) used radiographs for the assessment. Since secondary dentin is 

difficult to distinguish from other types of dentin on a radiograph, they measured the size of pulp cavity 

and assessed the degree of shrinkage to represent the secondary dentin development. Meanwhile, with the 

development of new computed tomography (CT) technology, the pulp cavity and the tooth have started to 

be measured in three-dimensional space (Vandevoort et al., 2004; Yang et al., 2006; Someda et al., 2009; 

Aboshi et al., 2010; Star et al., 2011). In these studies, the pulp volume ratio was calculated as pulp/tooth 

volumes based on the measurements on CT imageries and proposed as the age indicator. However, the 

numbers of samples they used were relatively small. I collected a relatively large number of lower canines 

and examined the pulp volume ratio on imageries taken by the CT scans. The lower canine was selected on 
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account of the relatively large size and simple shape of its pulp cavity and relatively long retention in the 

life, compared to the other types of tooth. 

The time of root apex completion for lower canine is, approximately, 10–16 years of age for males and 

9–14 for females (Moorrees et al., 1963). Thus, the pulp volume reduction in lower canine can be used as 

an age indicator only for those above these age ranges. Therefore, I limited the observations onto the Jo-

mon samples whose age seemed to be 15 years of age or older as did Kobayashi in 1967. Following this, 

the samples from recent-modern Japanese were also limited to those of 15 years of age or older. Using 

samples from 363 individuals of known age and sex, I propose a statistical model to describe the reduction 

of the pulp volume ratio, in order to enable the likelihood calculation in Bayesian and maximum likelihood 

approaches in the following chapters. 

 

Materials and methods 

Japanese lower canine samples 

Only one side was collected from an individual. The side in the better condition (e.g., less caries, less 

wear, less postmortem damage) was chosen when both sides were available. The total number of the stud-

ied individuals was 363 (209 males and 154 females). All specimens were presumed to be Japanese based 

on the accompanying records. The gender and the age distribution is shown in Table 1. Of all samples, 128 

teeth were from individual skeletons stored in the University Museum, the University of Tokyo (UMUT), 

which had been cadavers in between 1880s and 1920s. Other 168 teeth were from collections of individual 

dentition stored in UMUT, which had been also cadavers in between 1940s and 1950s. The remaining 67 

teeth were specimens prosthetically extracted from patients who had visited the hospital of the School of 

Dentistry at Matsudo, Nihon University since the 1970s. I used the following sampling criteria: 

(1). The recorded age should be ≥15 years. 

(2). The tooth should be sufficiently mature; The volume proportion of pulp canal (excluding branches) in 

5mm apical root portion should be ≤ 0.09. (This criterion was made to reduce the large variation of 

pulp volume ratio around the time of root completion.) 
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(3). Lesion (due to caries, postmortem damage, etc.) should not reach the pulp cavity in the root portion. 

(4). The tooth should not show a large volume loss (≥1/10 judged by visual appearance) in the root por-

tion. 

(5). The identification of lower canine should be confirmed. It should not be collected if skeptical. (This 

was often the case, for example, when facing complete loss of the crown part or morphological ab-

normality, etc.) 

 

CT scan and image processing 

To measure the volume of pulp cavity and tooth, each tooth was fully scanned by microfocal CT (mi-

cro-CT). Two micro-CT scanners were used: TXS225-ACTIS (TESCO Corporation, Tokyo, Japan) or 

SkyScan1173 with reconstruction software NRecon (Bruker-microCT, Kontich, Belgium). The size of ele-

ment cubes (voxel size) in the reconstructed imagery was equilaterally 0.028 or 0.030 mm, respectively. 

Each three-dimensional imagery was further processed using image processing software, Amira 5.2.2 

(VSG, Burlington, USA). Before starting tissue segmentation, the voxel size was doubled (i.e., to 0.056 or 

0.060 mm) just for data processing efficiency. Then, the imageries were segmented into air, enamel, dentin, 

and pulp cavity, based on the CT numbers of those voxels following the half-maximum-height procedure 

(Spoor et al., 1993). Opening and smoothing processes were used to remove artificial or unnecessary pro-

jection on tooth surfaces, although those were not used for the boundary between dentin and pulp cavity. 

Cementum was included in dentin as their CT numbers were too close to each other to separate them. Den-

ticles, the calcified particles occasionally appear in pulp tissue, were included in pulp cavity. Dental calcu-

lus was eliminated (i.e., included in air) by using half-maximum-height or manual segmentation. 

Secondly, the longitudinal axis for each tooth was determined as the line which bisects the major part 

of the root (root excluding roughly ⅓ apical tip) into right and left side equally as viewed from both 

labio-lingual and mesio-distal aspects. The horizontal plane was defined as any flat plane which is perpen-

dicular to the longitudinal axis. After defining the orientation, each segmented tooth imagery was separated 

into two (coronal and root) portions by the horizontal plane at the height of apical-most point of cementoe-
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namel junction. The coronal portions are prone to external factors that affect the pulp volume ratio, such as 

tertiary dentin deposition by external stimuli and tooth volume loss by dental wear or caries. To minimize 

those biases, coronal portions were eliminated from the volume measurement. Thus, only root portions 

were used for the further analyses. However, for exceptional 5 specimens in which tertiary dentin occupied 

the pulp cavity of the above-defined coronal portion completely, the horizontal plane between the coronal 

and root portions was re-defined at the most-coronal point of the pulp cavity in order to more preferably 

eliminate the effect of the tertiary dentin (Figure 3). 

Third, I measured the volumes of interest by counting the voxels and then calculated pulp volume ratio 

in the root portion (hereafter, PVRrt). It was defined as “the volume of pulp cavity” divided by “the volume 

of root.” “The volume of pulp cavity” was the volume of pulp cavity within the root portion. “The volume 

of root” was the volume of dentin within the root portion plus “the volume of pulp cavity.” 

For 24 samples where it was impossible to extract the tooth from the jaw, I scanned each of them with 

the jawbone. In this case, segmentation was necessary to remove bone matrices from dentin. The CT num-

bers of bone and dentin were so close that I needed manual segmentations with extra applications of 

smoothing functions. 

In another 8 cases, with postmortem chipping-offs on the root portions, the missing parts were filled in 

the CT imageries by interpolating between the two unaffected image slices that bound together the affected 

parts. The resulted gains in the dentin volumes were no more than 5.59% of the root volumes. 

Although the definition of the longitudinal axis was a bit vague, PVRrt value is not radically skewed 

by arbitrary choice of the axis. Indeed, when the longitudinal axes of randomly chosen 5 samples were 

tilted 10 degrees to random directions, PVRrt values as defined above did not change more than 2.6%. 

 

Analyses 

To confirm that PVRrt reduces with age, samples were divided into 7 age classes (15–19, 20–29, 

30–39, 40–49, 50–59, 60–69, and ≥70 years), and the mean PVRrt in each class was calculated according 

to sex. The differences between the neighboring classes were tested by Student’s t-tests. Sex difference 
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was also tested in each age class. 

A statistical model was fitted to the Japanese PVRrt values. The description of the model is the follow-

ings. PVRrt distribution conditional on age was assumed to be normal and was expanded for whole age 

range, where the mean of the normal distribution (  xM ) should follow an exponential curve as age x  

varies. I created 3 parameters to specify the exponential curve: A  determines the shape of the curve 

( ), 0A B  determines parallel translation toward age-axis, and   determines parallel translation to-

ward PVRrt-axis. Thus, the function is written as 

        BxAxM exp

  0xM

, 

, when    0exp    BxA

D  15M

 
(2.1)

Letting  denote the  (i.e., the mean initial PVRrt value), B  can be expressed as 

 ADB
1

ln15 

   

. Then, equation (2.1) becomes, 

     15exp xADxM

  xM

, 

0 , when      015exp  . 
(2.2)

  xAD

As age goes to infinity, the function value  xM  approaches   (when 0 , otherwise it becomes 0), 

indicating   as an asymptote for the exponential curve. These 3 parameters ( ,A  , ) plus the standard 

deviation of the normal distribution around the curve,  (it was assumed to be constant across whole age 

range), describe the probability density of PVRrt (

D

S
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. The normal distribution was truncated as seen in 

equation (2.3) since the probability of PVRrt being >1 or <0 is 0. A  and  were shared by males and 

females while 

D

  and  were set to vary between males and females (S m , f , S , ). Thus, total of 6 m fS
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parameters ( ,A m , f , , , ) were determined at once by the maximum likelihood method, fitting 

the model (which now contain two exponential curves for both sexes) to the observed data. 

D mS fS

In order to assess the goodness of fit, I tested normality of the distributions and uniformity of the vari-

ances through the age range, for males and females separately. For the normality, the distributions of re-

siduals (signed distances of observed PVRrt values from the fitted exponential curves) were tested by 

Kolmogorov–Smirnov test. For the variance uniformity, the square of those residuals were tested by 

Kruskal–Wallis test among the above mentioned age classes. 

Computer software packages, R 2.13.0 (R Development Core Team, 2011) and MATLAB (R2010b) 

(MathWorks, Natick, USA) were used for statistical tests and mathematical computations. 

For all statistical tests, I set the significance level at 0.05. 

 

Results 

The means of PVRrt and the test results among age and sex categories are shown in Table 2. Generally, 

PVRrt decreased with age for both sexes. Nevertheless, decrease after age 50 was not recognizable for male. 

While there was no significant difference between sexes in young age classes (15–19, 20–29, and 30–39), 

female values tended to be significantly lower than the males in the older age classes (above 40, except 

50–59). 

On Figure 4 is the result of fitting the exponential-curve model to the observed data. Those parameters 

resulted from the fitting were summarized in Table 3. Scatter plots of the residuals against age and their 

distribution histograms are shown in Figure 5. Kolmogorov–Smirnov test did not reject the hypothesis that 

the observations of the residuals followed the normal distribution with mean = 0 and s.d. = sample s.d., for 

both sexes (P = 0.28 for males, 0.98 for females). Kruskal–Wallis test did not indicate significant inequal-

ity in the residual variation among those age classes, for both sexes (P = 0.08 for male, 0.41 for female). 

The nearly significant result of male seemed mainly caused by relatively large variation in the class of 

15–19 as P value became 0.41 when that class was eliminated from the test. The variations (calculated as 
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  21
residual

n

( ,

) for each age-class are shown in Figure 5 in parentheses. 

 

Discussion 

The analysis among age and sex categories indicated that there is a difference in the PVRrt decreasing 

rate between males and females. In females, the value decreased more rapidly than in males. One can also 

recognize this tendency by referring to the scatter diagram and the fitted curves in Figure 4. Although the 

reason for the difference is not clear, it could be because of some direct or indirect factors. Plausible direct 

factors include differences in the tooth shape and size, which influence the number of odontoblasts per root 

volume, or differences in gene expression of odontoblasts, which affect the degree of dentin secretion. In-

direct factors include differences in hormonal homeostasis, oral environment, and masticatory stresses. The 

existence of the sexual difference entails the need to assess the sex composition of Jomon population when 

applying the PVRrt reduction model to the likelihood calculation. Nevertheless, to make the structure of 

calculations and assumptions in the likelihood function as simple as practical, I did not treat the sexes 

separately for Jomon people in this study. Therefore, the composition of sexes in Jomon population was 

regarded as 50% and 50% at any age, and will be so in all the following chapters. Details about the likeli-

hood calculation will be discussed in Chapter III. 

Although the test for uniformity of the variation of PVRrt fell close to the significance level in males 

(P value =0.08), variation along the model curve was treated as constant in this study. While the statistical 

model I adopted may not thoroughly describe the nature of PVRrt reduction, I supposed that the model 

was good enough to approximate the probability distribution of PVRrt. The reason why teen-age samples 

had relatively large variation might be attributed to the difference in the initiation time of odontogenesis. A 

slight difference of the time should cause large difference when PVRrt reduction is still rapid. 

In this chapter, the values of the parameters A m , f , , S , S

f 

D m f ) were determined. In the fol-

lowing chapters, those values will be used in the likelihood calculation except o m  and f  . The rea-

son not to use them is to take into account the possibility that the reduction rates of PVRrt may be different 
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between recent-modern Japanese and Jomon people. The value of the parameter (denoted as a single pa-

rameter,  , as sexes are combined in Jomon people) is to be estimated by Bayesian theorem simultane-

ously with , the age-at-death distribution of Jomon people. In the frame of Bayesian theorem, there is 

no limitation in the number of parameters to be estimated. Although one has to be parsimonious about the 

number of parameters to keep the estimation practical, there is no reason to limit the parameters to those 

describing the age-at-death distribution. 

tF

 

Summary 

As an age indicator, I adopted the pulp volume ratio in the lower canine. In this chapter, its reduction 

with age was confirmed in the recent-modern Japanese samples. The probability density conditional on 

age was parameterized with an exponential-curve model, and values for the parameters were determined 

by fitting the model to the Japanese data. The model and the values will be used in the likelihood calcula-

tion for the maximum likelihood approach in Chapter III, and for the Bayesian approaches in Chapter IV. 
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Chapter III 

Maximum likelihood approach and the comparison with the life 

expectancy by Kobayashi (1967) 

 

In this chapter, an estimate of life expectancy at age 15 ( ) of Jomon people is calculated by the 

maximum likelihood approach based on the information from 234 Jomon samples. Then, I compare the 

estimate with that of Kobayashi (1967) and test the difference by simulating ’s upon a null hypothesis 

that the 234 samples are outcomes from the age-at-death distribution estimated by Kobayashi (1967). The 

result shows that the estimate of  from the real samples lies significantly older than the distribution of 

’s upon the null hypothesis. 

15e

15e

15e

15e

 

Introduction 

In Chapter I, one reason was discussed why the estimate of Jomon life expectancy by Kobayashi 

(1967) should have been too young, and Bayesian and maximum likelihood approaches were suggested to 

circumvent the problem. In order to conduct either approach, the likelihood function should be introduced. 

The likelihood function comprises multiplication of the probability densities for all the Jomon individuals 

observed in this study. Thus, the main task is to describe the probability (density) of obtaining the observa-

tion for each individual. The statistical model to describe the probability density of obtaining a PVRrt 

value was parameterized in Chapter II. Nevertheless, further observations were needed to apply the model 

to the Jomon samples. The majority of the following Materials and methods section is devoted to explana-

tions for the statistical models to describe the probability of obtaining those observations. Those models 

are the followings: 

(1). In order to describe the probability density for an individual being at certain age before any observa-

tions, a model for the age-at-death distribution developed in the field of demography was introduced. 

(2). The above age-at-death distribution has to be calibrated for correcting a gap between the age distri-
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bution of the lower-canine samples and the true age-at-death distribution. This is because the collec-

tion of lower-canines does not include the people who survived without lower-canines. For the cali-

bration, a model was devised to describe the age-specific probability of lower-canines to be missing 

in an individual. 

(3). The PVRrt reduction model has to be modified into that with 50:50 sex ratio, as gender was disre-

garded for the Jomon samples. 

(4). Among the individuals with the lower-canine observation, epiphyseal closure was assessed at the 

sternal end of the clavicle, in order to complement the age information obtained from the PVRrt ob-

servation. For this, a model was provided to describe the age-specific probability of the epiphyseal 

closure being completed. 

(5). The observation on the clavicle entails the need to take into account the probability for existence of 

the clavicle(s) (i.e., the availability for the clavicle observation) if this probability depends on age. A 

model was utilized to describe the probability. 

After the description for the Jomon materials used in this study, those five models are explained in detail in 

the following section. Then, the method to calculate the likelihood function is explained combining those 

models. At the end of the section, I describe the statistical approach used to test the difference in the results 

between the maximum likelihood approach and Kobayashi (1967). 

 

Materials and methods 

Jomon materials 

The Jomon samples used in this study were drawn from the skeletal collections stored in UMUT. I 

examined all the collections thoroughly as much as possible in search for lower canines. Samplings were 

conducted so as not to sample both of the two lower canines from an individual. When the tooth was not 

accompanied by the corresponding jaw bone, careful attention was paid for erroneous sampling; every 

isolated lower canine was checked to see if it could be the opposite side of an already collected one to 

avoid redundancy. Only lower canines with a proof against the possible antemortem tooth loss were col-
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lected as the sample. As in Kobayashi (1967), only specimens whose age seemed to be 15 years or older 

were considered. Lower canines with immature roots whose apex still opened, or those with immature 

pelvis whose primary elements remained completely separated were not collected. The sampling criteria 

(2)–(5) in Chapter II were also applied here. Only one sample was eliminated by the criterion (2). Some 

were precluded by the criteria (3)–(5). Additionally, I had to care about an intentional tooth extraction—or 

tooth ablation—habit in Jomon society. Intentional extraction for anterior dentition was common in several 

localities during the Late to Final Jomon periods. If this habit had been prevailing in the locality where the 

samples come, the lower canine samples would have been biased being younger than the reality. To avoid 

this effect, all samples from the site with intensive lower-canine ablation were eliminated. How to judge 

whether the habit had been intensive will be discussed later. Eventually, lower canine teeth from 234 Jo-

mon individuals were collected. The locations of the archaeological sites for the Jomon individuals are 

mapped in Figure 6. Distribution of the individuals according to the Jomon sub-periods is shown in Figure 

7. CT scans, the image segmentations, and the calculations of PVRrt values were conducted in the same 

manner as described in Chapter II. Out of 234, 42 samples were scanned with the mandible. The postmor-

tem chipping-offs were filled in 7 teeth and the gains were no more than 2.43% of the root volumes. In 

accordance with the definition described in Chapter II, the plane between the coronal and root portions for 

22 Jomon teeth was set at most-coronal point of the pulp cavity, due to the tertiary dentin development or 

total enamel loss. 

Along with the effect of tooth ablation, possible biases due to spontaneous tooth loss should be con-

sidered. The latter case also biases the estimated age distribution being younger than the reality, because 

those older individuals who lived for certain period without the teeth are not included in the sample. The 

age-at-death distribution model has to be calibrated to that of age-at-death distribution of the people with 

canine(s) at their death, to properly calculate the probability for the canine-sampled individual to be at age 

x . For this, I need the ratio of people who died with no lower canines against all who died at or above 15 

years of age. It was estimated by the following procedure. Among the collection stored in UMUT, all 

lower jaw bones with canine alveolar parts were examined to determine if each of the individuals had re-
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tained the canine(s) at the time of death. After exclusion of those jaws judged as being below 15 by the 

development of teeth, etc, those with one or two socket(s) for lower canine(s) were counted as individuals 

died with canine. Those with closed sockets in both sides were counted as those died with no canines. For 

jaw bones of only either right or left side remaining, the same condition was assumed on the missing side. 

Attention was paid so as not to count double for right and left pieces from an individual. Socket closures 

due to the tooth ablation had to be eliminated, although the judgment whether the closure of socket was 

due to tooth ablation or spontaneous tooth loss was difficult especially for a jaw with few teeth. Therefore, 

I eliminated all the jaw samples from sites where the case of obvious ablation exceeded 1/3 of the total 

specimen in the site (intensive lower-canine ablation sites). Jaws with obvious ablation not from those 

sites were also eliminated. Thus, of 412 total individuals, 30 were confirmed as those died without lower 

canines. 30/412 gave the canine-loss ratio =0.0728.  RT

tF

As for the samples to assess the state of completion of the epiphyseal closure at clavicular sternal ends, 

55 individuals retained one or two sternal end(s) out of 234 individuals with canines. The scoring criteria 

were modified from those of McKern and Stewart’s 5-stage system (McKern and Stewart, 1957); if the 

epiphysis was completely fused with no trace, it was scored as “complete,” otherwise it was scored as 

“incomplete.” No individual exhibited right-left inconsistency in the state of the closure. 

 

The Gompertz model 

To describe an age-at-death distribution ( ), I adopted the Gompertz model. The Gompertz model 

has two positive parameters ( ,  ). This model assumes that the mortality exponentially increases with 

age. This can be formulated as 

  xx     exp

 x

, (3.1) 

where   is the mortality (or “force of mortality” to be specific) function and x  is age. General hu-

man mortality profiles show a pattern where with relatively high mortality at birth, it decreases rapidly to 

lowest point at around the beginning of adolescence, then it increases with age in approximately exponen-

tial manners. Thus, to describe the mortality patterns after 15 years of age, the Gompertz model was con-
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sidered to be appropriate. 

A survival function is a function of age which describes a decrease with age in the proportion of sur-

vivors in a cohort. There is a general relation between the survival function  xs

 x

 and the mortality func-

tion   described as 

  
   x

dx

xsd

xs


1

 
 

. (3.2)

Integrating this equation gives 

 
 












 

x

x

dtt
xs

xs

0

exp
0



0x

. (3.3)

The survival function generally starts with unity at the starting age  (i.e.,   10 xs

    







 

x

dttxs
15

15 exp 

 xs15

 xs15

 

). In this disserta-

tion, the starting age is 15; therefore equation (3.3) can be written as 

 
, (3.4)

where the subscript “15” in  denotes that the function starts at age 15. Thus, with equation (3.1), 

 becomes 

 












  )1(exp )15(

15

15
xe

e
xs 






. (3.5)

Figure 8 shows the results of fitting the  xs15

 xf15

 to the reported survival data of several populations in-

cluding primates. The Gompertz model generally approximates these survival data. The method used for 

the fittings is detailed in Appendix A. 

When the stationary population is assumed (i.e., no population growth nor decline and no secular 

change in the mortality and fertility profiles), the age-at-death distribution in the cohort can be thought as 

the age-at-death distribution of the population. The age-at-death probability density function (PDF) 

 can be derived by differentiating  xs15 15x

 

 over the range . 

  
dx

xsd
xf 15

15  . (3.6)

Thus, 
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  








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
  )1(exp )15(
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xe

e
xxf 






  015 xf 15

,

, when x

tF

. 

(3.7)

Now,  is an age-at-death distribution to be specified by the values of   and   and the probability 

density at any age-at-death x  is calculated by equation (3.7). 

 

The model for tooth loss 

A probit function was used to model the probability of spontaneous tooth loss (i.e., tooth loss due to 

senescence). A probit function describes the probability that an event was already happened to a person, 

based on an assumption that the time of the event (which happens once in a life) distributes normal in the 

population. In many cases, log-normal distribution is used instead of normal distribution, since normal 

distribution allocates a probability to negative age. Log-normal distribution becomes the normal distribu-

tion when the logarithm is applied on age. Here, I assumed that the occurrence of the total loss of lower 

canines distributes log-normal. Let  be a categorical variable which comes out either “lost” or “re-

tained.” Thus, the probability of  being “lost” is a function of age 

w

w x , described as 

  
   



 





x

S

Tt

Tt
xlostw

0

log

2

1

2

1
|""Pr



S

( MT , ST ) and (mean, s.

 










M

2






exp

ST
dt , (3.8)

where  and T  are the parameters of log-normal distribution. These can be regarded as the mean 

and s.d., respectively, of the normal distribution when applying logarithm on age. The relation between 

MT

d.) of the log-normal distribution is 

  
 2






 exp
2

S
M

T
Tmean ,    222

2exp1exp. SMS TTT  . (3.9)

In nistry of Health, Labour and Welfare (undated), data 

about

.ds

 the report of dental survey as of 2005 by Mi

 the presence of lower canine teeth according to age classes are available (data from Japanese). I fit-

ted the log-scale probit model to the data by a maximum likelihood method. Male and female data were 

combined before the fit. Only right lower canine data were used. Details about the method to fit is in Ap-
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pendix B. The result of the fit is shown in Figure 9. MT  was 4.4459 and ST  was 0.2530. Corresponding 

mean and s.d. are 88.0 and 22.6 years. I assumed the S  to be the same be een the Japanese and Jomon 

people. Although these parameters are for the distribu of the time of right lower canine loss, not of 

S

lower canine loss in Jomon people. To determine M  for Jomon people, the canine-loss ratio 

R =0.0728 was used. When it is assumed that the risk of th is unchanged by whether the person has 

 T tw

tion 

total  this study that T =0.2530 was an approximation of that of total 

T

T  dea

the teeth or tio can be described with 

 lower canine 

not, t

loss, I 

, the

assum

nine

ed in

-loss rahen  ca  xf  as 


15

dxx (3.10)

This equa , MT , ST ,

15

 
  



 15|""Pr fxlostwTR .

tion contains variables RT  , and  . Here, ST  is  constant = 0.2530 as ment

above. Sinc oss ratio T =0.0728, T  can be described as function of 

 a ioned 

e we have the canine-l R M   and  , 

provided th  is specified by the RT  (regarding at one and only one MT   and   as constants). This 

condition is satisfied, because as  increases from MT   to  , T  decreases monoto ly fro  

1 to 0, specifying one and only o  which correspon he T =0.0 8. In other words, the later 

the mean time of tooth loss (describ in equation (3.9) e urs, the smaller proportion the 

people without canines occupies in th opulation. Although equati 0) can not be solved algebrai-

T T

R nical m

MT d to t R 72

ed  with fix d ST ) occ

e p on (3.1

cally for onally. Now, M  is regarded as a function of 

ne 

mputatiM , it can be done co   and  . 

The m n established in Chapter II was sex-specific. As mentioned, I did not 

d assumed 50:50 sex ratio in the whole age range of Jomon people. 

To d

( A , m

 

The model for PVRrt reduction 

odel for PVRrt reductio

separate the sexes of Jomon samples an

escribe the PVRrt reduction of Jomon people with single exponential model, the sex-specific parame-

ters determined in Chapter II have to be combined. The parameters determined were 

 , f , D , mS , fS ).   

s one 

does not have to be combined since it represents the rate of PVRrt reduc-

n and thtio a d a of the unknown parameters in Jomon people. mS  and fS  has to be us w s treate
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combined to give s.d. along the single Jomon PVRrt reduction curve, assumi 50:50 s  ratio ( S ). When 

( mM , mS ) and ( fM , fS ) are mean and s.d. of two probability distributions, the mean (

ng ex

M ) and s.d. ( S ) 

o bined distrib on (assuming 50:50 ratio) are calculated as 

 

f the com uti

.
4

)(

2

222
2 fmfm MMSS

S

MM







,
2

fmM



(3.11)

In the case of PVRrt reduction, as fm MM   vary with age, S  also varies with age. Since the two 

age increas i

,

same between recent-modern Japanese and Jomon people. However, 

exponential curves separate more as es, S  increases w th age. The resulting combined distri-

bution was also assumed to be normal. As a summary  the parameters ( A , D , S ) were considered as the 

  for the Jomon people was re-

e at the sternal end of clavicle 

mained to be estimated. 

 

The model for the epiphyseal closur

The   in the PVRrt exponential curve model is the asymptote of the curve when age goes to infinity. 

With the   

s is i

being unfixed in the calculation of the likelihood function, the information from the PVRrt 

observation nsufficient to determine   and   with decent precision. Therefore, it was needed to 

restrain   within a plausible range. This comes possible through referring to the clavicular epiphyseal 

closure. The sternal epiphyseal closure of the clavicle completes at around late 20s of age. Imagine that the 

occurrence of the closure event was corresponding to around 0.05 of PVRrt value in the Jomon samples, 

then, the exponential curve of PVRrt reduction has to pass the area around the intersection of late 20s and 

be

0.05 of PVRrt, narrowing the possible range for   (Figure 10). 

e ion, the probability of the closure being 

com

variable which comes out either 1 or 0 denoting “complete” or “incomplete,” respectively, the model can 

To include the information of clavicles in th likelihood funct

pleted has to be modeled. Langley-Shirley and Jantz (2010) used the log-scaled probit model to de-

scribe the probability based on the clavicles from total of 1289 individuals. Letting  be a categorical fusez
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be described in the similar way as in equation (3.8). That is 

 
   

 

















 





S

M

S

dt
U

Ut

Ut
xz

0

2
log

2
exp

2
|1Pr


, (3.12)

where   and SU  are parameters of the log-normal distribution which are equivalent to MT  and 

=

and SU 3 for males, and MU =3.233 and SU =0.1222 for females. (They used 3-phase scoring 

system Fusing,” and “Fused.” These numbers are the log-probit parameters describing the last 

itio mal pa

Tod 62%

etain a clavicle conditional on retaining a canine 

In whol this dissertation, it is assumed that the probability for a tooth to survive the taphonomic 

on age than 

teeth,

x
fuse 11

MU

uat

=0.1

: “N

ST  in eq on (3.8). In their reported data using Hamann–Todd collection (n=354), they are MU 3.329 

trans n, “Fusing–Fused.”) The e and female rameters were, then, combined by using equation 

(3.11) to apply them to Jomon people, resulting MU =3.281 and SU =0.1273 (corresponding mean and 

s.d. of the age are 26.8 and 3.43 years, respectively). This implies an assumption that the mean and s.d. for 

age of the closure are the same between Hamann– d collection (  European American and 38% Af-

rican American) and Jomon people. 

 

The model for the probability to r

i

13

one,” “

e of 

processes is independent of age. However, the survival of a clavicle is more likely to depend 

 since bone remodeling activity decreases through the life. When the chance to survive is different 

with age, it has to be taken into account in the likelihood function. Since examined clavicles were only 

those of individuals with their lower canines, what should be considered here is the probability of retaining 

one/two clavicle(s) conditional on a lower canine being retained already. Here, I assumed a linear model 

which is described as 

   )15(|1Pr xxz , prsv 

  1|1Pr  xz prsv ,  when 1)15(  x , 

  0|1Pr  xz prsv ,  when 0)15(  x . 

(3.13)

where z  is a categorical variable which co ther 1 or 0 denoting etained” or “lost,” re

tively, and, 

prsv mes out ei  “r spec-

  and   are the parameters to be estimated. That is,   denotes the probability of one/two 
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clavicle(s) to be retained for an individual (wi )) of age 15, and th canine(s   denotes the slope of the 

h

m s ge

xplain how to calculate the likeli-

ood function. I mentioned earlier that a likelihood function a function which is proportional to the 

on cert e distribution tF . Let-

ting 

ure and t , l

te 

change wit  age. Although it is skeptical that the probability for retaining a clavicle changes linearly with 

age, this assu ption i  better than not considering any change with a . 

 

Combining those models to calculate the likelihood function 

Now that all models to be used in the calculation were described, I e

h  is 

probability to obtain the set of observations nyy ,....,1  conditional ain ag

iy  denote the PVRrt value for individual i , the word “probability” should be replaced by “prob-

ability density,” since PVRrt is a continuous variable. Furthermore, the observation is, now, not only on 

PVRrt values but also on the epiphyseal clos he preservation of the clavicle. For these et iz  

deno the set of the three observations (  prsv
i

fuse
ii zzyz ,, , 234,....,3,2,1i i ). And, as the parame-

ters to be estimated are not only for F  but also for other statistical models, let t   denote the set of 

 ,  , ,  and  .  

The probability density for an individ ngual with canine(s) bei  ix  years old ( x  is also considered to 

be a continuous variable, here) is 

       

     
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15 ,,|""Pr1,| xxlowxf 

Assuming the independence betw




 15 ,,|""Pr1,|
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xlostwxf
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(3.14)

een PVRrt and the closure completion at fixed age, the probability den-

ity that izz   when the individual is ix  years old is 

   

xp

s

,|,| iiii xyylΩxzzp   

      prsv
i
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i
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i
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i zzfusezzfuse

xzxz



)1(

|1Pr1|1Pr  ii

      )1(

,,|1Pr1,,|1Pr
prsv
ii z

i

prsv

i

prsv
xzxz


  . 

This equation is the multiplications of equations (2.3), (3.12), and (3.13). Thus, the probability den t 

izz   and the individual is ix  years old is the multiplication of equations (3.14) and (3.15): 

prsv
z

(3.15)

sity tha
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     ΩxxpΩxzzpΩxxzzp iiiii |,||,      . (3.16)

izz 

   


 |,| dttxzzpzzp ii  .

Since t ng choices were independent from the outcomes of the other individuals, the probability 

density of obtaining 2341 ,...., zz  (i.e., the likelihood function 

Integrating the equation (3.16) for whole age range gives the probability density of an individual being 

. That is 

 
(3.17)

15

he sampli

 ΩL ) is the product of the equation 

(3.17). That is 

234

To find the parameters which maximize the likelihood function, a calculation program equipped in 

MATLAB (R2010b) (MathWorks, Natick, USA) utilizing the Nelder-Mead simplex algorithm was used 

ith random starting points. 

The null hypothesis and th

First, an estimation of the parameters 

       



1

2341 ||,...,
i

izzpzzZpL  . (3.18)

 

Maximizing the likelihood function 

w

 

e computer simulations 

  was determined from the 234 Jomon samples by the 

sing maximum likelihood approach. U   and   of the estimated  , the life expectancy at age 15 

( 15e ulated. 15e  can be calculated as 



15real ate from the rea ples.

To statistically test the difference from the result of Kobayashi (1967), “pseudo-estimates” were gen-

d upon a null hypothesis that the age-at-death distribution  Kobayashi (1967) is true. The Gom

model was fitted to the age-at-death distribution in Kobayashi (1967) (sexes were combined, see Appendix 

) was calc

 

  
15

1515 dxxse . (3.19)

Hence, ê  is used to denote the estim l Jomon sam  

erate by pertz 
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A for details). Then, the resulting   and   (denoted here as K  and K ) were used to computa-

tionally generate “pseudo-samples” whose ages distribute according to the Kobayashi’s result. Before as-

signing PVRrt values to the pseudo-samples, the canine-loss ratio had to be taken into account. Thus, the 

pseudo-samples were culled accordi  to the oth-loss probability de cribed quation (3.8). Mimicking 

the 234 actual Jomon samples, 234 pseudo-samples were generated in this way. Then, the PVRrt values 

and the states of the claviclular closure and its preservation were assigned to the pseudo-samples according 

to the probability (density) described in equations (2.3), (3.12), and (3.13), respectively. To do so, however, 

ng to s in e

 ,  , and   have to be specified. Here,  ,  , and   which maximize the likelihood function with 

K   and K   was deemed to be the most conservative values to use, with the intent of detect-

ing the statistical difference. From the 234 pseudo-samples generated in this way, an pseudo-estimate of 

  as determined likewise by the maximu  li lihood ethod and then the pseudo-estimate of the life 

cy was ted. Repeating this process (from generating pseudo-samples to obtaining the 

pseudo-estimate) 500 times, 500 pseudo-estimates of the life expectancy (denoted as 15êhypK ) were ob-

ed. 

 

Results 

The ob

w m ke  m

expectan  calcula

tain

servations on the PVRrt values and the states of clavicular sternal closure and its preservation 

for 234 Jomon samples are summarized in Figure 11. The parameters resulted from the maximum likeli-

oach on the real Jomon samples is summarized in Table 4. The age-at-death distribution, and 

PVR

estimated by Kobayashi (1967). 

hood appr

rt reduction curve resulted from those estimated parameters are depicted in Figure 12. The resultant 

15êreal  was 30.6 years. 

All 500 15êhypK ’s were smaller than the 15êreal  (Figure 13), indicating the age distribution of the 

population represented by the 234 Jomon samples was significantly older than the age-at-death distribution 
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Discussion 

The skeletal samples that Kobayashi used in 1967 were those stored in the Department of Anthropol-

ogy f the University of Tokyo. The majority of the collection in the department are now stored in UMUT. 

tification of the samples he actually used is not possible in many cases, a number of indi-

vidu

cy at age 15 

were estimated for Jomon people. The li ancy was significantly older than that Kobayashi esti-

7. In the following chapter, B yesian approaches will be used to associate probabilities to the 

esti

 o

Although iden

als should have been included both in his study and in the present study. Out of 234 Jomon samples 

used here, 144 belong to the same sites as Kobayashi reported in his paper. Hence, I conclude that Koba-

yashi’s estimates for the age distribution and the life expectancy at age 15 were too young for Jomon peo-

ple. The reason for the underestimation may have been more than one. Inverse regression with young 

adult–dominant reference samples should have been one of them. The other reasons may include the dif-

ferential preservation, since most of the age indicators he used were relatively fragile skeletal parts (such 

as pubic symphysis). On the other hand, age indicators only applicable to young individuals (i.e., epiphy-

seal unions) may have unintentionally precluded old Jomon skeletons from his observations. 

 

Summary 

Using a maximum likelihood approach, the age-at-death distribution and life expectan

fe expect

amated in 196

mates. 
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Chapter IV 

Bayesian approaches for Jomon survival profiles 

 

In this chapter, probable ranges of survival function and the life expectancy ( ) of Jomon people are 

calculated using Bayesian approaches. Before the calculations, the concept of Bayesian estimation (infer-

ence) and interpretation of the answer—posterior probability—are briefly discussed. Then, I propose a 

prior probability distribution of the Gompertz parameters (

15e

 , ), for prehistoric populations such as Jo-

mon people, based on the life-table data of modern and historical human populations. The results are 

compared between cases for different prior distributions where uniform priors were used for all parameters 

and where the non-uniform prior for ( ,  ) was applied. 

 

Introduction 

Interpretation of the posterior probability distribution 

In this section, I point out that the result from the Bayesian approach has to be interpreted carefully. 

When the choice of the prior probability is inappropriate, the posterior probability can not be regarded as 

the probability of the estimating parameters. The inappropriate choices may include uniform prior distri-

butions. One may think that a uniform prior is the appropriate prior distribution when no prior information 

is available. However, this is not true. Here is an example. We are now aiming to estimate the Gompertz 

parameters ( , ) for Jomon people. Let  be a logarithm of A   and B  be a logarithm of  , then 

( ,A B ) can be the parameters to specify the Gompertz model, too. Both ( , ) and ( ,A B ) can be re-

garded as the parameters to be estimated by Bayesian approach. The mischief is that assuming uniform 

prior distributions for one makes the prior distributions for the other far different from uniform distribu-

tions. What I propose by this example is that uniform prior assumption is nothing but one of arbitrary 

choices for the prior. 

Nevertheless, there is one point where uniform prior is special. As mentioned earlier, with uniform 
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prior, the prior function in the denominator in equation (1.2) cancels with that in the numerator and leaves 

the likelihood function alone. This implies the posterior distribution is identical to the likelihood function 

when uniform prior is used (provided that the range of the uniform distribution is sufficient). For hypothe-

ses where the likelihoods are nearly zero, the posterior probabilities are also nearly zero (unless an unusual 

prior distribution is applied). Therefore, I suppose that the posterior probability distribution resulted from 

uniform priors can be interpreted as indicating the possible range (the very “rough” range such as 95% 

range) among the hypotheses, although the details (e.g., the mean, s.d., the “shape” of the distribution, 

etc.) are skeptical. 

To make the posterior probability distribution credible into the details, an application of the appropri-

ate prior probability distribution is necessary (I refer to this as “ideal prior”). In many cases, however, to 

find such prior is difficult. The important thing is to make the prior distribution close to the ideal prior as 

much as possible in light of experimental data and asses the appropriateness with empirical knowledge 

about the subject. 

 

Prior probability distributions 

In this study, uniform prior distributions were primarily used. The suppositions of the uniform prior 

distributions for those parameters of Jomon people may not be good approximations to the ideal prior 

probabilities. For this study, the ideal prior probability distribution would be the distributions of those pa-

rameters hypothetically achieved by a number of human population who lived under the similar environ-

ment and with similar genetic composition to those of Jomon people. Nevertheless, since no information 

was available to determine such ideal distribution (some information for the Gompertz parameters ( ,  ), 

at best), I reluctantly used uniform priors. 

Even in this situation, some information was available about the prior probability of   and 

 —from modern and historical human life-table records. Life-tables show age-breakdown data for the 

probability of death, the number of survivors, the life expectancy, etc. calculated from the number of sur-

vivors and deaths in the period of survey. First, I collected the life-tables of human, great apes, and some 
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cercopithecine monkeys in search for a general relation between   and   in primates. Although such 

comprehensive pattern could not be found, I could detect a unique trend in human life-tables, which dis-

tinctly separated humans from the other primates. Figure 14 shows the relation between life expectancy at 

age 15 ( e ) and coefficient of variation (CV) of the years-to-death after age 15. They were calculated 

from 

15

  and   obtained by fitting the Gompertz model to the adult range of each life-table (see Ap-

pendix A for the details of the methods to fit). The function of ( , ) to give ( , CV) seemed a injec-

tive function, confirmed by exhaustive calculations, which means any describable ( e , CV) by the 

Gompertz model has one and only one corresponding (

15e

15

 ,  ). In the figure, human populations show a 

pattern of straight line and the other primate populations are not located on the human line nor on the ex-

tension of it. This indicates that the pattern of survival curves is different between humans and other pri-

mates in addition to the difference in the general longevities between them. As  decreases in human 

group, the CV increases. If  of Jomon people should fall in a range of 20–30 years, it is plausible to 

say that the CV would not fall in the ape range but be larger than that. The survival profile of a human 

population with low level of longevity seems not to be the intermediate between humans and the great 

apes. 

15e

15e

Therefore, a prior distribution was proposed for ( ,  ) using the distribution of human ( , CV) 

data. The distribution of CV conditional on  was estimated by a linear regression analysis and a uni-

form distribution of  was assumed. Then, this distribution was converted to that of 

15

15e

e

15e

  and  . 

 

Materials and methods 

Materials 

The same data of 234 Jomon samples used in Chapter III were used. Information for the life-tables 

used to obtain the prior distribution is summarized in Table 5. 

 

Calculation of the prior probability 

The Bayesian theorem in equation (1.2) is re-written as 
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 g  is the prior probability density function (PDF).  L  is the likelihood function described in 

equation (3.18), Ω  is the set of the parameters to which the posterior probability densities are to be as-

signed (i.e.,  , , , , and  ). As ( , ) and the other parameters are regarded as independent from 

each other in the prior distribution, equation (4.1) is written as 
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 where  are the respective prior PDFs. g  ,,g  was calculated from the data of current and 

historical human populations and modern hunter-gatherers. As depicted in Figure 15, a linear regression of 

CV on  was calculated and the prediction distribution was assumed to be the prior distribution of CV 

conditional on the . That is, it was calculated on the assumption of 
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where is the number of samples, is the square-sum of distances from the regression line divided by 

,  and are the sample mean of  and CV, respectively.  is the square-sum of the 

distances from .  is the covariation of  and CV. The distributions were truncated at 0 and 1, 

since CV<0 is impossible and CV≥1 is not describable by positive 

N

M2N cv

eCS

M

eM

15e

15

e

  and  . Then, the uniform distri-

bution of  between 0–70 was assumed. This 2-dimensional PDF is in the scale of  and CV. This 

has to be transformed into the PDF in the scale of 

15e 15e

   and   (i.e.,  ,,g  CVeh
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). Let  be 

the PDF in the scale of  and CV. This can be transformed as 
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 where  denotes the absolute value of the determinant. In practice, log   and log  were used 

to intermediate the transformation to minimize the numerical error in the computation. Figure 15 (lower 

picture) shows the PDF in the scale of    log  and log . 

 

Calculation of the posterior probability 

Before applying the prior distribution explained above, uniform priors were applied to all the parame-

ters. The ranges of the uniform distributions were [0–1], [0–1], [−0.05–0.05], [0–1], and [−0.1–0.1] for  , 

 ,  ,  , and  , respectively. Next, the “non-uniform” prior distribution was applied to   and  . 

For the other parameters the same uniform priors were used. The calculation of equation (4.2) requires 

5-dimensional integration, which was computationally highly demanding. Thus, Markov chain Monte 

Carlo (MCMC) method was used with Metropolis–Hastings algorithm. MCMC method can create a chain 

of random samples which distribute according to any requested probability distribution function of a 

number of dimensions. I created 48,000 random samples by MCMC for each case. Marginal posterior dis-

tributions of the parameters, a posterior distributions of life expectancy at 15, and credible intervals of the 

survival curve were calculated from those random samples. To obtain the maximum point (the mode) of 

the posterior distribution, Nelder-Mead simplex algorithm was used. MATLAB (R2010b) (MathWorks, 

Natick, USA) was used for those mathematical computations. 

 

Results 

The sample variance-covariance matrix resulted from the regression is shown in Table 6. 

The marginal posterior distributions of parameters when uniform priors were used for all of them are 

shown in Figure 16. Means, medians, and 95% credible intervals of the marginal distributions are summa-

rized in Table 7. The mode of the posterior distribution (not marginal) is the same as the result of maxi-

                                                        
 Credible interval is a term of Bayesian inference. X% credible interval was defined in this dissertation as 
the interval between (100−X)/2 percentile and 100− (100−X)/2 percentile values of the posterior probabil-
ity distribution. 
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mum likelihood approach in Chapter III. The posterior distribution of  calculated from the random 

samples is shown in Figure 17. The mean was 29.50 years and the 95% credible interval was 19.45–43.60 

years. The survival curve calculated from the mode and the 95% credible interval of the curve passage are 

shown in Figure 18 with comparisons to the curves of some other populations. The marginal posterior dis-

tributions of parameters when non-uniform prior was applied to (

15e

 ,  ) are shown in Figure 19. Means, 

medians, and 95% credible intervals for the marginal distributions are summarized in Table 8. The mode 

of the posterior distribution (not marginal) is shown in Table 9. The posterior distribution of  is shown 

in Figure 20. The mean was 35.19 years and the 95% credible interval was 29.19–41.52 years. The sur-

vival curves are shown in Figure 21 in the similar manner as in Figure 18. 

15e

 

Discussion 

Age-dependent change in taphonomical endurance   and PVRrt reduction rate   

Judging from the credible intervals of  , preservation of clavicles relative to that of teeth seemed not 

to change significantly with age, although the means and the modes were all negative in the results of both 

prior assumptions. The age-dependence of bones in taphonomical endurance was not evident in this study, 

but the negative tendency in the posterior distributions of   was suggestive for its existence. 

The posterior distributions of   indicate that   for Jomon people was significantly lower than that 

of recent-modern Japanese of any sex. PVRrt value seemed to have reduced more rapidly in Jomon people 

than does it in recent-modern Japanese. As the exact cause is unknown, the explanations will be the same 

as those in Chapter II for the sex difference in Japanese samples. In addition, however, since the degrees of 

attrition are obviously different between the two populations, the external stimuli might have influenced 

the rate of dentin development, despite the elimination of coronal portion to avoid such effect. On the 

other hand, the difference in tooth size may be another candidate for the explanation. The root volumes 

were different between the Jomon and the Japanese samples (Jomon<Japanese, P<0.01 by t-test). This is 

consistent with the measurements of crown dimensions reported by Brace and Nagai (1982) and Matsu-

mura (1995). Generally speaking, when a tooth is relatively small, the surface area per unit volume is rela-
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tively large. Since the surface of a developing root is the place where odontoblasts differentiate from the 

stem cells, a large area per unit volume may represent a large number of odontoblasts per unit volume, 

leading the rapid PVRrt reduction for Jomon people. Nevertheless, this explanation can not totally explain 

the present situation, since the sequence of   was [Jomon < Japanese female < Japanese male], while 

that of the root volume was [Japanese female < Jomon < Japanese male]. 

 

The posterior probabilities of Jomon survival profile 

Figure 22 shows the 2-dimensional posterior distributions for the life expectancy at age 15 ( e ) and 

CV of years-to-death after age 15 on gray-scale images. The two prior assumptions are compared in the 

figure. Not surprisingly, the posterior distribution from the non-uniform prior is on the linear pattern of the 

human populations, which confirms that the prior distribution properly precluded the unlikely survival 

patterns as human. On the other hand, the posterior distribution from the uniform priors centers on the 

ape-like survival pattern, although the distribution is relatively wide and including the human range. While 

I am not able to deny the possibility of an ape-like survival profile for Jomon people, the disagreement of 

the uniform priors with the ideal prior distribution might have invoked the shift toward apes. One can 

imagine on Figure 15 that the uniform distribution on 

15

  and   yields high probability density toward 

the ○A -○B -○C  side on the log-scale in the lower picture. This yields the high probability density toward 

the ○A -○B -○C  side on the -CV scale in the upper picture, too (especially toward 15e ○A -○B  side, since 

the mesh becomes dense toward the side). Therefore, an assumption of the uniform prior means a prior 

assumption of high probability for monkey-ape survival profiles and low probability for human survival 

profiles. This assumption disagrees with our empirical knowledge about Jomon people. 

Despite all the differences between the results from the both prior assumptions, it can be concluded  

based on the credible intervals that the life expectancy of Jomon people at age 15 should have been 

somewhere between 19 and 44 years. When human pattern of survival profile is considered, it should have 

been between 29 and 42. Compared to the modern hunter-gatherers in Table 5, it is likely that Jomon peo-
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ple lived as long as or slightly shorter than they do. 

In 1979, Kobayashi argued that the life expectancy at age 15 he had estimated for Jomon people was 

too short to maintain the population, referring to the model human life tables by Weiss (1973). Weiss 

(1973) proposed model human life tables sorted by the adult mortality (life expectancy at age 15) and the 

juvenile mortality (survival rate from age 0 to 15) with the value of gross reproduction rate (GRR ) which 

maintains the population growth ±0. From the data, Kobayashi summarized a table which shows the re-

quired GRR to maintain the population according to the population’s adult and juvenile mortalities (Table 

10). He presumed from data (Henry, 1961) the maximum possible GRR for a human population to be 5.32. 

And then he recognized that with the life expectancy at age 15 being 15 years or so the population can not 

be maintained unless unlikely high GRR or hopelessly high juvenile survival rate for the adult mortality is 

achieved. According to the West level 1 model in Coale and Demeny (1966)—the highest mortality model 

in their report—the survival rate from age 0 to 15 is about 40% and the life expectancy at age 15 is about 

30 years. Assuming the life expectancy to be 30 years for Jomon people upon the result of this study and 

the juvenile survival rate to be 40% according to the West 1 model, then the required GRR is 3.49 which is 

fairly achievable number, comparable to the reported number of Yanomama Indians (Neel and Weiss, 

1975). 

Although the Jomon samples used in this study covered a diverse range of Japanese archipelago and 

the Jomon period, a great proportion of samples were from the Kanto region and the majority of them were 

from the Middle–Final Jomon sub-period. Without needing to mention the possibility of genetic diversity 

in the Jomon population (Adachi et al., 2009), there would have been a variety of life histories over the 

locations in the archipelago and over the time of Jomon period. Even in the Jomon people sampled in this 

study, there would have been an amount of heterogeneity about the mortality profiles. I believe, however, 

that the result of this study does reflect an aspect of the general mortality profiles of “Jomon people.” Fur-

ther investigations encompassing more diverse area and period with detailed analyses will elucidate more 

                                                        
 Gross Reproduction Rate is the hypothetical number of daughters that would be born by a female if she 
experienced the population’s age-specific fertility rates through her life to the menopause. 
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general pattern of Jomon life history, as well as the diversity among them. 

 

Summary 

The possible range for the survival profile of Jomon people after age 15 was estimated by Bayesian 

approaches with uniform and non-uniform prior probabilities. From the results with the uniform priors, the 

possible range for the life expectancy at age 15 is 19–44 years. Considering the human pattern of survival 

profile, I suggest that 29–42 years is the most probable range for the expected years of Jomon people at 

age 15. 
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Age category [yrs] Male Female Total

15–19 18 3 21

20–29 33 29 62

30–39 33 16 49

40–49 32 23 55

50–59 31 22 53

60–69 30 28 58

≥70 32 33 65

Total 209 154 363

Table 1. Age and sex distribution of reference samples (recent-modern Japanese).
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Table 3.

A γ D S

Male -5.17×10-2 3.49×10-2 7.36×10-2 1.085×10-2

Female -5.17×10-2 2.58×10-2 7.36×10-2 0.904×10-2

A: shape factor of the curve (shared by male&female), γ: asymptotic line,
D: initial value at age 15 (shared by male&female), S: σ of the normal distribution

Parameters of the PVRrt reduction model determined for recent-modern
Japanese.
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Table 4.

α β γ λ θ

Result 3.751×10-3 5.465×10-2 1.915×10-2 3.195×10-1 -2.904×10-3

(α,β): parameters of the Gompertz model, γ: asymptotic line of PVRrt reduction,
λ: probability at age 15 of retaining a clavicle conditional on retaining a lower canine,
θ: slope of the probability change with age

Parameters estimated by the maximum likelihood approach for Jomon people.
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Table 5. The populations used to calculate the non-uniform prior distribution.

location/identification
observation

period
e15 CV note source

39 countries*1 2011 — — WHO, 2013a

Canada 2009–2011 67.22 0.192 Statistics Canada, 2013

England and Wales 2010–2012 66.61 0.185 ONS, 2013

Japan 2010 68.58 0.180 MHLW, 2012

USA 2008 64.28 0.220 Arias, 2012

30 developing countries*2 1945–1978 — — United Nations, 1986

48 countries*3 1861–1964 — — Preston et al., 1972

Denmark 1790–1794 44.82 0.452 Andersen, 1984

Hida, Japan 1776–1795 44.47 0.422 Jannetta & Preston, 1991

Australia 1881–1885 46.99 0.446 Lancaster, 1959

Oldenburg, Germany 1855–1864 42.11 0.439 Lee, 1984

Geneva 1625–1649 36.35 0.513 Perrenoud, 1984

England 1640–1689 37.73 0.502 Wrigley et al., 1997

Ache
The forest period

(before 1971)
39.78 0.520 Hill & Hurtado, 1996

!Kung 1964–1973 54.90 0.262 Howell, 1979

Hadza 1985–1990 44.47 0.453 Blurton Jones et al., 2002

Orangutan
(Pongo abelii)

Katambe 1971–2003 27.73 0.430 Wild Wich et al., 2004

3 breeding colonies
combined

— 22.99 0.541 Captive Dyke et al., 1995

Gombe 1963–1998 16.02 0.467 Wild Hill et al., 2001

Taï 1982–1994 9.34 0.815 Wild Hill et al., 2001

Kibale 1987–1998 26.72 0.423 Wild Hill et al., 2001

Amboseli 1971–1999 7.14 0.556 Wild Bronikowski, 2002

Gombe 1968–2000 10.71 0.443 Wild Bronikowski, 2002

Southwest Foundation for
Biomedical Research

1964–2000 11.67 0.491 Captive Bronikowski, 2002

Wisconsin Regional
Primate Center

1962–1982 14.07 0.656 Captive Dyke et al., 1986

Cayo, Santiago 1973–1974 4.41 0.764 Provisioned Sade et al., 1976

Yerkes Regional Primate
Research Center

1969–1987 6.14 0.669 Captive
Tigges et al., 1988
(sample group II)

A ranch in Texas 1972–1993 8.38 0.573 Provisioned Fedigan & Zohar, 1997

Takasakiyama, Japan 1962–1970 5.62 0.809 Provisioned Masui et al., 1975

Pigtailed macaque
(Macaca nemestrina )

The University of
Washington's Regional

Primate Research Center
1967–1996 5.95 0.717 Captive Ha et al., 2000

Current human
population

Historical human
population

Rhesus monkey
(Macaca mulatta )

Japanese monkey
(Macaca fuscata )

e15 and CV were calculated by fitting the Gompertz model to the reported data, except for Baboon where the Gompertz parameters they

reported were directly used. See Appendix A for the fitting methods.
Only female data were used for all cercopithecine monkeys.
*1Those countries whose data completeness was categorized as "A" were selected for this study (WHO, 2013b).
*2Those life tables of countries and periods which did not overlap with the other sources were selected.
*3When multiple periods were avilable for a country the oldest life table was selected.

Modern hunter-gatherer

Chimpanzee
(Pan troglodytes )

Baboon
(Papio hamadryas )
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Table 6.

e15 CV

e15 45.13 -0.5381

CV -0.5381 7.485×10-3

The sample variance-covariance matrix.

df=N-2=128, Me=54.32, Mcv=0.3078.

The parameters in equation (4.3)
(See, Sec, V) can be derived from the matrix.
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Table 7.

2.5 percentile value mean (median) 97.5 percentile value

α 0.885×10-3 3.897(3.551)×10-3 8.700×10-3

β 2.361×10-2 6.392(5.988)×10-2 12.534×10-2

γ 0.734×10-2 1.730(1.793)×10-2 2.422×10-2

λ 1.553×10-1 3.176(3.150)×10-1 4.987×10-1

θ -9.254×10-3 -2.823(2.743)×10-3 3.111×10-3

e15[yrs] 19.45 29.50(28.65) 43.60

(α,β): parameters of the Gompertz model, γ: the asymptotic line of PVRrt reduction,
λ: probability at age 15 of retaining a clavicle conditional on retaining a lower canine,
θ: slope of the probability change with age, e15: life expectancy at age 15

Means and 95% credible intervals by the Bayesian approach with uniform priors.
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Table 8.

2.5 percentile value mean (median) 97.5 percentile value

α 2.767×10-3 5.130(4.962)×10-3 8.475×10-3

β 3.062×10-2 4.031(4.004)×10-2 5.136×10-2

γ 1.710×10-2 2.107(2.117)×10-2 2.453×10-2

λ 1.758×10-1 3.284(3.241)×10-1 5.013×10-1

θ -7.318×10-3 -2.680(2.610)×10-3 1.608×10-3

e15[yrs] 29.19 35.19(35.13) 41.52

(α,β): parameters of the Gompertz model, γ: the asymptotic line of PVRrt reduction,
λ: probability at age 15 of retaining a clavicle conditional on retaining a lower canine,
θ: slope of the probability change with age, e15: life expectancy at age 15

Means and 95% credible intervals by the Bayesian approach with non-uniform
prior for α and β.
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Table 9.

α β γ λ θ

Result 4.821×10-3 3.952×10-2 2.153×10-2 3.109×10-1 -2.250×10-3

(α,β): parameters of the Gompertz model, γ: asymptotic line of PVRrt reduction,
λ: probability at age 15 of retaining a clavicle conditional on retaining a lower canine,
θ: slope of the probability change with age

The mode value of the posterior distribution from the Bayesian approach with non-
uniform prior for α and β.

52



Table 10.

15.0 20.0 22.5 25.0 27.5 30.0 32.5 35.0

7.16 5.84 5.44 5.12 4.86 4.65 4.47 4.31

6.13 5.01 4.66 4.39 4.17 3.98 3.83 3.69

5.37 4.38 4.08 3.84 3.65 3.49 3.35 3.23

4.77 3.90 3.62 3.41 3.24 3.10 2.98 2.87

4.29 3.51 3.26 3.07 2.92 2.79 2.68 2.58

3.90 3.19 2.97 2.79 2.65 2.54 2.44 2.35

3.58 2.92 2.72 2.56 2.43 2.32 2.23 2.15

3.30 2.70 2.51 2.36 2.24 2.15 2.06 1.99

3.07 2.50 2.33 2.19 2.08 1.99 1.91 1.85

The Gross Reproduction Rate (GRR) required to maintain the population, derived from the model
life tables by Weiss (1973).
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Life expectancy at age 15 (yrs)
Survival rate

from age
0 to 15. (%)
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This table was made by Kobayashi (1979) by collecting the data from the model lefe tables in Weiss (1973).
The solid line is the maxmum possible GRR=5.3 for human populations presumed by Kobayashi (1979)
from the data by Henry (1961).
The doted line is GRR=3.9 for Yanomama Indians calculated by Kobayashi (1979) from the data reported
by Neel & Weiss (1975).
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Figure 1. Results of inverse regression from different distributions of the 
independent variable (X). The plots were generated computationally so that 
Y is determined by X  according to a linear function (C) with a normal distri-
bution of error. X were generated so as to distribute normal, but with smaller 
mean for red plots and larger mean for blue plots. The set of (A) indicates 
the results of linear regression of X on Y. The set of (B) indicates the results 
of linear regression of Y on X. The former results classified as inverse 
regressions differ between the groups, while the latter classified as forward 
regressions are nearly identical.

54



Age

N
um

be
r 

of
 s

am
pl

es
20

18

16

14

12

10

8

0

2

4

6

10 20 30 40 50 60 70 80 90

Figure 2. Age distribution of the reference skeletons which were used in 
Kobayashi (1967). Redrawn from Kobayashi, 1967, Table 1.
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Figure 3. Semi-transparent imageries of lower 
canine teeth in lateral view. Left: 26-year-old 
female. Right: 53-year-old male. The flat 
horizontal plane that bisects the teeth into coronal 
and root portions was defined as that at the height 
of apical-most point of cementoenamel junction, 
or at the height of coronal-most point of pulp 
cavi ty ,  whichever  was  more  ap ica l .  (A)  
exemplifies the former case, (B) exemplifies the 
latter. Only root portions were considered for the 
analyses in this study.
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Figure 4. The PVRrt (pulp volume ratio in root) reduction with age 
observed in 363 recent-modern Japanese lower canines. Exponential 
model was fitted to the data by the maximum likelihood method. See text 
in Chapter II for the detail of the model.
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Figure 6. Locations of the sites where the skeletal samples used in this study had 
been excavated. Parentheses indicate the number of individuals (those from whom 
the lower canines were collected).
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Figure 7. The sample distribution according to the Jomon sub-periods. 
Incipient, Initial, Early, Middle, Late, and Final sub-periods are correspond-
ing to ca. 13000–9500, 9500–6000, 6000–5000, 5000–4000, 4000–3000, and 
3000–2300 years BP, respectively. The number of individuals whose site had 
ranged across multiple sub-periods were divided by the number of sub-
periods and allocated to each of them.
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survival line (lx) according to the reported life tables. Male and female data were 
combined, except for Japanese macaque. Solid line indicates the survival curve of the 
Gompertz model fitted to the data by the least square or maximum likelihood meth-
ods. See Appendix A for the details of the fitting method. See Table 5 for the data 
sources.
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Figure 9. The rate of right lower canine loss increaseing with age and the fitted log-probit 
model. Data are of Japanese as of 2005 reported by Ministry of Health, Labour, and Wel-
fare (undated).
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Figure 10. The PVRrt exponential curves varying according to γ. 
PVRrt=γ is asymptote of the exponential curve. The gray gradation indi-
cates the late 20s of age, the general time for the sternal epiphysis 
closure of the clavicle.  Clavicle observations on Jomon samples restrain 
the possible range of γ, since the exponential curve should pass the 
general area of intersection between the gray band and the PVRrt value 
corresponding to the occurrence of the closure.
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Figure 11. The distribution of PVRrt and the states of epiphyseal closure and preservation 
at sternal end of the clavicle observed in the 234 Jomon individuals. 
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maximum likelihood approach (red lines). Black lines are for comparisons. The vertical 
scale is coincidentally same for PVRrt and probability density of the age-at-death 
distribution. Red dotted line indicates the age distribution when those people missing the 
lower canines are excluded according to the tooth-loss model described in the text.
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Figure 15. The non-uniform prior probability density distributions in the scale of 

e15–CV (upper) and the scale of log(α)–log(β) (lower). In the upper picture, the blue 
dots indicate the human populations, while green dots indicate the non-human 
populations. The blue line in the upper picture is the regression line based on the 
human populations. The density was set to distribute along this line. The copper 
color indicates the probability density. The mesh in the lower picture corresponds 
to that in the upper picture showing the transformation between the scales. 
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Figure 16. The marginal posterior prob-
ability distributions generated by MCMC 
using uniform priors for all parameters. See 
Table 7 for means, medians, and 95% cred-
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Life expectancy at age 15
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Figure 17. The posterior probability distribution of life expectancy for 
Jomon people at age 15, generated by MCMC using uniform priors for all 
parameters. See Table 7 for the mean, median, and 95% credible interval.
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Figure 18. The survival curve drawn by the mode values of the posterior distribution 
when uniform priors were used for all parameters (bold solid line). The interval between 
2.5 percentile and 97.5 percentile lines (dashed lines) indicates the interval below/above 
which  2.5 percent of survival curves generated by MCMC pass (i.e., 95% credible inter-
val).
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Figure 19. The marginal posterior prob-
ability distributions generated by MCMC 
using non-uniform priors for α and β, and 
uniform priors for the rest. See Table 8 for 
means, medians, and 95% credible inter-
vals.
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Life expectancy at age 15
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Figure 20. The posterior probability distribution of life expectancy for 
Jomon people at age 15, generated by MCMC using non-uniform priors for 
α and β, and uniform priors for the rest. See Table 8 for the mean, median, 
and 95% credible interval.
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Figure 21. The survival curve drawn by the mode values of the posterior distribution 
when non-uniform prior was used for α and β, and uniform priors were used for the rest 
(bold solid line). The interval between 2.5 percentile and 97.5 percentile lines (dashed 
lines) indicates the interval below/above which  2.5 percent of survival curves generated 
by MCMC pass (i.e., 95% credible interval).
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Figure 22. The comparison of the results from the two prior assumptions. The 
gray scale indicates the posterior probability density represented by the frequency 
of samples generated by MCMC (n=48,000). Those distributions were superim-
posed on Figure 14. It can be comfirmed that the non-uniform prior probability 
properly precluded the unlikely survival patterns as human. 
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Appendices 

Appendix A 

To fit the Gompertz model to the reported demographic data, the least square method or maximum 

likelihood method was used. The type of the demographic data collected for this study could be classified 

in to the following three types: 

(1) Data where the age-specific probability of death (i.e., , where xxΔ q x  is starting age and  is 

span of the age-class) or the age-specific mortality rate (i.e., , the same description as for 

) was the most foundational information. 

xΔ

xxΔ m

xxΔ q

xl xxΔ q

xxΔ m

(2) Data where the numbers of survivors and deaths in each age-class during the observation period were 

available. 

(3) Data where the number of death in each age-class during the observation period was available. 

The case (1) was the most frequent case. In this case, the survival rate ( ) was calculated from  

or  for each sex, if sexes were separated. Then, the sexes were combined assuming male–female 

ratio of 105:100 at birth. If data at birth were not available, the ratio of 1:1 was assumed at the youngest 

age available. Then, the Gompertz survival curve  xs15  was fitted to the standardized survival profile 

(
15l

xl ) by the least square method. The resulting Gompertz parameters   and   were regarded as 

those for the population. 

In the case (2), the likelihood function   ,l

     
 

 was calculated as 

    
 









 








 


N

i

n

i

iii
n

i

iii
disi

xs

xΔxsxs

xs

xΔxsxs
l

1 15

1515

15

15151,

N ix ixΔ sin din

i

, (A1)

where,  denotes the number of age-classes, and , , , and  denote the starting age, the 

span, the number of survivors, and the number of death of the age-class . The sexes were combined for 

the numbers of survivors and death. The   ,   was determined so as to maximize the  ,l

 

. 

In the case (3), the population was assumed to be stationary (i.e., no population growth nor decline 

and no secular change in the mortality and fertility profiles). And, the likelihood function  ,l  was 
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calculated as 

 
     

 









 


N

i

n
iii

di

xs

xΔxsxs
l

1 115

1515, . (A2)

The sexes were combined for the number of death. The   ,

 

 was determined so as to maximize the 

 ,l . 

For all the cases above, the reported data < 15 years of age were discarded when fitting the model ex-

cept for cercopithecine monkeys. For cercopithecine monkeys, the data ≥ 5 years of age (assumed age of 

the maturity) were used to fit the Gompertz model, due to the scantiness of the data ≥ 15. Furthermore, for 

cercopithecine monkeys, only female data were used, since male data were occasionally unavailable. 

 

Appendix B 

The data of the dental survey by Ministry of Health, Labour and Welfare (undated) consisted of the 

number of people who had right lower canine and the number of people who don’t, for each of 5-year 

age-classes. The numbers were divided by 10 and rounded down to the nearest integer just for computa-

tional efficiency. The data for the sexes were combined. The age of each person was assumed to be the mid 

point of the age class. The likelihood function  SM TTl ,  for the log-probit model was 

 
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N ix min rin

i MT S

 
(B1)

where  denotes the number of age-classes, and , , and  denote the mid point, the number 

of people who miss the right lower canine, and the number of people who retain it, respectively, in the 

age-class .  and T  were determined by maximizing this likelihood function. 
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