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NASTY, BRUTISH, BUT NOT NECESSARILY SHORT: 
A RECONSIDERATION OF THE STATISTICAL METHODS USED TO 

CALCULATE AGE AT DEATH FROM ADULT HUMAN SKELETAL AND 
DENTAL AGE INDICATORS 

Robert G. Aykroyd, David Lucy, A. Mark Pollard, and Charlotte A. Roberts 

It is generally assumed that life expectancy in antiquity was considerably shorter than it is nov. In the limited number of cases 
where skeletal or dental age-at-death estimates have been made on adults for whom there are other reliable indications of 
age, there appeais to be a clear systematic trend towards overestimating the age of young adults, and underestimating that of 
older individuals. We show that this might be a result of the use of regression-based techniques of analysis for converting age 
indicators into estimated ages. Whilst acknowledging the limitations of most age-at-death indicators in the higher age cate- 
gories, we show that a Bayesian approach to converting age indicators into estimated age can reduce this trend of underesti- 
mation at the older end. We also show that such a Bayesian approach canl always do better than regression-based methods in 
terms of giving a smaller average difference between predicted age and known age, and a smaller average 95-percent confi- 
dence interval width of the estimate. Given these observations, we suggest that Bayesian approaches to converting age indi- 
cators into age estimates deserve further investigation. In view of the generality and flexibility of the approach, we also 
suggest that similar algorithms may have a much wider application. 

Estci generalmente aceptado el postulado de que la expectatival de vida en la Antiguiedad file considerablemente mcis corta que la 
de ahora. El algunos casos, cuando era posible comprobar la edad estimada de adultos al momnento de su muerte segtin el 
esqueleto y la dentadura era posible comprobarla con otros indicadoresfiables de su edad, se uota una clara tendencia metodolog- 
ica hacia la sobreestimacion de la edad de adultos jovenes y hacia la subestimacion de edad en personas mnayores. Demnostramos 
que aquello puede ser resultado de la aplicaci6n de tecnicas de andlisis que se utilizan para convertir indicadores de edad en 
edades estimadas. Reconociendo las limnitaciones de la mayoria de los indicadores para determinar la edad en1 el momento de la 
muerte para las personas pertenecientes a las categorias de edades avanzadas, demostramos que el metodo Bayes utilizado parw 
convertir indicadores de edad eni la edad estimacda, puede reducir tales tendencias de subestimnacion a edades avanzadas. 
Demnostramos tambiel que un metodo como el de Bayes siempre es mejor que cualquier mnetodo basado en1 la regresion, asegu- 
rando un menor promedio de diferencia entre la edad pronosticada y la edad conocida, asf como el menor promiedio de un con- 
fianza de 95% interv'alo de amplitud de estimnaci6n. Tomando enl consideracian esas observaciones, proponemos que los metodos 
Bayes para recalcular los indicadores de edad en. la edad estimada merezcan una investigaci6n adicional. Teniendo en cuenta la 
universalidad y la flexibilidad del nietodo, pronosticamos tantbien que los algoritmos sinlilares puedan tenler una aplicacian 
mucho mcis amplia. W e are familiar with the popular view that, 

in general, life expectancy in antiquity 
was considerably shorter than is cur- 

rently enjoyed in the western world. This is based 
on a wide range of published evidence. For exam- 
ple, until relatively recently controversy sur- 
rounded the skeletal material from Pecos Pueblo, 
New Mexico (occupied from 1300 A.D.). 

Goldstein (1953) estimated the average age at death 
to be 42.9 years. This figure was based on age esti- 
mates carried out on a sample of 587 individuals 
examined by T.W. Todd at Harvard's Peabody 
Museum (published in Hooton 1930). This evi- 
dence was subsequently reassessed by Ruff (1981), 
who concluded from a reanalysis of 120 samples 
that the earlier estimates had overaged by on aver- 
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Figure 1. Difference between estimated and "real" age from skeletal measurements, plotted as a function of "real" age 
in the Spitalfields skeletal population (Molleson et al. 1993; fig. 12.4). 

age 9 years, and that a significant number of juve- 
niles had been under-represented in the original age 
profile. He concluded that the average age at death 
was "25 years or less-a figure more comparable 
to those reported for other similar skeletal samples" 
(Ruff 1981:150). At Libben, Ohio (ca. 800 to 1100 
A.D.), the mean expectation of life at birth from a 
cemetery containing 1327 skeletons was estimated 
to be 20 years, with only 10 to 15 percent surviving 
beyond 40, and virtually none above 55 (Lovejoy et 
al. 1977). The predicted population structure which 
results from these figures has received much criti- 
cism, being described by Howell, for example, as 
"unusual and implausible" (Howell 1982:263). 

Neolithic populations in the Old World could 
apparently, however, expect no better. Hedges 
(1982) estimated the mean age at death of 342 indi- 
viduals from Isbister, Orkney, to be 25 years, with 
few surviving beyond 50. Although aging techniques 
for young individuals are generally agreed to be pre- 
cise, there has always been some concern that adult 
age estimations, particularly for older individuals, 
made using skeletal and/or dental age indicators are 
hard to reconcile with available historical documen- 
tation. Among others, Boddington (1987:190) has 
critically reviewed a number of such studies, and 
concluded that "when the archaeological data is 
compared to the historical evidence the skeletal pop- 
ulation has consistently higher mortality rates and 
the suspicion of under-aging is hard to dispel." 

In the normal course of events, it is rare to be 
able to validate age-at-death estimates on archaeo- 
logical populations. In the few cases where skeletal 
and dental methods of estimating adult human age 
have been blind tested using known age popula- 
tions, significant and systematic discrepancies have 
been shown to occur- irrespective of the aging 
technique used, younger individuals are assigned 
older ages, and older individuals appear younger. 
The best-documented example is the work on the 
burials in the vaults of Spitalfields Church 
(Molleson et al. 1993), where the "real" age at 
death was known because many individuals could 
be uniquely associated with grave plates. Figure 1 
shows the difference between age estimated from a 
combination of skeletal measurements and "real" 
age plotted as a function of "real" age, highlighting 
the trend to overestimate the age of young individ- 
uals, and vice versa. It is clear that the tendency is 
significant, with systematic discrepancies of up to 
30 years in both directions. 

In a separate study on the same material, Gillard 
et al. (1991) used the method of aspartic acid 
racemisation in dental collagen to estimate age. 
Figure 2 shows the results of that study, re-plotted 
by Pollard and Heron (1996:293) to the same for- 
mat as the previous figure, showing a very similar 
trend. The important point here is that two very dif- 
ferent and independent approaches to aging, one 
based on a widely accepted method involving a 
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Figure 2. Difference between age estimated from dental amino acid racemization and "real" age plotted as a function 
of "real" age in the Spitalfields population. (Data from Gillard et al. 1991; figure reproduced from Pollard and Heron 
1996; fig. 8.4). 

combination of skeletal indicators, and one, not as 
generally accepted (and certainly not as widely 
used), but based on chemical changes in dental col- 
lagen, both give age estimates which show the same 
systematic trend, which we have termed "bias." The 
only element of commonality in both studies is the 
use of conventional regression analysis as a means 
of relating the indicator variable(s) with the age. 
This suggests that the source of some of this bias 
may be in the conventional regression technique 
itself. It should of course be noted that the over- 
aging of young individuals (less than around 20 
years old) shown in Figures 1 and 2 is not represen- 
tative of the precision which can be obtained using 
techniques particularly suited to juveniles such as 
epiphyseal fusion and dental eruption patterns, and 
simply represents what happens if the generic adult 
aging techniques are applied. What is indisputable, 
however, is that there appears to be a problem of 
systematically under-aging older individuals, irre- 
spective of the method used. 

Adult Age Estimation 

The estimation of age at death in skeletal material 
from archaeological contexts is necessary to recon- 
struct palaeodemographic profiles and for the inter- 
pretation of health and disease. In addition, 
methods of age estimation are also applied to 
remains recovered in forensic contexts. For non- 

adult individuals the assessment of bone growth 
and development, and the formation and eruption 
of the teeth lead to quite accurate age estimations 
(subject of course to questions about the degree of 
similarity in the aging process between modem and 
ancient individuals). However, estimating the age 
of an adult skeleton is more problematic. Once all 
the bones of the skeleton have developed and all the 
teeth have erupted the body will start to degenerate 
but that degeneration will not occur at the same rate 
for everybody; disease, diet and physical activity, 
for example, may all affect how fast or slow a body 
(and its skeleton) ages. 

Maples (1989:323) states sensibly that "age 
determination is ultimately an art, not a precise sci- 
ence"-a cautionary tale for biological anthropolo- 
gists when determining age in an adult skeleton. To 
estimate the age of an individual, it is necessary to 
know the stages and appearances of the areas of the 
skeleton considered to change systematically with 
age, and how these changes relate to age. This 
demands the development of methods of age esti- 
mation using skeletons of known age, sex and eth- 
nic group. Probably the most commonly used 
collections for aging method development are the 
Hamann-Todd at the Smithsonian Institution, 
Washington, D.C., and the one at the Natural 
History Museum in Cleveland, Ohio. These skele- 
tons, of necessity, are "modem," often coming from 
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poor parts of the population, and therefore biased in 
terms of the age, sex, and ethnic groups repre- 
sented. In a forensic context, where "modern" 
skeletal remains are being aged, the methods 
devised may be appropriate, but palaeobiologists 
apply them to cemetery populations from different 
ethnic groups and time frames, ranging from pre- 
historic through to the nineteenth century. 

To overcome some of these problems, biological 
anthropologists have advocated the use of multiple 
methods of age estimation to account for any biases 
in any of the individual methods used, and also to 
see the relationship between the aging process in 
different parts of the skeleton. Utilizing only one or 
two methods may therefore produce an inaccurate 
age, and for some populations some methods 
appear to be more reliable (e.g., see Bedford et al. 
1993; Saunders et al. 1992; Lovejoy et al. 1985). A 
recent example of the issues surrounding age esti- 
mation in adults is illustrated in the work referred 
to above on identified skeletons from the eigh- 
teenth/nineteenth century crypt at Spitalfields, 
London (Molleson et al. 1993:167). Of the 293 
adults, 39 percent (114) were correctly aged 
(although these terms are not defined in the publi- 
cation), 2 percent (9) were overaged, and 58 per- 
cent (170) were underaged (see Figure 1). As Aiello 
and Molleson (1993:702) state, "...all of the tech- 
niques, including histological techniques, are 
reflecting the age structure and/or conditions of the 
reference populations upon which they were devel- 
oped." In addition, the person assigning age esti- 
mates needs to have a good knowledge of the 
skeletal system, its variations and adaptations over 
time, and the factors affecting that variation and 
adaptation (Iscan and Loth 1989). 

In the young adult fusion of some of the epi- 
physes occurs late, i.e., 20 to 30 years (the epiphy- 
seal rings of the vertebral bodies, sacral bodies, 
sternal end of the clavicle, heads of the ribs, the 
basioccipital synchondrosis and the iliac crest), and 
are useful to place skeletons into the young adult 
age category (Owings Webb and Suchey 1985). 
Likewise, the eruption of the third molars can occur 
any time from about the age of 18 years to 30 years, 
although they can be absent or impacted. The meth- 
ods used for adult aging are many and various 
(Iscan and Loth 1989), but most commonly used 
are the morphological methods, many of which 
have been developed in the last 15 years (as out- 

lined in Buikstra and Ubelaker t994). The main 
problem is that many of these methods cannot be 
used to determine age reliably beyond 45 to 50 
years. This means that palaeobiologists are auto- 
matically constrained at this age limit, thus produc- 
ing a demographic profile which suggests that no 
person lived beyond 50 years; historical evidence 
suggests that this was not necessarily the case. The 
other issue to consider is how representative the 
skeletal population is of the original population 
(see Waldron 1994 and Wood et al. 1992 for further 
discussion). Inevitably, the sample of skeletons will 
be a small percentage of the original living popula- 
tion and, perhaps because of a restricted excavation 
area, it may be a biased sample (e.g., missing all the 
young individuals if they were buried in a different 
place). Once a demographic profile has been pro- 
duced, therefore, the question of what it represents 
with respect to the living population must be 
addressed. 

Although histological methods of analysis of 
tooth and bone sections may prove more accurate 
(for bone, see Stout 1992), the reality is that most 
biological anthropologists use the quicker and 
cheaper macroscopic methods for adults. The stan- 
dard techniques include the following: 

Dental Attrition 

For many years, and particularly since Brothwell's 
work (1981, 1989) on dental attrition rates, biolog- 
ical anthropologists have used wear on the teeth, 
usually on the molars, to give an estimation of age 
(e.g., Walker et al. 1991; Lovejoy 1985). Often it 
may be the only method which can be used on 
some skeletal material because of the fragmentary 
nature of some archaeological remains. 
Unfortunately, the rate of wear on a dentition is 
influenced by many factors (especially diet) which 
will vary for each population studied. 

Cranial Sutures 

The rate at which the sutures of the skull close and 
become obliterated has been studied as a method of 
aging since the sixteenth century (Masset 1989), 
and workers have noted closure in both ecto- and 
endocranial sutures with widely varying results. 
The fact is that some skeletons of known old age 
may have open sutures and young skeletons may 
have closed sutures. Again, the methods devised 
(Meindl and Lovejoy 1985) are based on modem 
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populations and may not be completely applicable 
to the past. 

Pelvis 

There are two areas in the pelvis which have been 
the subject of age change assessment: the pubic 
symphysis and the auricular surface. The pubic 
symphysis is probably the most commonly used 
(and most widely trusted) method of age estimation 
when that part of the pelvis survives. Since Todd's 
initial work in the 1920s (Todd 1920, 1921a, 
1921b), several workers have contributed to the 
method of pubic symphyseal age estimation 
(including Gilbert and McKern (1973), McKern 
and Stewart (1957), Katz and Suchey (1986), 
Brooks and Suchey (1990) and Meindl et al. 
(1985)). Most palaeobiologists utilise the male and 
female casts and descriptions of the skeletal mater- 
ial used in Katz and Suchey (1986) material 
derived from a very large multiethnic sample with 
a wide range of ages and of both sexes. Elsewhere 
in the pelvis, the auricular surface is potentially a 
more useful area to palaeobiologists because it best 
survives burial and excavation (Lovejoy et al. 
1985), although the analyst only has photographs 
and descriptions of the age-related stages to use. In 
addition, the method does not have separate male 
and female data, as major differences were not 
observed by the original authors. However, the age 
ranges produced are much narrower than for the 
pubic symphysis and reach a maximum age of 60. 
Since the publication of this method, Murray and 
Murray (1991) have tested it and claimed that it has 
potential as one of a suite of methods for aging 
adults, but that the method tends to overage skele- 
tons less than 30 years and underage those over 35 
years. In their study of the Grant Collection, 
Bedford et al. (1993) noted that this method 
worked better for individuals aged 40 years or 
more. However, the ages assigned to the Hamann 
Todd Collection (on which the method was devel- 
oped) are questionable in some cases which may 
explain some of the discrepancies (Iscan and Loth 
1989:35-36). 

Ribs 

During the 1980s, a method was developed based 
on the degeneration of the sternal end of the fourth 
rib (Loth and Iscan 1989). Since that time, 
researchers have tested the method on known age 

material and stated that it is useful as an age indi- 
cator but, again, not in isolation (Russell et al. 
1993; Loth 1995). The problem archaeologically is 
the survival and selection of the fourth rib in what 
is often a fragmentary rib cage, although Mann 
(1993) and Dudar (1994) have developed methods 
for rib identification. The original authors 
addressed this problem (Loth et al. 1994) and found 
little inconsistency in using ribs three and five 
rather than the fourth-in more than 79 percent of 
cases, all three ribs fell into the same age range. 
This method has the advantage that the rib cage is 
not subject to the stresses and strains inevitably 
placed on the pelvic girdle, and therefore lifestyle 
should be less of a factor in the observed age- 
related changes. 

Radiography, Joint Degeneration, and Histology 

Radiographic and histological methods of age esti- 
mation also have been used but less frequently. 
Radiographic visualization of demineralization and 
assessment of its relationship to age (Walker and 
Lovejoy 1985; Sorg et al. 1989) and analysis of 
density (Macchiarelli and Bondioli 1994) pose 
problems for archaeological material, which may 
be demineralized due to both intrinsic and extrinsic 
factors during burial. Demineralisation rates are 
environmentally controlled and will vary between 
and within populations a demineralised bone 
may not necessarily mean an old individual. 
Degeneration of the joints also has been correlated 
with age, particularly with respect to the spine 
(Nathan 1962; Stewart 1958). Although it can be 
reasonably assumed that osteoarthritis increases 
with age, the rate at which it occurs is dependent on 
so many variables (e.g., sex, occupation, genetic 
predisposition, obesity) that using both osteoarthri- 
tis and osteoporosis as methods of adult aging must 
be considered ancillary (if not a last resort) to the 
other morphological methods. Destructive methods 
of analysis, i.e., taking thin sections of bone or 
teeth, tend not to be used routinely in bioarchaeo- 
logical work, and are more often seen as a forensic 
application when precise ages are required to make 
positive identifications of individuals. Histological 
age estimation was pioneered by Kerley (1965) and 
is based on observation of the numbers of osteons, 
osteon fragments and non-Haversian canals, and 
percentage of circumferential lamellar bone. 
Developments on the original method have been 
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published and Stout (1992) provides a good sum- 
mary of the work to date at that time. Despite the 
claim that histological methods provide better age 
estimates, there has been some work which sug- 
gests that macroscopic and histological aging 
methods produce ages which differ very little 
(Dudar et al. 1993; Aiello and Molleson 1993). 

All the methods described have their advantages 
and disadvantages-some work better on some 
populations, and some palaeobiologists feel com- 
fortable with some and not others. There has been 
an assumption that each area of the skeleton 
equally reflects chronological age, but logic sug- 
gests that this cannot be the case. Most palaeobiol- 
ogists tend to use several methods and "average 
them out based on experience" (Iscan and Loth, 
1989:37). As Saunders et al. (1992:116) suggest, 
"It seems that for the foreseeable future investiga- 
tors will have to rely on their professional judgment 
and the circumstances of each case to guide them in 
arriving at a final age estimate." Most methods give 
narrower age ranges in younger adults, but when 
older age is reached, the age categories widen. 
Because of the uncertainties leveled at the accuracy 
of age estimation in adult skeletons, many palaeo- 
biologists are loathe to assign precise ages and pre- 
fer to use terms such as "young,""mature," and 
"older adult,"which can encompass considerable 
age ranges. 

Regression-Based Methods 

Despite the caution of paleobiologists, there is nev- 
ertheless a tendency to assume that age-related 
observations can be converted into a point estimate 
of age. All aging techniques rely at least in princi- 
ple on the quantification of one or more "age indi- 
cators," which are related to biological age using a 
form of linear regression. The equation of this 
regression line is used to convert unknown values 
of the age indicators into predicted ages. The sys- 
tematic error, we suggest, is a predictable conse- 
quence of the statistical methodology used, which 
can be alleviated somewhat through a different 
regression-based approach. However, the errors 
associated with these predictions, if explicitly cal- 
culated, are usually too large to give archaeologi- 
cally usable point age estimates. Virtually all 
discussions of age-at-death determinations, unfor- 
tunately, do not estimate the errors associated with 
such procedures and simply use the central point 

age estimate as the outcome. This approach is 
acceptable provided the point estimate is converted 
to a broad age category, which at least recognizes 
the lack of explicit error analysis, but it creates a 
false impression if left as a point estimate or is 
reported as a narrow age band. 

We propose an alternative procedure based on 
Bayesian methodology which gives estimated ages 
closer to the true age and possesses realistic error 
profiles for each individual. The 95-percent confi- 
dence intervals calculated from these age profiles 
are smaller on average than those estimated from 
regression-based techniques, the distribution of 
which are assumed to be normal. Because in the 
Bayesian approach they are individually generated 
for each case, they can be used systematically to 
eliminate cases which have bi-modal, or otherwise 
ill-defined, age-estimate distribution. We illustrate 
the case using data taken from dental observa- 
tions-we stress, however, that the methodology 
described is completely general and can deal with 
any type of data, or, indeed, combinations of data. 
As discussed previously, there are several skeletal 
and dental age-related changes which can be used to 
estimate adult age (Lucy 1997). In general, they are 
recorded on an ordinal scale (i.e., allocated to one of 
a number of categories, often on the basis of visual 
inspection), but some can be recorded on the contin- 
uous scale of measurement. They can be used alone, 
but more often are used in combination. When used 
alone, they are usually plotted against known age 
using data from a "training set." The best straight 
line fit is calculated through the points (linear 
regression), and the equation of this line is then used 
to "calibrate" the age indicator of an unknown indi- 
vidual to give the estimated age. When combined, 
the age indicators are often totalled to give a "total 
points score," which is then treated as described 
(e.g., Gustafson's method for estimating age from a 
set of six dental indicators: Gustafson 1950). 
Occasionally the age indicators are treated sepa- 
rately using multiple regression techniques 
(Johanson 1971) or nonlinear regression (Bang and 
Ramm 1970). The mathematics are more compli- 
cated in these cases, but it can be shown that the pro- 
cedure is still subject to the same systematic error. 

As an illustration, we use the dataset published 
by Gustafson (1950) reproduced in Table la. This 
dataset may be old and comprise age-related obser- 
vations which are not generally used today, but it is 
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Figure 3. Plot of age against total points score from Gustafson (1950). 

one of the few, easily accessible datasets in the 
forensic and anthropological literature. Gustafson 
(1950) made observations on six features seen in 
longitudinal labial-lingual tooth sections for 41 
individuals. These features were: attrition, sec- 
ondary dentine formation, periodontal recession, 
cementum build-up, root resorption, and root den- 
tine translucency, and are each quantified on an 
integer scale of 0 to 3. The total points score is cal- 
culated by totalling these indicators. The data for 
the 41 individuals and their known age at death are 
given in years. If known age in years is plotted as 
dependent variable (y axis), against total points 
score as independent variable (x axis), this is 
known as "estimation from conventional regres- 
sion," and gives the graph shown in Figure 3. This 
gives a relatively high correlation coefficient (r = 
0.8327), and a line of regression of the form: 

(age) = 4.26(points score) + 13.45 

This equation can easily be used to calculate 
predicted age from total points score. Using this 
same data set, and calculating the residual as (esti- 
mated age) - (known age), allows residual to be 
plotted against known age, as shown in Figure 4. 
The result shows exactly the same trend as was 
observed in Figures 1 and 2. If a linear regression 
analysis is performed on Figure 4, it can be shown 
(Aykroyd et al. 1997) that the slope of this regres- 
sion line is directly related to the correlation coeffi- 

cient (r) for the data plotted in Figure 3, with a rela- 
tionship: 

slope = r 2-1 
This relationship has profound implications for 

the use of regression-based techniques in estimat- 
ing age at death. It dictates that the "bias" observed 
above-the tendency to underestimate older ages 
and vice versa is real and directly (inversely) 
related to the correlation between points score and 
age. The poorer the correlation, the greater the bias. 
Given that correlations between biological data and 
age rarely get much better than the example used 
here (and are often much worse), this represents a 
fundamental limitation of the technique. 

Classical Calibration 
The problem of bias (as defined above) can in fact 
be eliminated by a simple trick known as classical 
calibration (Konigsberg et al. 1997). Classical cali- 
bration involves treating total points score as the 
dependent variable (the y axis), and age as the inde- 
pendent (x) axis. The correlation is the same, but 
the equation for the line of regression will be dif- 
ferent, and in this case is: 

(points score) = 0.91(age) - 1.526. 

With a minor manipulation, the equation again 
allows unknown age to be estimated from points 
score. If this equation is used to estimate age for the 
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Figure 4. Forward prediction: plot of residual (estimated age - known age) against known age. 

samples listed in Table 1, and the graph of the 
residuals plotted as before (Figure 5), it can be seen 
that the "bias" has been removed there is no sys- 
tematic relationship between residual and known 
age. It appears as if the problem is solved, but there 
is a small but significant price to pay. Table 2 shows 
summary statistics for both estimative procedures 

and indicates that the overall "error" the differ- 
ence between observed and estimated age-is 
larger in the classical calibration. Taking Mean 
Absolute Deviation (MAD), calculated as the mean 
of the absolute differences between observed and 
estimated, as a measure of the overall error, then for 
forward regression MAD = 5.5 years, whereas with 
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Figure 5. Classical calibration: plot of residual (estimated age - known age) against known age. 
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Table la. Summary of Data on Dental Observations (Gustafson 1950). 

occilisal periodontal secondary cernenturn root dentine 
age attrition recession dentine buildup root resorption translucency total points 

IfI 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 
12 0 0 0 1 0 0 1 
13 0 0 0 1 0 0 1 
15 0 0 0 1 0 0 
16 1 0 0 0 0 0 1 
17 0 0 0 1 0 0 1 
23 _ 0 0 0 1 0 0 1 
23 1 2 0 1 0 0 4 
25 0 0 0 1 0 0 1 
28 1 1 T 1 0 0 4 
35 2 2 2 1 0 1 8 
37 1 T 0 2 2 0 6 
37 0 1 0 1 3 0 5 
38 2 1 1 2 0 1 7 
38 1 1 2 2 0 1 7 
39 1 0 2 2 2 1 8 
39 2 2 2 1 1 0 8 
45 2 2 1 1 1 1 8 
45 _ 1 2 - _ 1 1 7 
48 _ 0 0 2 0 2 5 
48 1 0 0 2 2 1 6 
48 1 1 2 3 2 0 9 
49 2 0 2 I 0 1 6 
49 9_ 1 2 1 1 1 8 
50 2 2 3 1 1 2 11 
51 2 1 3 2 0 2 10 
51 1 0 1 2 3 2 9 
51 2 1 2 2 2 1 10 
52 2 2 2 1 1 1 9 
52 1 1 3 3 0 1 9 
52 1 1 3 2 2 2 11 
53 0 2 3 1 1 2 9 
55 1 2 3 1 0 1 8 
55 2 1 1 2 1 2 9 
59 2 2 2 3 2 1 12 
64 2 2 1 1 2 1 9 
64 0 2 3 2 1 1 9 
65 2 2 3 2 2 1 12 
69 3 1 2 3 0 1 10 

69 199 2 1fl 

classical calibration MAD = 6.2 years. The prob- 
lem of systematic bias can be solved, but at the cost 
of increasing the overall error in the analysis. 

Error Estimates in Regression Analysis 

So far we have not considered the magnitude of the 
error associated with each individual age estima- 
tion. With any technique based on regression, it is 
assumed that the errors associated with any predic- 
tion can be calculated from the equation of the 
regression line. It is necessary to assume that these 
errors are normally distributed around the regres- 
sion line, and consequently that the errors associ- 
ated with each individual age estimation also are 
normally distributed. We have shown elsewhere 
(Lucy and Pollard 1995) that, using similar data to 
that described above, typical 95-percent confidence 
limits for adult age estimations are ? 15 years, giv- 

ing a total age range for the estimation as 30 years, 
over a total age interval of perhaps 60 years (20 to 
80 years old). This figure even applies to methods 
not based on age-related skeletal and dental mor- 
phological changes, such as amino acid racemisa- 
tion (Carolan et al. 1997). Some methods using 
other age-related changes might do marginally bet- 
ter than this, but it is realistic to expect that aging 
methods at best can assign an individual to "young 
adult" or "old adult." 

Bayesian Approaches to Adult Age Estimation 

Given the problems outlined above, it is not unrea- 
sonable to seek a radical alternative, and such 
approaches do exist. For some time, nonparametric 
methods have been used to estimate age structures 
of populations, such as the work of Konigsberg and 
Frankenberg (1992). This approach can be adapted 
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Table 2. Mean Absolute Deviation (MAD) and Mean 95 Percent Confidence Interval Width for All Three Methods. 

MAD (years) Mean 95 percent confidence interval width (years) 

Conventional Regression 5.52 29.11 
Classical Calibration 6.16 30.80 
Bayesian estimation 4.39 20.95 

to deal with the age of individuals rather than the 
age structure of populations (Lucy et al. 1996), 
using a theory of probability known as Bayes' the- 
orem. This invokes three concepts-the prior prob- 
ability, the likelihood, and the posterior probability. 
Prior probability is defined as the initial assign- 
ment of the probability of a particular hypothesis 
being true before any experimental evidence is con- 
sidered. In age estimation, this would be the prob- 
ability of an individual belonging to a defined age 
category, given no information other than the 
assumption that the individual is similar to the ref- 
erence sample to be used. The likelihood is the con- 
ditional probability of the information being true, 
based on a set of observations. In our case, the like- 
lihood is the probability of an individual with a par- 
ticular points score being of a particular age, based 
on the age distribution of the reference set for that 
points score. The posterior probability is the condi- 
tional probability of a hypothesis being true given 
the particular points score. Bayes' theorem states 
that the posterior probability is proportional to the 
prior probability multiplied by the likelihood. In 
our example, the posterior probability is that 
related to an individual belonging to a particular 
age group, taking into account the prior probability 
and the likelihood. The mathematics of the proce- 
dure are described in Lucy et al. (1996), and Litton 
and Buck (1995) provide an excellent summary of 
other applications of Bayesian approaches in 
archaeology. 

For completeness, we note here that Hoadley 
(1970) has shown that, under certain assumptions, 
the inverse calibration estimator is equivalent to the 
posterior mean in a Bayesian analysis. The estimate 
is shifted towards the mean of the "prior" distribu- 
tion. It also clearly makes inverse calibration 
"Bayesian," but it is not usually regarded in this 
fashion. Our alternative approach, which we have 
exclusively labelled "Bayesian," is explicitly so, 
and is nonlinear and distribution free. 

We illustrate our procedure using the dental 
observations listed in Table 1 a. We estimate a prob- 
ability density function using a nonparametric 

smoothing method known as kernel density 
smoothing (Silverman 1986). Then using the refer- 
ence set, a similar probability density function can 
be calculated for the age distribution associated 
with each value of points. This forms the likeli- 
hood. The procedure now involves taking each 
unknown individual and modifying the prior prob- 
ability of the age distribution using the likelihood 
estimate and Bayes' theorem to give a posterior 
probability from which a point estimate of age and 
an estimate of confidence can be taken. 

Figure 6 illustrates the procedure for an example 
drawn from the data in Table 2. Figure 6a is the 
prior probability distribution, 6b the posterior prob- 
ability distribution for a 55-year-old with 8 points 
on the Gustafson dental age estimation scale. In 
this case (Figure 6b), the median (42 years) has 
been calculated to give the best central estimate of 
the age and the 95-percent confidence interval is 
calculated from the shape of the distribution itself, 
marked with an arrow beneath the curve. It will be 
noted that the posterior probability distribution in 
this case is neither particularly smooth nor sym- 
metrical, because none of the simplifying assump- 
tions for the error distribution in the regression 
analysis have been made here. The probability dis- 
tribution represents our actual knowledge about the 
age of this individual. Of course, it is possible to 
obtain estimates of the confidence which differ 
markedly between individuals, and this is to be 
expected since any randomly sampled dataset will 
produce areas of greater and lesser confidence 
throughout its various ranges. Furthermore, it is 
possible to produce individual error estimates 
which are bi-modal and would suggest a genuine 
ambiguity in the information from the dataset. 
Using a Bayesian approach, it is possible to iden- 
tify and isolate these particular cases for further 
treatment. Table lb shows the results of the three 
different statistical procedures for estimating age at 
death from the same set of data. It is clear from 
Table 1, however, that in many cases there is still a 
considerable difference between the predicted age 
and the known age. Simple calculation shows that 
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Figure 6. (a) Prior and (b) posterior probability density functions for a 55-year-old 

the Mean Absolute Deviation (MAD) is lowest for 
the Bayesian set of predictions (MAD = 4.39 
years), and highest for the classical calibration 
(MAD = 6.16 years). This conclusion, however, is 
somewhat misleading because we are only dis- 
cussing the central age estimate and neglecting the 
associated error. As noted above, the 95-percent 
confidence interval with regression estimates is 
assumed to be normally distributed, and in the case 
given here is about 30 years for both regression 
methods. For the Bayesian approach, it is 20.95 
years-a considerably smaller figure. 

However, Bayesian estimation is not without 
problems. Figure 7 shows the plot of residuals against 
known age calculated from the Bayesian approach. 
Here the systematic bias is very small-about 2.5 
years across the range of ages. It is not known 
whether this bias is inherent in the technique, or as a 
result of a particular dataset, as the mathematical 
properties of this method have yet to be explored. 

Further Considerations 

It is of some interest to consider the theoretical 
behavior of regression-based and Bayesian 
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Figure 7. Bayesian prediction: plot of residual (estimated age - known age) against known age. 

approaches to age-at-death calculations. Simu- 
lation allows us to do this. Lucy (1997) has carried 
out a series of simulation calculations to explore 
the relationship between correlation coefficient and 
both "mean inaccuracy" and overall mean 95-per- 
cent confidence interval width. The correlation 
considered is that between the age indicator (either 
single variable or points score) and biological age. 
The "mean inaccuracy" is the parameter described 
above as Mean Absolute Deviation (MAD). A 
number of simulations were carried out on a gener- 
ated set of 200 data-points to compare the perfor- 
mance of a regression-based calibration procedure 
with that of a Bayesian estimation, for correlation 
coefficients ranging from 0.5 to better than 0.95. 
The opportunity was taken to explore the effect of 
using continuous or discrete age indicator values, 
and also the effect of considering age as a discrete 
or continuous variable. In general, the results were 
very similar and show that for all cases except 
where the correlation coefficient is greater than 
0.95, Bayesian estimation performs better than 
regression-based methods in terms of the mean 
inaccuracy. The same is true when the mean 95- 
percent confidence interval width is considered, 
except that regression methods start to perform bet- 
ter when the colrelation coefficient is about 0.9. We 
conclude that in almost all "real" cases (since cor- 
relations higher than r = 0.9 are rarely encountered 
in biological data), Bayesian prediction is more 
accurate than regression, and more precise. 

Summary and Conclusions 

The underestimation of the age of older individuals 
(and a concomitant but less observed overestima- 
tion of the young) is real, and due partly to the cal- 
ibration procedures used. We have shown that this 
"bias" is explicitly dependent on the value of the 
correlation coefficient between age and the age 
indicator variable, and that the problem worsens as 
the correlation falls. Given the typical values 
obtained for correlation coefficients in such work, 
we predict that it will always be a problem. We 
have devised a method based on Bayes' theorem 
which appears to reduce this "bias," and performs 
better on both real and simulated data in almost all 
likely situations. Furthermore, it allows the visual- 
ization of the predicted age distribution for each 
case, allowing the analyst to assess the quality of 
the data, and, possibly, to improve the overall qual- 
ity of the estimation by rejecting individual esti- 
mates on explicit grounds. 

The proper application of this method, however, 
requires a very large and well-distributed reference 
sample-known age material, covering the full age 
range, with a range of measured age indicators. 
This sample, in general, is hard to obtain because of 
the reluctance of biological anthropologists to pub- 
lish such data. Given a large enough reference set, 
it should be possible to reduce the width of the age 
categories used from the 10 years demonstrated 
here to one or two years. It also is possible to com- 
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bine a wide range of age indicators, including a 
mixture of skeletal and dental indicators-the ones 
illustrated here are those dental indicators defined 
by Gustafson and are almost certainly not the most 
reliable. It is likely that further research could 
reveal a particular combination of dental and skele- 
tal indicators which would give better performance 
than those described here. This assertion runs 
counter to Reece's argument that different types of 
information cannot be considered on an equal 
basis, if, for instance, those different types of infor- 
mation (such as age indicators) are about the same 
thing (such as age) (Reece 1994). 

It is worth noting that the methodology outlined 
here is not specific to age-at-death calculations-it 
could apply equally well to situations where train- 
ing sets are used which characteristically have a low 
correlation between the observed variable and con- 
trolling variable. Environmental reconstruction, for 
example, has climatic parameters such as rainfall 
which are reconstructed from observed variables 
such as tree ring width. These situations also are 
characterized by relatively low correlation coeffi- 
cients with the same observable biases and the same 
overall improvement offered by Bayesian estima- 
tion. If this is true, the implications are far reaching. 

Acknowledgments. The authors would like to thank Tore 
Solheim, Department of Oral Pathology, University of Oslo, 
for valuable contributions to this work. Gratitude also is due 
to Lyle Konigsberg, Department of Anthropology, University 
of Tennessee, who has commented on this work at various 
stages; and Peter Kornakov, Department of Modern 
Languages, University of Bradford, for Spanish translation. 
Part of this work was accomplished through a British 
Academy studentship awarded to David Lucy, which we 
gratefully acknowledge. We are grateful for the helpful com- 
ments of a number of anonymous referees. 

References Cited 
Aiello, L. C., and T. Molleson 

1993 Are Microscopic Ageing Techniques more Accurate 
than Macroscopic Ageing Techniques? Journal of 
Archaeological Science 20:689-704. 

Aykroyd, R. G., D. Lucy, A. M. Pollard, and T. Solheim 
1997 Regression Analysis in Adult Age Estimation. 

American Journal of Physical Anthropology 104:259-265. 
Bang, G., and E. Ramm 

1970 Determination of Age in Humans from Root Dentine 
Transparency. Acta Odontologica Scandinavica 28:3-35. 

Bedford, M. E., K. F. Russell, C. 0. Lovejoy, R. S. Meindl, S. 
W. Simpson, and P. L. Stuart-Macadam 

1993 Test of the Multifactorial Aging Method using 
Skeletons with Known Ages-at- Death from the Grant 
Collection. American Journal of Physical Anthropology 
91:287-297. 

Boddington, A. 
1987 From Bones to Population: the Problem of Numbers. 

In Death, Decay, and Reconstruction: Approaches to 
Archaeology and Forensic Science, edited by A. 
Boddington, A. N. Garland, and R. C. Janaway, pp. 
179-197. Manchester University Press, Manchester. 

Brooks, S., and J. M. Suchey 
1990 Skeletal Age Determination Based on the Os Pubis: 

Comparison of the Ascadi-Nemeskeri and Suchey-Brooks 
Methods. Human Evolution 5:227-238. 

Brothwell, D. R. 
1981 Digging up Bones. British Museum (Natural History), 

London. 
Brothwell, D. R. 

1989 Relationship of Tooth Wear to Aging. In Age Markers 
in the Human Skeleton, edited by M. Y. Iscan, pp. 303-316. 
Charles Thomas, Springfield, Illinois. 

Buikstra, J. E., and D. H. Ubelaker (editors) 
1994 Standards for Data Collection in Human Skeletal 

Remains. Research Series 44. Arkansas Archaeological 
Survey, Fayetteville. 

Carolan, V. A., M. L. G. Gardner, D. Lucy, and A. M. Pollard 
1997 Consideration of Age Estimation Errors in the Use of 

Amino Acid Racemization in Human Dentine as an 
Indicator of Age at Death. Journal of Forensic Sciences 
42:10-16. 

Dudar, J. C. 
1994 Identification of Rib Number and Assessment of 

Intercostal Variation at the Sternal Rib End. Journal of 
Forensic Sciences 38:788-797. 

Dudar, J. C., S. Pfeiffer, and S. R. Saunders 
1993 Evaluation of Morphological and Histological Adult 

Skeletal Age-at-Death Estimation Techniques using Ribs. 
Journal of Forensic Sciences 38:677-685. 

Gilbert, B. M., and T. W. McKern 
1973 A Method for Aging the Female Os Pubis. American 

Journal of Physical Anthropology 38:31-38. 
Gillard, R. D., S. M. Hardman, A. M. Pollard, P. A. Sutton, and 

D. K. Whittaker 
1991 Determinations of Age at Death in Archaeological 

Populations using the D/L Ratio of Aspartic Acid in Dental 
Collagen. In Archaeometry '90, edited by E. Pernicka and 
G. A. Wagner, pp. 637-644. Birkhauser Verlag, Berlin. 

Goldstein, M. S. 
1953 Some Vital Statistics Based on Skeletal Material. 

Human Biology 25:3-12. 
Gustafson, G. 

1950 Age Determination on Teeth. Journal of the American 
Dental Association 41:45-54. 

Hedges, J. W. 
1982 An Archaeodemographical Perspective on Isbister. 

Scottish Archaeological Review 1:5-20. 
Hoadley, B. 

1970 A Bayesian Look at Inverse Linear Regression. Journal 
of the American Statistical Association 65:356-369. 

Hooton, E. A. 
1930 The Indians of Pecos Pueblo. A Study of Their Skeletal 

Remains. Papers of the Phillips Academy Southwestern 
Expedition, No. 4. Yale University Press, New Haven. 

Howell, N. 
1982 Village Composition Implied by a Paleodemographic 

Life Table: The Libben Site. American Journal of Physical 
Anthropology 59:263-269. 

Iscan, M. Y, and S. R. Loth 
1989 Osteological Manifestations of Age in the Adult. In 

Reconstruction of Life from the Skeleton, edited by M. Y. 
Iscan and K. A. R. Kennedy, pp. 23-40. Alan Liss, New York. 

This content downloaded from 193.61.204.197 on Mon, 7 Apr 2014 03:10:40 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


REPORTS 69 

Johanson, G. 
1971 Age Determinations from Human Teeth. Odontologisk 

Revy 22: Supplement 2. 
Katz, D., and J. M. Suchey 

1986 Age Determination of the Male Os Pubis. American 
Journal of Physical Anthropology 69:427-435. 

Kerley, E. R. 
1965 The Microscopic Determination of Age in Human 

Bone. American Journal of Physical Anthropology 
23:149-164. 

Konigsberg, L. W., and S. R. Frankenberg 
1992 Estimation of Age Structure in Anthropological 

Demography. American Journal of Physical Anthropology 
89:235-256. 

Konigsberg, L. W., S. R. Frankenberg, and R. B. Walker 
1997 Regress What on What?: Paleodemographic Age 

Estimation as a Calibration Problem. In Integrating 
Archaeological Demography: Multidisciplinary 
Approaches to Prehistoric Population, edited by R. R. 
Paine, pp. 64-88. Occasional Paper No. 24. Center for 
Archaeological Investigations, Southern Illinois 
University, Carbondale. 

Litton, C. D., and C. E. Buck 
1995 The Bayesian Approach to the Interpretation of 

Archaeological Data. Archaeometry 37:1-24. 
Loth, S. R. 

1995 Age Assessment of the Spitalfields Cemetery 
Population by Rib Phase-Analysis. American Journal of 
Human Biology 7:465-471. 

Loth, S. R., and M. Y. Iscan 
1989 Morphological Assessment of Age in the Adult: The 

Thoracic Region. In Age Markers in the Human Skeleton, 
edited by M. Y Iscan, pp. 105-135. Charles Thomas, 
Springfield, Illinois. 

Loth, S. R., M. Y. Iscan, and E. H. Scheuerman 
1994 Intercostal Variation at the Sternal Rib End. Forensic 

Science International 65:135-143. 
Lovejoy, C. 0. 

1985 Dental Wear in the Libben Population: Its Functional 
Pattern and Role in the Determination of Adult Skeletal 
Age at Death. American Journal of Physical Anthropology 
68:47-56. 

Lovejoy, C. O., R. S. Meindl, T. R. Pryzbeck, T. S., Barton, K. 
G. Heiple, and D. Kotting 

1977 Palaeodemography of the Libben Site, Ottawa County, 
Ohio. Science 198:291- 293. 

Lovejoy, C. O., R. S. Meindl, R. P. Mensforth, and T. J. Barton 
1985 Multifactorial Determination of Skeletal Age at Death: 

A Method and Blind Tests of its Accuracy. American 
Journal of Physical Anthropology 68:1-14. 

Lucy, D., and A. M. Pollard 
1995 Further Comments on the Estimation of Error 

Associated with the Gustafson Dental Age Estimation 
Method. Journal of Forensic Sciences 40:222-227. 

Lucy, D., R. G. Aykroyd, A. M. Pollard, and T. Solheim 
1996 A Bayesian Approach to Adult Human Age Estimation 

from Dental Observations by Johanson's Age Changes. 
Journal of Forensic Sciences 41:189-194. 

Lucy, D. 
1997 Human Age Estimation from Skeletal and Dental 

Evidence. Ph.D. dissertation, Department of Archaeological 
Sciences, University of Bradford, Bradford, England. 

Macchiarelli, R., and L. Bondioli 
1994 Linear Densitometry and Digital Image Processing of 

Proximal Femur Radiographs: Implications for 
Archaeological and Forensic Anthropology. American 
Journal of Physical Anthropology 93:109-122. 

Mann, R. W. 
1993 A Method for Siding and Sequencing Ribs. Journal of 

Forensic Science 8:151- 155. 
Maples, W. R. 

1989 The Practical Application of Age-Estimation Tech- 
niques. In Age Markers in the Human Skeleton, edited by 
M. Y. Iscan, pp. 319-324. Charles Thomas, Springfield, 
Illinois. 

Masset, C. 
1989 Age Estimation on the Basis of Cranial Sutures. In Age 

Markers in the Human Skeleton, edited by M. Y. Iscan, pp. 
71-103. Charles Thomas, Springfield, Illinois. 

McKern, T. W., and T. D. Stewart 
1957 The Inominate Bone. In Skeletal Age Changes in Young 

American Males Analysed from the Standpoint of 
Identification, edited by T. W. McKern and T. D. Stewart, 
pp. 53-88. Technical Report EP-45. U.S. Army 
Headquarters Quartermaster's Research and Development 
Command, Natwick, Massachusetts. 

Meindl, R. S., and C. 0. Lovejoy 
1985 Ectocranial Suture Closure-A Revised Method for 

the Determination of Skeletal Age at Death Based on the 
Lateral-Anterior Sutures. American Journal of Physical 
Anthropology 68:57-66. 

Meindl, R. S., C. 0. Lovejoy, R. P. Mensforth, and R. A. 
Walker 

1985 A Revised Method of Age-Determination using the Os 
Pubis, with a Review and Tests of Accuracy of Other 
Current Methods of Pubic Symphyseal Aging. American 
Journal of Physical Anthropology 68:29-45. 

Molleson, T., M. Cox, A. H. Waldron, and D. K. Whittaker 
1993 The Spitalfields Report. Volume 2. The Anthropology: 

The Middling Sort. CBA Research Report 86. Council for 
British Archaeology, York. 

Murray, K., and T. Murray 
1991 A Test of the Auricular Surface Aging Technique. 

Journal of Forensic Sciences 36:1162-1169. 
Nathan, H. 

1962 Osteophytes of the Vertebral Column. An Anatomical 
Study of their Development According to Age, Race, and 
Sex with Considerations as to their Etiology and 
Significance. Journal of Bone and Joint Surgery 
44A:243-268. 

Owings Webb, P. A. O., and J. M. Suchey 
1985 Epiphyseal Union of the Anterior Iliac Crest and 

Medial Clavicle in a Modern Multiracial Sample of 
American Males and Females. American Journal of 
Physical Anthropology 68:457-466. 

Pollard, A.M., and C. Heron 
1996 Archaeological Chemistry. Royal Society of 

Chemistry, Cambridge. 
Reece, R. 

1994 Are Bayesian Statistics Useful to Archaeological 
Reasoning? Antiquity 68:848- 850. 

Ruff, C. B. 
1981 A Reassessment of Demographic Estimates for Pecos 

Pueblo. American Journal of Physical Anthropology 
54:147-151. 

Russell, K. F., S. W. Simpson, J. Genovese, M. D. Kinkel, R. 
S. Meindl, and C. 0. Lovejoy 

1993 Independent Test of the 4th Rib Aging Technique. 
American Journal of Physical Anthropology 92:53-62. 

Saunders, S. R., C. Fitzgerald, T. Rogers, C. Dudar, and H. 
McKillop 

1992 A Test of Several Methods of Skeletal Age Estimation 
using a Documented Archaeological Sample. Canadian 
Society of Forensic Science 25:97-118. 

This content downloaded from 193.61.204.197 on Mon, 7 Apr 2014 03:10:40 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


70 AMERICAN ANTIQUITY [Vol. 64, No. 1, 1999] 

Silverman, B. B. 
1986 Density Estimation for Statistics and Data Analysis. 

Chapman and Hall, London. 
Sorg, M. H., R. P. Andrews, and M. Y. Iscan 

1989 Radiographic Aging in the Adult. In Age Markers in 
the Human Skeleton, edited by M. Y. Iscan, pp. 169-193. 
Charles Thomas, Springfield, Illinois. 

Stewart, T. D. 
1958 The Rate of Development of Vertebral Osteoarthritis in 

American Whites and its Significance in Skeletal Age 
Identification. The Leech 28:144-151. 

Stout, S. 
1992 Methods of Determining Age at Death using Bone 

Microstructure. In Skeletal Biology of Past Peoples, edited 
by S. Saunders and A. Katzenberg, pp. 21-35. Wiley-Liss, 
New York. 

Todd, T. W. 
1920 Age Changes in the Pubic Bone. I: The Male White 

Pubis. American Journal of Physical Anthropology 
3:285-334. 

1921a Age Changes in the Pubic Bone. II: The Pubis of the 
Negro-White Hybrid; III: The Pubis of the White Female; 
IV: The Pubis of the Female Negro-White Hybrid. 
American Journal of Physical Anthropology 4:1-70. 

1921b Age Changes in the Pubic Bone. VI: Interpretation of 
Variations in the Symphyseal Area. American Journal of 
Physical Anthropology 4:407-424. 

Waldron, T. 
1994 Counting the Dead. The Epidemiology of Skeletal 

Populations. John Wiley and Sons, New York. 
Walker, P. L., G. Dean, and P. Shapiro 

1991 Estimating Age from Tooth Wear in Archaeological 
Populations. In Advances in Dental Anthropology, edited 
by M. A. Kelley and C. S. Larsen, pp. 169-178, Wiley- 
Liss, New York. 

Walker, R. A., and C. 0. Lovejoy 
1985 Radiographic Changes in the Clavicle and Proximal 

Femur and Their Use in Determination of Skeletal Age at 
Death. American Journal of Physical Anthropology 
68:67-78. 

Wood, J. W., G. R. Milner, H. C. Harpending, and K. M. Weiss 
1992 The Osteological Paradox. Problems of Inferring 

Health from Skeletal Samples. Current Anthropology 
33:343-370. 

Received April 29, 1997; accepted June 1, 1998; revised July 
24, 1998. 

This content downloaded from 193.61.204.197 on Mon, 7 Apr 2014 03:10:40 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p. 55
	p. 56
	p. 57
	p. 58
	p. 59
	p. 60
	p. 61
	p. 62
	p. 63
	p. 64
	p. 65
	p. 66
	p. 67
	p. 68
	p. 69
	p. 70

	Issue Table of Contents
	American Antiquity, Vol. 64, No. 1 (Jan., 1999), pp. 1-192
	Front Matter [pp. ]
	Editor's Corner [pp. 5-6]
	Erratum: Floodwater Farming, Discontinuous Ephemeral Streams, and Puebloan Abandonment in Southwestern Colorado [pp. 7]
	Year One: Radiocarbon Dating and American Archaeology, 1947-1948 [pp. 9-32]
	The Scientific Nature of Postprocessualism [pp. 33-53]
	Reports
	Nasty, Brutish, but Not Necessarily Short: A Reconsideration of the Statistical Methods Used to Calculate Age at Death from Adult Human Skeletal and Dental Age Indicators [pp. 55-70]
	The Identification of Granitic Fire-Cracked Rocks Using Luminescence of Alkali Feldspars [pp. 71-78]
	The Archaeological Visibility of Storage: Delineating Storage from Trash Areas [pp. 79-94]
	Older Than We Thought: Implications of Corrected Dates for Paleoindians [pp. 95-115]
	Facilities and Hunter-Gatherer Long-Term Land Use Patterns: An Example from Southwest Wyoming [pp. 117-136]
	Spatial and Multivariate Analysis, Random Sampling Error, and Analytical Noise: Empirical Bayesian Methods at Teotihuacan, Mexico [pp. 137-152]

	Comments
	On Evolutionary Ecology, Selectionist Archaeology, and Behavioral Archaeology [pp. 153-165]
	Behavioral Archaeology: Some Clarifications [pp. 166-168]

	Reviews and Book Notes
	Review: untitled [pp. 169-170]
	Review: untitled [pp. 170-171]
	Review: untitled [pp. 171-172]
	Review: untitled [pp. 172-173]
	Review: untitled [pp. 173-174]
	Review: untitled [pp. 174-175]
	Review: untitled [pp. 175-176]
	Review: untitled [pp. 176-177]
	Review: untitled [pp. 177-178]
	Review: untitled [pp. 178-179]
	Review: untitled [pp. 179-180]
	Review: untitled [pp. 180-181]
	Review: untitled [pp. 181-182]
	Review: untitled [pp. 182-183]
	Review: untitled [pp. 183]
	Review: untitled [pp. 183-184]
	Review: untitled [pp. 184-185]
	Review: untitled [pp. 185-187]
	Book Notes
	Review: untitled [pp. 187]
	Review: untitled [pp. 187-188]
	Review: untitled [pp. 188]
	Review: untitled [pp. 188-189]
	Review: untitled [pp. 189]

	Multimedia Review
	Review: untitled [pp. 189-191]


	Back Matter [pp. ]



