
Abstract 
 
 
RECTENWALD, KRISTEN RENÉE. Relative Long Bone Proportions and Developmental 
Stress in a Modern Thai Population. (Under the direction of D. Troy Case, Ann H. Ross, 
and Scott M. Fitzpatrick). 
 
 

Research concerning relative, or scale-free, limb proportions has revealed 

interesting patterns of variability with regards to environment. However, there have 

been no direct attempts to correlate variability in limb proportion with unrelated stress 

indicators. In response, this study examined the relationship between long bone length 

ratios and linear enamel hypoplasia (LEH) frequency in a modern Thai population. 

Distal/proximal limb bone length and relative bone length/stature ratios were 

calculated for 259 adults (105 female/154 male) and compared against LEH presence 

and frequency. Analysis using a Spearman’s correlation coefficient indicated 

significantly shorter relative distal limb lengths in the lower limbs of individuals with 

LEH presence and high LEH frequencies. This pattern was strongest in females, 

especially with regards to frequency. In males, the pattern between relative limb length 

and distal/proximal limb length ratios and LEH was not as clear, occurring only in the 

radius and fibula and only on the left side of the body. Examination of secular trends 

indicated that females from this sample were increasingly healthy – significantly longer 

limb lengths and reduced LEH – while males displayed the opposite response. This is 

may be the result of cultural changes in northern Thailand, such as reasons for donation 

to the collection. 

Overall, these findings support the claim that distal limb growth is more strongly 

affected by developmental stress than proximal growth. In this study, the upper and 



lower limbs demonstrate different responses to environmental stress. This disparity, in 

addition to the strong association of limb bone length ratios and LEH frequency in 

females, may have significant implications for our understanding of human limb 

development and catch-up growth. 
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Introduction           
 
 

Osteological indicators of systemic stress have been observed throughout the 

human skeleton, and can inform physical anthropologists about the overarching 

environmental pressures that influence the lives of past populations. Such markers 

include deviations in stature (Neves 1998, Kemkes-Grottenthaler 2005), dentition (King 

et al. 2005, Duray 1996), and bone health (Mittler & van Gerven 1994, Fairgrieve & 

Molto 2000) when compared against population averages. The often permanent record 

that individuals who have been constantly or severely stressed carry on their skeletons 

provide anthropologists a means by which to analyze the effects of subsistence-

patterns, environmental change, disease, class division, and/or inter-group contact in 

human populations. Because these indicators represent serious stress on the body – 

often occurring during childhood periods of growth and development – it is common 

for an individual displaying one stress marker to also exhibit other indicators. As a 

result, it is of interest for researchers to compare frequencies and severity of stress 

markers in various areas of the skeleton to better understand the influence of 

environmental hardship as recorded by human biology. 

Following such examples, this study is designed to examine the relationship 

between development in the limbs and teeth with regard to childhood stress. It has 

been observed that fluctuations in the proportion of proximal and distal limb segment 

lengths are not caused by an overall lengthening or shortening of the limb, but rather by 

a specific pattern of variability within the arm or leg in question (Holliday & Ruff 2001). 
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In the arm, for example, the radius (distal) exhibits a greater variability than the 

humerus (proximal). The research conducted within this study takes three major points 

into account: 1) the lengths of limbs contribute substantially to stature; 2) 

environmental stress is highly correlated with shorter-than-average individuals within 

a population (Kemkes-Grottenthaler 2005, King et al. 2005); and 3) a pattern of 

variability exists in the relative proportions of proximal and distal limb segment lengths 

(Holliday 1999, Holliday & Ruff 2001). It is reasonable, then, that developmental stress 

should be evident among individuals who exhibit limb segment proportions that are 

substantially reduced compared to the average for their population (Leitch 1951, Bogin 

et al. 2002, Norgan 1998). Because detailed records of childhood events are usually 

unavailable when working with skeletal material, a more thoroughly researched proxy 

for environmental stress was required for comparison. Linear enamel hypoplasias – 

lines of deficient enamel laid down during the development of permanent teeth – is 

generally accepted as a strong indicator of such (King et al. 2005, Goodman & Rose 

1990), and was used in this study to represent the severity of stress to which an 

individual was exposed as a child. It is the basic hypothesis of this research that limb 

segment proportions will be negatively correlated with the frequency of linear enamel 

hypoplasia, thus signifying the variability of limb proportion with regard to stress. 

This topic is important in the field for a number of reasons. Despite our 

acknowledgement that variations in stature are often indicative of developmental 

stress, the individual bones responsible for this variability have only recently begun to 
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be explored. Further research in this area will help answer questions about human 

growth, development, and adaptation. In addition, an association between limb 

proportions and developmental stress may be useful when working with poorly 

preserved archaeological or forensic remains. Stature can be estimated with a relatively 

high degree of accuracy using only a single long bone (Pearson 1899, Trotter & Gleser 

1952, Neves 1998). However, since the six distinct long bones of the human limb 

(humerus, radius, ulna, femur, tibia, and fibula) respond variably to developmental 

stress, the relationship between two bones of the same limb may offer more 

information about an individual’s level of external stress than a single, statistically 

derived approximation of stature. This is not to say that an examination of limb 

proportions should replace stature as a proxy for stress, but rather that such data could 

only augment the research in question.   

This suggested use of limb segment proportions has some potential limitations. 

For use in an archaeological context, two relatively well-preserved long bones from the 

same limb would be required for comparison. In addition, as is the case with most 

allometric studies of the skeleton, relationships between these proportions and stress 

would only be meaningful when compared to the population average. This study, 

therefore, examines stress and limb length proportions of a modern Thai sample from 

within a 200-300 km radius of Chiang Mai. As a result, the details of any findings would 

only be appropriate when discussing modern, northern Thais. It should be noted, 

however, that the broader scope of this research – patterns of variability in the human 
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skeleton, the relationship between limb length proportions and stress – would apply to 

all human populations. Having appropriately derived comparative statistics for any 

given population, the patterns determined from this study may be universally 

applicable, as well as beneficial in contexts biological, forensic, and archaeological.  
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Literature Review  
          
 
Long Bone Length, Stature and Status 

Human variability is a key area of interest for physical anthropologists. 

Proportional relationships inherent in body size and shape, both within and between 

populations, offer considerable information on the life-ways of past and present 

humans. Research on relative, or scale-free, limb proportions has revealed interesting 

patterns of variability in relation to secular change and environmental pressure (Jantz 

& Jantz 1999, Holliday & Ruff 2001, Zakrzewski 2003). Traditionally, these 

investigations examined proximal and distal length differences by comparing brachial 

(radius/humerus length) and crural (tibia/femur length) indices from various 

populations (Schultz 1937). Early in the study of human skeletal biology, such work was 

often limited to the creation of typological classifications (Todd & Lindala 1928); only in 

the latter half of the century have researchers explored other possible information 

offered by the exploration of relative limb proportions. Recent work, for example, has 

examined varying limb length ratios in relation to thermoregulation (Tilkens et al. 

2007) and locomotor kinematics (Polk 2004, Higgins & Ruff 2011), in addition to 

serving as a proxy for stature in stress analyses between time periods (Neves 1998, 

Kemkes-Grottenthaler 2005).  

Between-population studies have suggested a relationship between climatic 

zones and relative limb proportions, indicating that differential proximal/distal long 

bone length patterns may be a result of evolutionary pressures (Allen 1877, Gallagher 



   

 
 

6 
 

et al. 2009). Because body heat radiates from the skin, it has been theorized that a 

reduction of surface area to prevent unnecessary heat loss – evolutionary shortening of 

limbs – is a beneficial trait for adapting to colder climates (Allen 1877). Similarly, it has 

been observed that populations in warmer environments tend toward longer limbs, 

presumably allowing for more effective heat loss, aiding internal thermoregulation 

(Allen 1877, Tilkens et al. 2007). Examining long bone proportions, Trinkaus (1981) 

compared European Late Pleistocene hominid fossils to several modern human 

populations, noting a positive association between increased regional annual 

temperature and increased brachial/crural indices. This supports the well-known 

“Allen’s Rule,” in which such patterns of appendage length in several species across 

various clines were observed Such studies of brachial and crural allometry can offer 

interesting insights into human evolution and homeostasis. However, as Holliday 

(1999) discusses, simply analyzing the radial/humeral and tibial/femoral ratios raises 

questions about the developmental mechanisms through which proportional change is 

affected. For example, what precisely does a high crural index report? Theoretically, 

such a ratio could be attributable to either foreshortening of the femur or elongation of 

the tibia. The index itself does not indicate the biological origin of these developmental 

changes. Very recent work, interestingly, seems to indicate that some between-

population differences may be the result of allometric rather than thermoregulatory 

factors. Auerbach and Sylvester (2011) found that due to the independent variance of 
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inter-limb segments, no correlation exists between brachial/crural indices and overall 

limb length.  

Attempting to locate limb segment variation was a main focus of Holliday’s 

(1999) analysis of brachial and crural indices in European Late Upper Paleolithic and 

Mesolithic humans. First examining which limb segments were responsible for 

variation (proximal/distal), Holliday then investigated whether these indices were 

reflective of overall limb elongation. He found that distal limb segments were 

significantly more variable than their proximal counterparts in the leg, though 

proximal/distal segments seemed equally variable in the upper limb (Holliday 1999). It 

is interesting that the distal segments, at least in the lower leg, demonstrate greater 

variability between temporal populations, as a similar pattern is found within-

populations. 

 Such differences relating to within- and between-group patterns in limb segment 

proportions were investigated in Holliday and Ruffs’ (2001) analysis of geographically 

and temporally disparate adult human skeletons. Their results suggested that the 

majority of limb length variation between-populations is found in distal segment length, 

especially in the lower limb. The authors note, however, that many of these between-

group proportion differences are recognizable in fetuses, indicating a significant 

amount of genetic control contributing to ratio development (Warren 1997 cf. Holliday 

& Ruff 2001), likely as a result of a population’s adaptation to the climate of origin. 

Similarly, Holliday and Ruff (2001) determined that the length of distal limb segments 
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is also significantly more variable within-populations than that of proximal segments. 

This was especially true with regard to the crural index – while the femur was found to 

be fairly stable, the tibia displayed the greatest variability overall. Some sexual 

dimorphism in limb proportion variance was found, wherein males demonstrated 

significantly more proportional differentiation than females. The lower limb seemed to 

exhibit the most variability within-populations as well, as the tibiae were significantly 

more variable than the radii, though only in males. Inter-group female distal segments 

of both the upper and lower limbs displayed equal variance. This study indicates the 

interesting parallels regarding within- and between- population brachial and crural 

indices, insofar as the distal limb segment lengths are the most variable due to both 

environmental and genetic factors (Holliday & Ruff 2001).   

 Environmental factors, such as nutritional or disease stress, have also been 

connected to retardation of distal limb segment growth in human infants. In 2003, 

developmental biologists Lampl, Kuzawa, and Jeanty examined the effect of maternal 

smoking on patterns of human growth and development in prenatal fetuses. Under the 

stress of smoke-induced chronic fetal hypoxia, researchers observed alterations in limb 

segment development. Following prolonged exposure, they found that fetuses suffered 

significant shortening of the distal limb segments, especially in the lower body (Lampl 

et al. 2003). This mirrors earlier exhibited patterns of variability, further indicating the 

phenotypic plasticity that distal limb segments display compared to their proximal 

counterparts. It seems, therefore, that while the phenotypic expression of long bone 
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length is influenced by the genetic input of populations adapted to certain climates, the 

variation in limb proportion within groups is likely related to external developmental 

stressors in childhood development – such as chronic fetal hypoxia. This relationship, 

logically, parallels the observed correlation between negative developmental 

environments and shorter-than-average stature within groups (Kemkes-Grottenthaler 

2005).  Because limb lengths provide some of the basic allometric factors determining 

human adult height (Jantz & Jantz 1999), the use of long bone measurements in stature 

studies has been prolific. In 1899, Pearson published one of the first major reports 

approximating adult stature from long bone measurements, offering archaeologists and 

physical anthropologists solid mathematical formulae that provided the model for the 

statistical analysis of stature today. In addition, Neves (1998) has used long bone length 

in stature studies to examine development and health in past populations. Neves 

asserts that adult stature is indicative of nutritional status, standard of living, and 

presence of chronic health conditions in childhood.  

Neves’ (1998) study used long bone length and stature to investigate two 

separate, yet related questions. He first used long bone measurements to determine the 

average stature of males and females in a pre-Contact Chilean population, and noticed 

that stature increased and decreased in tandem with three distinct cultural shifts over 

time. This result was tested against potential evidence of environmental stress and 

variation in sexual dimorphism. It has been observed in numerous studies (Stinson 

1985, Tanner 1962, Greulich 1951, Stini 1969, 1971) that males are more dramatically 
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affected by environmental stress during development than females. This is because 

females have developed natural buffer systems and reserves for the nutritional stresses 

of pregnancy and breast-feeding, and thus are better equipped to absorb environmental 

stress during growth. Males, however, maximize their nutritional output, spending 

considerably more energy on bone and muscle growth. If a nutritional deficit occurs 

within a population, males are considerably more likely to be affected in their patterns 

of growth and development than females (Stini 1969).  

Neves (1998) thus hypothesized that females from his Chilean population would 

be less prone to stature fluctuation than their male counterparts. To examine this, he 

compared the relationship between male and female femur lengths (assumed to echo 

patterns in stature) through all three periods of his research. The second cultural 

period in Neves’ research demonstrated a sharp decline in health conditions, and the 

subsequent decrease in the stature of both sexes was paralleled by a decrease in sexual 

dimorphism of femur lengths, supporting Neves’ hypothesis. In this case, Neves’ use of 

the femur – generally regarded as the most developmentally stable of the long bones 

(Holliday & Ruff 2001) – supported his study. It is uncertain, however, if the results of 

this analysis would have been as positive if a more phenotypically plastic long bone, 

such as the tibia or radius, had been substituted for the femur. 

Neves’ (1998) recognition that both stature and limb proportion were negatively 

affected by the poor health environment of the second period supports Steckel’s (1995) 

association between economic stress and health. In his review, Steckel determined that 
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stature “is sensitive not only to the level of income, but to the distribution of income 

and the consumption of basic necessities by the poor” (Steckel 1995, p. 1903). From his 

assertion that stature provides an adept measure of nutritional deprivation, one can 

infer that the limb proportions contributing to stature (such as tibia/femur length, Jantz 

& Jantz 1999) are also affected. Kemkes-Grottenthaler (2005), in an analysis of 

temporally disparate adult populations, also found that short stature exhibits an inverse 

relationship with illness and mortality when socio-economic status is taken into 

account. She notes the change in stature over time, especially noting the much greater 

growth experienced by children in the last century, and its direct correlation to 

increased access to nutrition and other positive environmental factors (Rona & Chinn 

1995 c.f. Kemkes-Grottenthaler 2005). Forensic anthropology, for example, often uses 

the Waterlow classification system of growth stunting (as indicated by stature) to 

assess severity of childhood malnutrition in criminal cases (Waterlow 1972, Ross 

2011). Cardoso and Magalhães (2011) also note that since the femur and tibia are very 

sensitive to developmental stress (possibly because they are the fastest growing bones 

in the body, Bogin 1999, Smith & Buschang 2004), comparing these bone lengths to age-

specific standards in children can be efficient for determining fatal malnutrition or 

neglect in forensic analysis.   

The application of differential variation is also displayed by Takamura et al. 

(1988) and Ohyama et al. (1987) in their analysis of secular change in body proportions 

among Japanese medical students. Examining stature, sitting height, and limb length 
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over a 25 year period (1961-1986), Takamura et al. (1988) found a significant increase 

in stature and extremity length. Interestingly, sitting height did not seem as affected by 

secular change, leading to the conclusion that changes in limb length not only occur 

more quickly, but contribute more significantly to increases in overall stature than 

torso length – a trend found in other sitting/standing height studies (Tanner et al. 

1982). It would seem that the body genetically regulates torso height more strictly than 

limb length, theoretically allowing for more externally influenced fluctuation in the 

limbs. Working with the same sample, Ohyama et al. (1987) also noted that the medical 

students were considerably taller (much longer legs) than the general Japanese 

population, possibly as a result of a relationship between childhood socioeconomic 

status and adult vocation. This supports earlier work that observed a distinct difference 

between weight and height of American-Japanese and native Japanese children (Kondo 

& Eto 1975). When this research was initially conducted (1971) the variation in 

healthcare and nutrition between the two nations was enough to drastically increase 

the average height and weight of first-generation American-Japanese individuals, an 

environmental change that supports Steckel’s (1995) conclusions.  

Further evidence for this can be found in Jantz & Jantzs’ (1999) well-known 

analysis of secular change in long bone length and proportion between 1800 and 1970 

in African-American and European individuals from the Terry, Huntington, and other 

documented skeletal collections. Significant differences in limb length occurred over 

this time period: male secular change was more pronounced than female, and again we 
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see a more substantial increase in the lower limb length compared to the upper limbs. 

In all cases, brachial and crural indices increased even when compared with overall 

limb length increases, indicating secular elongation of the distal limb segments (Jantz & 

Jantz 1999). Since this increase in overall limb length is associated with a lessening of 

environmental stress in terms of disease, nutrition, and medical care (Steckel 1995), it 

follows that the growth potential of the distal limb segments – especially the tibiae –  

are affected by the presence of stressors during human development.  

The effects of stress on limb elongation and foreshortening are, of course, rooted 

in the developmental mechanisms of human growth. As Feretti and Tickle (1997) 

explain, upper limb development in human embryos begins with the emergence of a 

small paddle-shaped bud within 32-34 days of fertilization (the lower limbs lagging a 

few days behind the upper limbs throughout growth) and proceeds to expand 

outwards, laying down skeletal scaffolding. This is first set in place as a mesenchyme 

model of each bone, which later becomes cartilage, and finally begins to turn to bone at 

the primary centers of ossification. What is particularly important about this process is 

that in every step, from the shaping of mesenchyme through chondrification and 

ossification, the limb develops proximo-distally, and only after the formation of the 

torso (Feretti & Tickle 1997). Here again, the body focuses its energy at developing a 

stable core before financing appendicular growth. This echoes the pattern seen in 

Takamura et al. (1988). Changes in sitting height, mostly reflecting torso length, seem 

very limited, with considerably more length variability observed in the limbs. And 
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within the limbs, the demonstrated patterns seem to indicate increased developmental 

stability in the proximal limb segments in contrast to distal limb lengths (Holliday & 

Ruff 2001, Jantz & Jantz 1999). In fact, it may be that this trend continues down the 

limbs – studies have indicated that malnourished infant monkeys exhibit significantly 

smaller hand-to-radius and foot-to-tibia lengths, with especial differentiation in the 

lower limbs (Fleagle et al. 1975).  

Despite the considerable evidence relating variation in distal limb lengths to 

observable nutritional stress, there have been no direct comparisons between long 

bone proportion and internal, independent indicators of stress. Stature is in part 

comprised of limb length, and the connection between the two as evidenced in 

previously mentioned studies has been substantiated. If possible future uses of limb 

length proportions are going to include determination of developmental stress, the 

extent to which relative long bone proportions represent such environments must be 

compared against well-recognized and unrelated stress indicators elsewhere in the 

body. For the purposes of this study, limb proportions will thus be contrasted with 

measures of linear enamel hypoplasia. 

 

Linear Enamel Hypoplasias and Internal Independent Comparison 

 Linear enamel hypoplasias (LEH) are lines of thinner-than-average enamel on 

the teeth, often indicative of environmental stress during childhood. While the enamel 

matrix for permanent teeth is being laid down during dental development, instances of 
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malnutrition or disease can cause the body to focus nutrients and growth energies 

elsewhere, resulting in areas of thin enamel directly correlated with these periods of 

stress (Goodman & Rose 1990). Because different permanent teeth develop along 

distinct, recognizable schedules (Reid & Dean 2000), overlapping LEH locations and 

frequencies across different tooth types can help narrow down the age-range within 

which acute environmental stress may have occurred. The usefulness of this trait for 

determining stress relies on the fact that enamel lacks the ability to remodel throughout 

life, unlike bone. The hypoplasias recorded on permanent teeth during periods of 

childhood stress will thus only be removed by extensive polishing, tooth loss, or 

considerable wear (Goodman & Rose 1990). This avoids many of the complications 

found concerning other stress indicators such as growth arrest lines, or Harris lines – 

linear patterns of increased bone density that occur during periods of stress while long 

bones are developing (White 1991). These density lines are only visible by cross-

section or radiograph, and are likely to be obfuscated over time as the adult bones 

constantly resorb and remodel (Mays 1995). In addition, the precise information LEH 

provides about the age of occurrence and duration of environmental stress in childhood 

allows researchers to compare results across demographic groups (King et al. 2005), 

between populations (Goodman et al. 1980), and with regard to prehistoric lifestyles 

(Duray 1996).  

 Duray’s (1996) analysis of LEH in prehistoric Native Americans revealed a 

significantly lower age-at-death for individuals with defects contrasted against those 
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with normal dentition. Interestingly, the age-at-death curve for affected individuals 

paralleled the normal curve, but occurred at consistently younger ages. Duyar (1996) 

suggests that this may represent permanent biological damage to overall health, even in 

adulthood, as a result of stresses in childhood development. Similarly, King et al.’s 

(2005) work on the Spitalfields and St. Brides’ post-medieval collections revealed 

interesting patterns of developmental stress, human growth and age-at-death with 

relation to LEH. Individuals who died at younger ages displayed some of the earliest 

LEHs, and there was a significant difference between the amount of enamel affected by 

disturbance between the lower-class Spitalfields cemetery when compared with the 

higher-class St. Brides’ individuals. In both of these studies, the strong correlation 

between LEH and various forms of environmental stress in childhood are displayed. 

Clearly, linear enamel hypoplasias provide an internal, independent indicator of stress 

with which limb proportions can be compared to better demonstrate effects of negative 

childhood environments on human development. 
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Materials and Methods 
 
 
Sample Population 

 The adult skeletons used in this study (n=259, 105 female/154 male) were 

obtained from the Chiang Mai University Skeletal Collection, Department of Anatomy, 

Faculty of Medicine, Chiang Mai University, Thailand (Figure 2.1). All individuals in the 

sample were Thai citizens born between 1913 and 1987, and who died within 200-300 

km of Chiang Mai (Figure 2.2.) between 2006 and 2010 (Mahakkanukrauh et al. 2011). 

The sample was divided by sex, and the descriptive statistics for age and stature are 

reported in Table 2.1. The average age of the collection is 65.5 years, indicating an older 

population, though the overall age range for the collection exceeded 70 years 

(individuals aged 19-94).  

 

 

 
Table 2.1 Descriptive statistics of study sample by sex 

 Female Male Total Sample 

N 105 154 259 

Age (years)    

Mean 66.6 64.8 65.5 

Range 26-93 19-94 19-94 

Stature (cm)    

Mean 153.6 165.4 160.6 

Range 140-172 150-185 140-185 
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Figure 2.1. Approximate area (200-300 km radius) in Thailand from which the 

sample population was collected 

CHIANG MAI 
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Data Collection  

 Prior to my data collection research, a database of stature and long bone lengths 

for 200 skeletons was compiled by Ahn Khanpetch, a Chiang Mai University graduate 

student. Stature for each individual in the collection was measured to the nearest 

centimeter directly from the supine cadaver (apex of head to heel of foot) with a metal 

tape before maceration. Once individuals were processed, seven measurements of the 

long bones (maximum length of the humerus, radius, ulna, femur and fibula, bicondylar 

length of the femur, and standard length of the tibia) were collected with a Paleo-Tech 

Concepts osteometric board. When available, bones from both sides of the body were 

measured, and all lengths were measured to the nearest millimeter according to the 

Moore-Jansen (1994) forensic standards (Mahakkanukrauh et al. 2011). 

I gathered data on LEH and wear among skeletons from the collection and added 

them to Khanpetch’s pre-existing database of long bone length. The same skeletons 

used in Khanpetch’s research – verified by number, year of death, age and stature as 

listed on the storage boxes and within the database – were located, and any present 

teeth were examined beneath a 60 watt table-lamp with a hand-held loupe 

(magnification 10x). Dental scoring for wear, LEH, and other recorded notations are 

listed in Table 2.2.  
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*adapted from Duray 1996 (I-VI scale used instead of a 0-V scale) 
**Duray 1996 

 

 
In addition to the above notations concerning dental wear and LEH patterning, 

the precise location of each LEH was recorded. Using a pair of Paleo-Tech Hillson-

Fitzgerald dental calipers, distances from the cementoenamel junction (CEJ) to the 

center of the LEH, and from the center of the LEH to the apex of the tooth were 

recorded to the nearest 0.01 mm. Teeth that were badly damaged or altered culturally 

(caps, bridges, etc.) were marked as such and LEH were not recorded. 

Due to reorganization within the Chiang Mai University Faculty of Medicine, only 

the first 91 skeletons in Khanpetch’s database were still available for examination. More 

individuals, however, had been added to the collection since Khanpetch’s 

measurements, so I collected long bone length as well as dental data for previously 

unmeasured individuals. For these individuals, sample selection was not purely 

Table 2.2 Scoring key for dental data and linear enamel hypoplasias (LEH) 

Dental Wear*  

I No noticeable wear 

II Polishing on cusps, thin linear exposure of dentin on incisors 

III Point exposure of dentin on cusps, thicker linear exposure on incisors 

IV Broad facets on cusps, 20-30% crown loss 

V Coalescence of cusps, 30-50% crown loss 

VI Crown loss ≥ 50%, dentin exposed as a broad uninterrupted surface 

LEH Categories**  

A Severe – grooves > 0.50 mm 

B Moderate – grooves ≤ 0.50 mm 

C Mild – slight LEH/possible broad perikymata 

Other Notes  

R Resorption – anti-mortem tooth loss 

D Tooth damaged (broken, severe caries), preventing LEH measurement 

S Synthetic additions to tooth, preventing LEH measurement (cap, etc.) 

PMTL Post-mortem tooth loss 
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random. Since Khanpetch’s original database was comprised of more than twice as 

many males than females, females from the unmeasured skeletons were predominately 

chosen. Dental information was recorded following aforementioned standards. A Paleo-

Tech Lightweight field osteometric board and the standards proposed by Buikstra and 

Ubelaker (1994) were used to gather the same seven long bone measurements 

recorded by Khanpetch. These measurements were collected from bones of both sides 

when available, and to the nearest 0.1 cm.  The long bones for 10 skeletons previously 

examined by Khanpetch were re-measured before new data were collected, and again 

when data collection was complete in order to assess both inter- and intra-observer 

error. Khanpetch’s long bone measurements of the 109 relocated skeletons were kept 

in the database for use in stature and limb proportion analysis. 

 

Evaluating Error and Determining Variability 

 To test the quality of these long bone length measurements, each measurement, 

in addition to stature and age, was individually (by sex and side) tested for normality 

using a Kolmogorov-Smirnov test with a Lilliefors Significance Correction. Inter- and 

intra-observer errors were assessed by an examination of the means, medians, and 

mean difference as percent of mean bone length and technical error of measurement 

(TEM). A calculation of TEM yields the typical amount of variation that can be expected 

to occur between two measurements, and is listed in terms of the measurement unit 

(Knapp 1992). The equation for calculating TEM is as follows (Harris & Case 2011):  
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    √ ∑       

 

where D represents difference between two repeated measures, and N is the total 

number of subjects. 

Once normality and error were assessed, a pattern of variability in the bones of 

the upper and lower limbs was determined against which later limb ratio data could be 

compared. In his analysis of the brachial and crural indices of European Late Upper 

Paleolithic and Mesolithic humans, Holliday (1999) calculated separate coefficients of 

variation for the proximal and distal bones of the limbs to determine which limb 

segment (proximal or distal) was intrinsically more variable. Coefficients of variation 

(V) were determined with the following formula (Sokal & Braumann 1980), 

 

    ̅⁄  

 

where s is the standard deviation of the sample, and  ̅ is the sample mean. This results 

in a scale-free ratio that allows for the relative comparison of variation. A simple 

comparison of bone variances would be affected by the magnitude of measurement, 

with larger bones displaying consistently larger variance. By calculating the coefficient 

of variation, as Holliday (1999) discusses, we can control for size.  Due to the differing 

sample sizes for each bone, the coefficient of variation (V) was also adjusted for bias 

(V*) with the following correction factor. These corrected coefficients (V*) were used 

for all following analyses. 
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   (  
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These coefficients can be examined in ascending order to better ascertain the 

pattern of variability in the bones of the upper and lower limbs. Since multiple 

measurements were taken from the same sample, the coefficients of variation are 

themselves correlated, as Sokal and Braumann (1980) mention. To assess relationships 

of significance in this “single variability profile,” Sokal and Baumann (1980) created a 

two-step equation that functions similarly to a standard Student t-test, though it is 

written specifically for examining coefficients of variation (p. 57) – Expression 11: 
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where n is the number,   
        

 are the coefficients of variations being examined, and 

    is the correlation coefficient between the two measurements. This computation is 

then incorporated as the denominator in Expression 12, 

 

t-value  
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the results of which are compared to the appropriate t-distribution to determine 

respective p-values (p. 57, Sokal & Braumann 1980). In addition to differences between 

different long bones, Sokal & Braumann’s t-test was used to examine asymmetry in 

variation between the right and left sides of the body in males and females. In reporting 

all findings, the word “significant” will only be used to reference results of statistical 

significance at the level denoted. 

 

Long Bone Length Ratios and Linear Enamel Hypoplasia 

To better understand the relationship between variability in proximal and distal 

limb segments when compared to LEH frequency, both element/stature and 

distal/proximal ratios were created. Much of the research in this area (Holliday 1999, 

Holliday & Ruff 2001) has been interested in which bone exhibits the greatest 

variability, which is effectively demonstrated with the coefficients of variation 

described above. However, simply using distal/proximal bone length ratios when 

comparing against LEH may obfuscate certain patterns – if both the radius and humerus 

shorten to varying degrees under developmental stress, a ratio comprised of those 

lengths may not fully represent the overall variation in the arm. Put simply, an 

individual who suffered no environmental stress in childhood may demonstrate the 

same brachial index as someone who lived through severe stress, but whose humerus 

displays a greater-than-average variability. To counter this issue, each long bone length 

was divided by the individual’s stature to allow an element-by-element pattern of 
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variability in the limbs to emerge. By examining element/stature ratios first, a clearer 

understanding of the later proximal/distal ratios may be available. Of course, if an 

individual was missing a stature measurement or a length for any given proximal or 

distal limb segment, a ratio was not determined for that person. Summaries of the ratio 

data for females and males are listed in tables 2.3 and 2.4. 

 

 

 

Table 2.3 Female summary of ratios 

 Side N Mean Range 

Stature Ratios     

Humerus/Stature R 39 0.1833 0.0278 

 L 39 0.1818 0.0311 

Radius/Stature R 37 0.1433 0.0228 

 L 36 0.1418 0.0233 

Ulna/Stature R 34 0.1541 0.0215 

 L 35 0.1531 0.0215 

Bicon. Femur/Stature R 37 0.2565 0.0425 

 L 35 0.2579 0.0441 

Tibia/Stature R 36 0.2156 0.0485 

 L 37 0.2158 0.0471 

Fibula/Stature R 37 0.2134 0.0432 

 L 36 0.2135 0.0359 

Distal/Proximal Ratios     

Radius/Humerus R 41 0.7835 0.1008 

 L 41 0.7825 0.0966 

Ulna/Humerus R 38 0.8398 0.1110 

 L 40 0.8442 0.1123 

Tibia/Bicon. Femur R 39 0.8416 0.1036 

 L 39 0.8363 0.0900 

Fibula/Bicon. Femur R 37 0.8311 0.0914 

 L 36 0.8287 0.0851 
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Table 2.4 Male summary of ratios 

 Side N Mean Range 

Stature Ratios     

Humerus/Stature R 48 0.1850 0.0295 

 L 51 0.1839 0.0328 

Radius/Stature R 51 0.1478 0.0256 

 L 51 0.1475 0.0238 

Ulna/Stature R 48 0.1582 0.0208 

 L 52 0.1569 0.0240 

Bicon. Femur/Stature R 45 0.2579 0.0268 

 L 45 0.2597 0.0303 

Tibia/Stature R 44 0.2181 0.0318 

 L 48 0.2185 0.0303 

Fibula/Stature R 45 0.2159 0.0341 

 L 46 0.2161 0.0265 

Distal/Proximal Ratios     

Radius/Humerus R 53 0.7981 0.1345 

 L 56 0.7994 0.1354 

Ulna/Humerus R 50 0.8535 0.1540 

 L 57 0.8517 0.1503 

Tibia/Bicon. Femur R 47 0.8451 0.0722 

 L 50 0.8406 0.0715 

Fibula/Bicon. Femur R 46 0.8357 0.0730 

 L 47 0.8312 0.0797 

 

Similarly, the utility of the collected LEH information was reliable only when 

adjusted for considerations of development, damage, and wear. As per Duray (1996), a 

skeleton was required to possess at least six undamaged permanent teeth – three of 

which had to be anterior (incisors/canines) – to be included in the LEH frequency 

sample. This is due to the tendency for thinner-enameled anterior teeth to more 

strongly demonstrate developmental effects than posterior teeth (Goodman & 

Armelagos 1985). It should also be noted that LEH was only considered “present” in an 

individual if three or more teeth were affected. Occurrences of one or two hypoplasias 

in the available dentition were frequently found on the same tooth or adjacent teeth. 
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This is consistent with evidence of local, rather than systematic, stress (Duray 1996, 

Buikstra & Ubelaker 1994). Teeth in the highest two wear categories (levels V and VI, 

30% or more crown lost) were removed from the sample because of potentially 

misrepresented LEH frequencies. Therefore, individuals used for the calculation of any 

statistic relating LEH data with long bone or stature ratios must not be missing any 

relevant measurement data, while also fulfilling Duray’s (1996) strict dental data 

requirements. While such stringent conditions understandably limited the data pool, all 

long bone/LEH tests, divided by both sex and side, maintained a sample size of N>30. 

All statistical analyses were calculated using SPSS versions 18 and 19. 

 In the initial examination of both stature and long bone length ratios, the 

Kolmogorov-Smirnov test indicated a non-parametric distribution of these new 

variables. It should be noted that certain characteristics of the data in this set severely 

limit the statistical approaches available for analysis. Because the main dependent 

variables under examination in this investigation are ratios, they inherently violate the 

normality assumptions of several standard statistical tests. In addition, the LEH 

frequency data are considered “count data” – where non-negative integer values are 

used – while the LEH presence/absence data is “binary,” being represented only by 0 

and 1. Very few analyses are equipped to compare count and binary data, respectively, 

with nonparametric scale data. Linear regression formulas, for example, do not work 

with the data at hand because of missing measurements and the presence/absence 

issue of the LEH count. It is important to take into consideration the individuals who 
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meet all of Duray’s (1996) dental requirements, but demonstrate no LEH (LEH 

frequency = 0), however, a dataset in which 30-50% of the independent data points 

cluster at zero confounds the predictive abilities of linear regression. The assumption 

here, therefore, is that while the data may not be perfectly linear, it is likely monotic: a 

distribution similar to linear in that values increase or decrease with relation to each 

other, but that is considerably less restrictive.  

In view of these statistical issues, Spearman’s Rank-Order Correlation was used 

to examine associations between ratios and LEH data. By assigning ranks to the points 

instead of using them as they are measured, Spearman’s analysis forces a parametric 

distribution on the results, allowing for the generation of a correlation coefficient 

(similar to a Pearson’s correlation), and thus an associated p-value to determine 

significance. It should be noted that significance for this research is reported at the 0.1 

and 0.05 levels, an attempt to mediate the aforementioned issues of sample size, 

distribution, and data type. This broader and more exploratory approach is more likely 

to catch potential patterns otherwise obfuscated by small sample sizes, but also 

increases the Type I error rate (false significance) of the data. Because there is some 

degree of decision-making inherent in choosing an alpha with which to determine 

significance (Cowles & Davis 1982), presenting results at both the 0.1 and 0.05 levels 

seemed appropriate. Also, since the frequency or presence/absence of LEH on an 

individual’s teeth is related to very different biological processes than skeletal growth, 

no natural developmental relationships should obscure true correlations among the 
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variables – one would not want to use a correlation to examine relationships between 

stature and long bone length, for example, since they will naturally display an inherent 

association with size.  

 

Long Bone Lengths, Birth Cohorts, and Age-at-Death 

Considering the well-documented (Jantz & Jantz 1999, Takamura et al. 1988, 

Tanner et al. 1982) trend for long bone lengths to experience secular change, 

exploration of a relationship between lengths and birth cohorts of the sample was also 

conducted.  To examine this potential phenomenon, the sample was divided (by sex) 

into birth cohorts, each extending from the beginning of a decade to the final year 

within the same decade, and assigned an identification number (e.g., birth in the years 

1920-1929 = birth cohort 2). The descriptive statistics for birth cohorts consider the 

total limb measurement sample (n=259, 105 female/154 male) rather than the sample 

sizes specific to the element/stature or distal/proximal groups. Though birth cohorts 

are necessarily count data (no negative numbers) and since cohorts were compared 

with long bone lengths (normally distributed) rather than ratios (nonparametric 

distribution), standard linear regression equations were utilized to examine 

relationships among these measurements. Within the equation, long bone lengths were 

used to predict birth cohort which therefore served as the dependent variable for these 

analyses. The birth cohort distribution of the sample is reported in both quantities and 

percentages (Table 2.5). 
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Similarly, the age-at-death distribution, already demonstrated to differ between 

sexes (Table 2.1), is reported in table 2.6. Analyzing age-at-death and long bone lengths 

can offer insight into the relationship between stress – as represented by relative 

stature and long bone length ratios – and general longevity. Because age-at-death 

exhibits the same statistical characteristics of LEH frequency (count data) and was 

examined with regard to stature and length ratios (nonparametric distributions), 

Spearman’s correlation was again utilized. 

 

Table 2.5. Distribution of birth cohort by sex 

Decade of 
Birth 

Birth 
Cohort 

Females (%) of 
Sample 

Males (%) of 
Sample 

Total 
Born 

(%) of 
Sample 

1910-1919 1 1 < 1.0 7 2.8 8 3.1 

1920-1929 2 21 8.1 26 10 47 18.1 

1930-1939 3 35 13.5 39 15.1 74 28.6 

1940-1949 4 24 9.3 33 12.7 57 22.0 

1950-1959 5 11 4.2 29 11.2 40 15.4 

1960-1969 6 8 3.1 12 4.6 20 7.7 

1970-1979 7 3 1.2 4 1.5 7 2.7 

1980-1989 8 1 < 1.0 2 < 1.0 3 1.2 

 

 

Table 2.6. Distribution of age-at-death by sex 

Age at 
Death 

Females 
(%) of 

Female
s 

(%) of 
Sampl

e 
Males 

(%) of 
Males 

(%) of 
Sample 

Total 
(%) of 

Sample 

   < 30 years 2 1.9 < 1.0 2 < 1.0 < 1.0 4 1.5 

30-39 years 2 1.9 < 1.0 5 3.2 1.9 7 2.7 

40-49 years 8 7.6 3.1 13 8.4 5.0 21 8.1 

50-59 years 15 14.3 5.8 35 22.7 13.5 50 19.3 

60-69 years 27 25.7 10.4 41 26.6 15.8 68 26.3 

70-79 years 35 33.3 13.5 34 22.1 13.1 69 26.6 

80-89 years 14 13.3 5.7 20 13.0 7.7 34 13.1 

90-99 years 1 < 1.0 < 1.0 4 2.6 1.5 5 1.9 
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Results 
 
  
Evaluation of Error and Data Exploration 

Inter-observer errors between Khanpetch and my respective long bone 

measurements were relatively low (Table 3.1). All median and mean measurement 

differences were 0.10 mm or less, excepting the tibia. Tibia measurements differed 

most between the two observations, with a median difference of 0.20 (both sides), and 

a mean difference of 0.23 (right)/0.20 (left). Most TEM values (11/14) were less than 

0.10 mm and all less than 0.18 mm, indicating a general range of error between 0 and 2 

mm for each bone. When repeated measurements were considered as a percentage of 

mean bone size, 12/14 of differences were 0.30% of total bone size or less. The 

exceptions were the tibia error measures, which were calculated at 0.53% 

(right)/0.43% (left) percent mean tibia length. 

 
Table 3.1 Inter-observer error statistics for long bone measurements (Rectenwald1-

Khanpetch) 

Measurement Side N 
Median Abs. 
Difference 

Mean Abs. 
Difference 

TEM 
Mean Diff as 
% Mean Size 

Humerus R 9 0.1 0.1 0.08 0.26% 

 
L 10 0.1 0.08 0.06 0.21% 

Radius R 10 0.1 0.07 0.07 0.28% 

 
L 9 0.1 0.08 0.06 0.26% 

Ulna R 9 0.1 0.07 0.07 0.26% 

 
L 8 0.1 0.09 0.08 0.29% 

Femur Max. R 9 0.1 0.09 0.07 0.18% 

 
L 9 0 0.03 0.04 0.10% 

Femur Bicon. R 9 0.1 0.09 0.09 0.21% 

 
L 9 0 0.08 0.11 0.26% 

Tibia R 8 0.2 0.23 0.18 0.53% 

 
L 8 0.2 0.2 0.15 0.43% 

Fibula R 8 0 0.04 0.06 0.16% 

 
L 8 0 0.04 0.04 0.12% 
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Intra-observer errors for my initial and final test measurements were also 

analyzed (Table 3.2) with all median and mean differences falling below 0.10 mm and 

0.11 respectively. TEM values were 0.15 mm or less, and, when calculated as a percent 

of mean bone length, 11/14 measures fell at or less than 0.2% of total bone size. The left 

radius (0.51%), right ulna (0.60%) and right tibia (0.27%) were exceptions to this 

trend. Results for both the inter- and intra-observer error analyses indicate enough 

reasonable repeatability between long bone measurements for the purposes of this 

study. 

 

Table 3.2 Intra-observer error statistics for long bone measurements  
(Rectenwald1-Rectenwald2) 

Measurement Side N Median Abs. 
Difference 

Mean Abs. 
Difference 

TEM Mean Diff as 
% Mean Size 

Humerus R 9 0 0 0 0.00% 

 L 10 0 0.01 0.02 0.08% 

Radius R 10 0 0.03 0.04 0.16% 

 L 9 0 0.07 0.12 0.51% 

Ulna R 9 0 0.11 0.15 0.60% 

 L 8 0.05 0.05 0.05 0.20% 

Femur Max. R 9 0 0.04 0.05 0.11% 

 L 9 0 0.02 0.03 0.08% 

Femur Bicon. R 9 0.1 0.06 0.05 0.13% 

 L 9 0 0.04 0.07 0.16% 

Tibia R 8 0.1 0.1 0.09 0.27% 

 L 7 0 0.06 0.07 0.19% 

Fibula R 8 0 0.04 0.04 0.13% 

 L 8 0 0.03 0.04 0.10% 

 

 

Exploration of the long bone length data indicates a normal population 

distribution (Kolmogorov-Smirnov ≥0.200 female/≥0.179 male). Three outliers were 

noted, all male, but their measurements were consistently large and they were not 



   

 
 

33 
 

removed. Descriptive statistics for long bone lengths of each sex can be found in tables 

2.3 (female) and 2.4 (male).  

 

Coefficients of Variation in the Limbs 

The sample sizes and coefficients of variation for female and male arm and leg 

bone lengths are reported below, listed in ascending order of variability (Tables 3.3 & 

3.4). This variability (from the most to least stable) is also notably different between the 

long bones of females and males (Figure 3.1). 

 

 

Table 3.3 Female stature and long bone length variation by element (by ascending 
variability) 

Element Side N Mean 
Standard 
Deviation 

Coefficient of 
Variation 

(V*) 

Stature - 100 153.57 6.56 0.0428 

Humerus R 102 28.23 1.37 0.0488 

Ulna R 94 23.88 1.19 0.0501 

Humerus L 103 28.03 1.40 0.0502 

Ulna L 95 23.68 1.21 0.0514 

Bicon. Femur R 86 39.74 2.14 0.0541 

Radius R 97 22.16 1.20 0.0542 

Bicon. Femur L 85 39.84 2.17 0.0545 

Radius L 95 21.91 1.24 0.0569 

Fibula L 86 33.17 1.93 0.0582 

Fibula R 89 33.06 1.92 0.0584 

Tibia R 88 33.49 1.98 0.0591 

Tibia L 86 33.55 1.98 0.0592 
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Table 3.4 Male stature and long bone length variation by element  (by ascending 
variability) 

Element Side N Mean 
Standard 
Deviation 

Coefficient of 
Variation 

(V*) 

Stature - 147 165.40 7.22 0.0437 

Ulna L 150 26.00 1.25 0.0484 

Humerus L 150 30.55 1.50 0.0491 

Fibula L 132 35.76 1.76 0.0493 

Fibula R 128 35.77 1.76 0.0494 

Ulna R 149 26.13 1.29 0.0495 

Bicon. Femur R 126 42.81 2.13 0.0498 

Humerus R 148 30.69 1.53 0.0500 

Bicon. Femur L 125 43.14 2.16 0.0502 

Radius L 147 24.35 1.28 0.0528 

Radius R 150 24.48 1.30 0.0532 

Tibia R 129 36.01 1.92 0.0535 

Tibia L 130 36.08 1.93 0.0535 
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Figure 3.1 Female v. Male Coefficients of Variation by Element 
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As is demonstrated above, lengths in females are consistently more variable than 

the analogous long bone lengths in males. The exceptions to this observation were 

noted in overall stature and the right humerus, in which males demonstrate greater 

variability than females, though this difference is slight. In the upper limbs, females 

exhibit considerably less variability in bone lengths on the right side of the body when 

compared to the left. Interestingly, the opposite pattern is observed in males, with the 

right side displaying greater variability in the humerus, radius, and ulna. In both sexes, 

the humerus and ulna of both sides are similarly stable, while the right and left radii are 

much more variable. In the lower limb bones, the higher variability in females is even 

more conspicuous. Significant differences between sides are not evident with any of the 

leg bones and the tibia demonstrates the greatest variability in both sexes.  

 In females, the tibiae were the most variable, with coefficients at .0591 and .0592 

for the right and left side respectively, and the fibulae were similar (V*=.0582, .0584). 

Interestingly, these were the only bones in which the right and left sides were adjacent 

when listed by ascending variability. The right humerus and ulna were the most stable 

bones for females, followed by the same pair on the left side. The radius and femur 

lengths marked the midpoint in variability for females, with the left radius proving 

significantly more variable than the right. This is the largest difference in variability 

within a pair of bones for females. As is expected, the overall stature for females was the 

most stable of the measurements assessed. Males also demonstrated the most stability 

in their overall stature, though this score was less stable than reported for female 
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stature. Like the females, the male right and left tibiae were the most variable 

(V*=.0535), though this was immediately followed by the radius (V*=.0528 L, .0532 R) 

rather than the other distal leg bone, the fibula. The fibulae, instead, were among the 

most stable, left and right paired together at .0493 and .0494 respectively. The left ulna 

and humerus were similarly stable (V*=.0484, 0491), though the same bones from the 

right side were of middling variability, similar to the bicondylar femur lengths. In no set 

of bone lengths were male coefficients of variability dramatically skewed to one side 

(right v. left). 

 To determine statistical relationships among the earlier reported patterns, the 

adapted Sokal & Braumann (1980) t-test was used for females and males (Tables 3.5 & 

3.6). In females, significant differences (p < 0.05) were found between coefficients of 

variation of the radius and ulna for both the right and left side. Since these bone lengths 

are highly correlated in humans, this fluctuation in variability is quite surprising. The 

variation between the radius/humerus and tibia/femur are also significantly different 

on both sides, with the left side exhibiting greater difference in the upper limb (p < 0.05 

versus p<0.1), and the right side in the lower limb. Interestingly, the ulna/humerus and 

fibula/femur variations are not significant on either side, despite the same 

distal/proximal relationship. In males, significant differences (p < 0.05) were noted 

between all the paired distal bones – radius/ulna and tibia/fibula on both sides. 

Variability between the tibia and femur was also weakly significant in the right and left 

legs of males. These relationships echo the patterns seen in figure 1. 
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Table 3.5 Female paired t-test** for significance between coefficients of variation 
(V*)  

Long Bone Pairs Side N Exp. 11 
Exp. 12 

(t-value) 
p-value 

(2-tailed) 

Radius/Ulna R 91 0.001571 2.617657 0.0104* 

Radius/Ulna L 90 0.001656 3.277196 0.0015* 

Tibia/Fibula R 81 0.001725 0.436418 0.6637 

Tibia/Fibula L 78 0.001419 0.653353 0.5155 

Radius/Humerus R 94 0.002773 1.935177 0.0560† 

Radius/Humerus L 95 0.003024 2.221028 0.0288* 

Ulna/Humerus R 91 0.003109 0.403091 0.6878 

Ulna/Humerus L 95 0.003258 0.396278 0.6928 

Tibia/Femur R 82 0.002479 2.036707 0.0449* 

Tibia/Femur L 80 0.002334 1.981696 0.0510† 

Fibula/Femur R 79 0.002645 1.624869 0.1082 

Fibula/Femur L 76 0.002508 1.474549 0.1445 

                                                                                                                                                 *significant at p < 0.05              
**t-test adapted from Sokal & Braumann 1980                                                       †significant at p < 0.1                                                                                                                           

 

 

 

Table 3.6 Male paired t-test** for significance between  coefficients of variation 
(V*)  

Long Bone Pairs Side N Exp. 11 
Exp. 12 

(t-value) 
p-value 

(2-tailed) 

Radius/Ulna R 146 0.001241 2.991593 0.0033* 

Radius/Ulna L 145 0.001131 3.905124 0.0001* 

Tibia/Fibula R 125 0.001372 2.952522 0.0038* 

Tibia/Fibula L 127 0.001253 3.409872 0.0009* 

Radius/Humerus R 144 0.002383 1.344504 0.1809 

Radius/Humerus L 144 0.002494 1.484383 0.1399 

Ulna/Humerus R 143 0.002473 -0.20573 0.8373 

Ulna/Humerus L 146 0.002514 -0.28367 0.7771 

Tibia/Femur R 123 0.002079 1.75062 0.0825† 

Tibia/Femur L 123 0.001883 1.792961 0.0755† 

Fibula/Femur R 119 0.002069 -0.19869 0.8429 

Fibula/Femur L 120 0.001998 -0.44879 0.6545 

                                                                                                                                                *significant at p < 0.05             
**t-test adapted from Sokal & Braumann 1980                                                      †significant at p < 0.1                                                                                                                           
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Due to the differences in variability between sides of the body in both females 

and males, the same adapted t-test (Sokal & Braumann 1980) was computed to 

determine asymmetry in coefficients of variation. No statistically significant differences 

were recorded between the sides of any of the long bones in either sex (Tables 3.7 & 

3.8). 

 

Table 3.7 Paired t-test** for asymmetry between female coefficients of 
variation (V*) 

Long Bone Pairs N Exp. 11 
Exp. 12 

(t-value) 
p-value 

(2-tailed) 

Humerii 100 0.001224 -1.11138 0.2691 

Radii 89 0.001697 -1.59842 0.1135 

Ulnae 88 0.001247 -1.12102 0.2654 

Femora 80 0.001014 -0.43199 0.6670 

Tibiae 84 0.000868 -0.01566 0.9876 

Fibulae 80 0.001147 0.140316 0.8888 

**t-test adapted from Sokal & Braumann 1980 

 
 
 
 

Table 3.8 Paired t-test** for asymmetry between male coefficients of variation 
(V*) 

Long Bone Pairs N Exp. 11 
Exp. 12 

(t-value) 
p-value 

(2-tailed) 

Humerii 145 0.000792 1.153933 0.2504 

Radii 144 0.000851 0.489008 0.6256 

Ulnae 145 0.000957 1.167912 0.2448 

Femora 119 0.000594 -0.52831 0.5983 

Tibiae 124 0.000809 -0.06308 0.9499 

Fibulae 124 0.000736 0.233638 0.8157 

**t-test adapted from Sokal & Braumann 1980 

 

 

 



   

 
 

39 
 

Long Bone Length Ratios and Linear Enamel Hypoplasia 

To gauge the relationship between element/stature and the distal/proximal long 

bone length ratios with LEH counts, Spearman’s Rank Correlation Coefficient was used. 

First, the ratios were examined with regard to LEH presence/absence. This offers 

insight into what may be a cruder association between limb length and enough stress to 

cause LEH (rather than degrees of stress that cause varying amounts of LEH). In females 

(Table 3.9), a significant relationship was revealed between the right radius/stature – 

the ratio of length relative to the body – as well as all four distal limb bones/stature. 

Interestingly, the lower limb bones, which demonstrated a strong association (p < 0.05) 

were among the most variable in the earlier determined pattern of variability. With 

regard to distal/proximal long bone proportions, however, only the radius/humerus 

ratio demonstrated a significant correlation with LEH presence/absence, and then only 

weakly (p<0.1). 
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Table 3.9 Spearman’s correlation between female ratios and LEH presence/ 
absence 

Element/Stature Ratio Side N 
Correlation 
Coefficient 

p-value (2-
tailed) 

Humerus/Stature R 39 -.234 .151 

 L 39 -.077 .643 

Radius/Stature R 37 -.316 .056† 

 L 36 -.250 .142 

Ulna/Stature R 34 -.217 .217 

 L 35 -.186 .285 

Bicon. Femur/Stature R 37 -.244 .146 

 L 35 -.155 .373 

Tibia/Stature R 36 -.346 .039* 

 L 37 -.371 .024* 

Fibula/Stature R 37 -.422 .009* 

 L 36 -.354 .034* 

Distal/Proximal Ratio     

Radius/Humerus R 41 -.307 .051† 

 L 41 -.284 .072† 

Ulna/Humerus R 38 -.161 .335 

 L 40 -.163 .316 

Tibia/Bicon. Femur R 39 -.188 .252 

 L 39 -.254 .118 

Fibula/Bicon. Femur R 37 -.249 .137 

 L 36 -.225 .187 

                                *significant at p < 0.05                                                                                                                                                   
                                                                                                                                             †significant at p < 0.1                                                                                                                           

 

Males (Table 3.10) demonstrated almost an opposite pattern concerning the 

long bone proportions and LEH presence/absence. In the element/stature ratios, all of 

the significant associations were located in the upper, rather than the lower limb (right 

and left humerus, left radius and ulna) though it should be noted that three of these 

correlations were relatively weak (p<0.1). Whereas female distal/proximal ratios were 

more strongly associated with LEH presence/absence in the upper limb, the male 

measurements again demonstrated the opposite, with weak relationships in the right 

tibia and fibula/femur and a strong correlation with the left fibula/femur.  
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Table 3.10 Spearman’s correlation between male ratios and LEH presence/ 
absence 

Element/Stature Ratio Side N 
Correlation 
Coefficient 

p-value (2-
tailed) 

Humerus/Stature R 48 .250 .087† 

 L 51 .250 .077† 

Radius/Stature R 51 .215 .129 

 L 51 .337 .015* 

Ulna/Stature R 48 .198 .177 

 L 52 .254 .069† 

Bicon. Femur/Stature R 45 .181 .235 

 L 45 .209 .168 

Tibia/Stature R 44 .093 .548 

 L 48 .115 .294 

Fibula/Stature R 45 .079 .608 

 L 46 .028 .856 

Distal/Proximal Ratio     

Radius/Humerus R 53 .020 .888 

 L 56 .059 .665 

Ulna/Humerus R 50 -.001 .992 

 L 57 -.020 .886 

Tibia/Bicon. Femur R 47 -.250 .090† 

 L 50 -.152 .293 

Fibula/Bicon. Femur R 46 -.290 .051† 

 L 47 -.445 .002* 

     *significant at p < 0.05 
                                                                                                                                             †significant at p < 0.1                                                                                                                           

 

Investigating the same ratios and LEH frequency provides a better understanding 

of the relationship between limb bone variability and the degree of stress suffered in 

childhood. In females (Table 3.11), a very strong pattern emerged: the radius/stature 

ratios were significantly related to LEH frequency, and all of the lower limb 

bones/stature demonstrated a strong association as well (p < 0.05). When examining 

distal/proximal long bone proportions, again the lower limb bones displayed an 

association, with the tibiae strongly, and the fibulae more weakly correlated.  
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Table 3.11 Spearman’s correlation between female ratios and LEH frequency 

Element/Stature Ratio Side N 
Correlation 
Coefficient 

p-value (2-
tailed) 

Humerus/Stature R 39 -.256 .115 

 L 39 -.131 .427 

Radius/Stature R 37 -.349 .034* 

 L 36 -.313 .063† 

Ulna/Stature R 34 -.227 .196 

 L 35 -2.17 .211 

Bicon. Femur/Stature R 37 -.223 .184 

 L 35 -.150 .389 

Tibia/Stature R 36 -.427 .009* 

 L 37 -.428 .008* 

Fibula/Stature R 37 -.483 .002* 

 L 36 -.452 .006* 

Distal/Proximal Ratio     

Radius/Humerus R 41 -.219 .168 

 L 41 -.182 .255 

Ulna/Humerus R 38 -.169 .311 

 L 40 -.067 .680 

Tibia/Bicon. Femur R 39 -.334 .038* 

 L 39 -.319 .048* 

Fibula/Bicon. Femur R 37 -.322 .052† 

 L 36 -.311 .065† 

                                *significant at p < 0.05                                                                                                                                                   
                                                                                                                                             †significant at p < 0.1                                                                                                                           

 

Males, interestingly, displayed a much weaker relationship with LEH frequency 

than had occurred with LEH presence/absence (Table 3.12). No significant associations 

were found when examining element/stature ratios, and only the left fibula/femur 

proportion among the other ratios exhibited correlation. That correlation, however, 

was remarkably strong (p=.002), especially when contrasted with the total lack of 

relationship demonstrated elsewhere. It is acknowledged that these results may be the 

result of some natural curvature in the left fibula. 
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Table 3.12 Spearman’s correlation between male ratios and LEH frequency 

Element/Stature Ratio Side N 
Correlation 
Coefficient 

p-value (2-
tailed) 

Humerus/Stature R 48 .086 .561 

 L 51 .099 .489 

Radius/Stature R 51 .141 .325 

 L 51 .190 .181 

Ulna/Stature R 48 .158 .285 

 L 52 .126 .373 

Bicon. Femur/Stature R 45 .119 .435 

 L 45 .131 .391 

Tibia/Stature R 44 .065 .676 

 L 48 .077 .605 

Fibula/Stature R 45 .072 .638 

 L 46 -.041 .788 

Distal/Proximal Ratio     

Radius/Humerus R 53 .138 .325 

 L 56 -.016 .909 

Ulna/Humerus R 50 .108 .454 

 L 57 -.029 .831 

Tibia/Bicon. Femur R 47 -.202 .173 

 L 50 -.201 .161 

Fibula/Bicon. Femur R 46 -.207 .168 

 L 47 -.433 .002* 

                                *significant at p < 0.05                                                                                                                                                   
                                                                                                                                             †significant at p < 0.1                                                                                                                           

 

 

Long Bone Lengths, Birth Cohorts, and Age-at-Death 

 To investigate the potentiality of secular change in the Thai sample, simple linear 

regression equations were created wherein the ability for long bone lengths to predict 

the birth cohorts (as defined by decade of birth) was assessed. For females (Table 3.13), 

long bones generally did an excellent job predicting birth cohorts. Both humerii and 

tibiae demonstrated weak significance (p < 0.1), while both radii, femora, and fibulae 

exhibited a strong ability to predict an individual’s birth cohort (p < 0.05). 
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Table 3.13 Linear regression for female long bone length (X) and birth cohort (Y)  

Long Bone  Side       
p-value  

(2-tailed) 

Humerus R .279 -3.586 .055† 

 L .247 -2.675 .089† 

Radius R .329 -2.997 .040* 

 L .346 -3.281 .025* 

Ulna R .043 3.357 .463 

 L .215 -.779 .209 

Bicon. Femur R .214 -4.233 .036* 

 L .185 -3.097 .049* 

Tibia R .208 -2.613 .058† 

 L .196 -2.289 .070† 

Fibula R .309 -5.898 .006* 

 L .242 -3.676 .027* 

                                *significant at p < 0.05                                                                                                                                                   
                                                                                                                                             †significant at p < 0.1                                                                                                                           

 
 
 

Table 3.14. Linear regression for male long bone length (X) and birth cohort (Y)  

 
Long Bone  

Side       
p-value  

(2-tailed) 

Humerus R -.307 14.07 .021* 

 L -.288 13.40 .025* 

Radius R -.353 13.25 .020* 

 L -.361 13.37 .019* 

Ulna R -.290 12.21 .088† 

 L -.322 12.96 .046* 

Bicon. Femur R -.234 14.48 .015* 

 L -.256 15.59 .009* 

Tibia R -.242 13.31 .035* 

 L -.298 15.35 .004* 

Fibula R -.193 11.43 .120 

 L -.190 11.352 .099† 

                                *significant at p < 0.05                                                                                                                                                   
                                                                                                                                             †significant at p < 0.1                                                                                                                           
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In males, all but the right fibula predicted birth cohorts with some degree of 

accuracy, though some (such as both humerii, radii, femora, tibiae as well as the left 

ulna) more strongly (p<0.1) than others (left ulna and fibula, p<0.1).  

Spearman’s correlations were also used to determine if a bone’s relative length 

(element/stature) changed with regard to age-at-death, an analysis that may provide 

insight into how drastically stress, as represented by relative bone length, can affect 

longevity. In females (Table 3.15), there seems to be a strong relationship between the 

two variables. The humerii, ulnae, femora, and tibiae from both sides exhibit an 

association, as well as the left fibula. Neither of the radii, nor the right fibula reflects a 

relationship.  

 

 

Table 3.15. Spearman’s correlation between female ratios and age-at-death 

Stature Ratio Side N 
Correlation 
Coefficient 

p-value  
(2-tailed) 

Humerus/Stature R 38 .533 .001* 

 L 38 .492 .002* 

Radius/Stature R 36 .273 .108 

 L 35 .216 .212 

Ulna/Stature R 33 .426 .014* 

 L 35 .386 .024* 

Bicon. Femur/Stature R 36 .401 .015* 

 L 34 .303 .082† 

Tibia/Stature R 35 .375 .027* 

 L 36 .315 .061† 

Fibula/Stature R 36 .195 .255 

 L 35 .312 .068† 

                                *significant at p < 0.05                                                                                                                                                   
                                                                                                                                             †significant at p < 0.1                                                                                                                           
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 Males similarly demonstrated a majority of bones with a relationship between 

relative length and age-at-death (Table 3.16). The stronger correlations (p<0.5) were 

found with the humerii, radii, femora, and tibiae, while the left ulna and fibula showed 

weaker relationships (p<0.1). Only the right ulna and fibula did not exhibit an 

association.     

 

 

Table 3.16 Spearman’s correlation between male ratios and age-at-death 

Stature Ratio Side N 
Correlation 
Coefficient 

p-value  
(2-tailed) 

Humerus/Stature R 48 .290 .046* 

 L 51 .414 .003* 

Radius/Stature R 51 .319 .022* 

 L 51 .329 .018* 

Ulna/Stature R 48 .209 .154 

 L 52 .264 .058† 

Bicon. Femur/Stature R 45 .452 .002* 

 L 45 .487 .001* 

Tibia/Stature R 44 .357 .017* 

 L 48 .417 .003* 

Fibula/Stature R 45 .228 .132 

 L 46 .262 .079† 

                                *significant at p < 0.05                                                                                                                                                   
                                                                                                                                             †significant at p < 0.1                                                                                                                           
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Discussion 
 
 
Coefficients of Variation in the Limbs 

Patterns of variability in the limbs seem to be relatively similar across 

populations, the proximal limb segments displaying significantly more stability, which 

decreases in the distal bones of both the upper and lower limb (Holliday 1999, Holliday 

& Ruff 2001, Jantz & Jantz 1999). An analysis of the coefficients of variation for each 

bone (as separated by sex and side), indicate that this general pattern is present within 

the Chiang Mai Collection Thai population sample as well, though with some deviation. 

In both males and females (Table 3.3 & Table 3.4), the humerii are considerably more 

stable than the radii – the most commonly used of the distal arm bones – which is to be 

expected. Interestingly, however, the variability of the ulnae is more similar to that of 

the humerii than the radii. This was statistically verified in females with the adapted t-

test from Sokal & Brauman (1980) (Table 3.5). Here it is demonstrated that while the 

radii significantly differ in variability from the humerii and ulnae, the ulnae and humerii 

are not significantly different from each other. Thus, while the humerus/radius 

relationship on both sides matches the traditional proximo-distal variability of limb 

segments demonstrated in many other variability profiles, the right and left ulnae are 

left out of the pattern, more similar in stability to the humerii then the other distal limb 

bones.  

Similarly, the coefficients of variation of the radii were less stable than those of 

either the humerii or ulnae, and a significant difference between radii and ulnae was 
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observed. The right and left humerii, however, did not significantly differ from either 

the radius or the ulna, indicating a slightly different pattern than was demonstrated in 

females. In both sexes, the radius was easily the most variable of the arm bones, which 

fits the general proximo-distal pattern as it is represented statistically (brachial index: 

radius/humerus). The exact same pattern of variation occurs in the lower limbs of both 

sexes, with the tibiae considerably more variable than either the femora or fibulae. In 

males, the tibiae and both the femora and fibulae demonstrate significant difference, 

while the fibulae and femora do not differ statistically. In females, however, the tibiae 

and fibulae are not significantly different, attributing to a pattern more akin to the 

standard proximo-distal stability.  

The discrepancies with ulnar and fibular variation, however, are difficult to 

explain. Generally speaking, both distal bones of either the upper or lower limb are 

highly correlated in length. While the Pearson’s correlation between distal bones was 

very high in the exploration of the data, their inherent variability differed significantly. 

In the upper limb, it is possible that the very strict functional ends of the ulnae limit 

their inherent ability to vary, whereas the simpler design and function of the radii can 

support a wider range of size. Similarly, the fibulae are difficult to both measure and 

judge due to the great plasticity and bowing capacity of the bone, and they are often not 

the focus of most distal/proximal limb examinations (tibiae/femur being standard 

crural index). This trend does not show up in other often referenced samples (which 

almost exclusively consist of American skeletons of European and African ancestry) but 



   

 
 

49 
 

may be associated with individuals of Asian ancestry, or possibly Southeastern 

Asian/Thai populations specifically. Another possible explanation may be that since the 

ulna and fibula are not the representative distal bone in the calculation of either the 

brachial or crural index – the basic standard by which the vast majority of limb 

proportion research is organized and analyzed (Holliday 1999, Holliday & Ruff 2001, 

Jantz & Jantz 1999) – there is not a clearly established relationship connecting the 

humerus, radius, and ulna in variability. It is true that “distal” is often used 

synonymously with the radius or tibia, depending on the limb in question, and assumes 

the high correlation between the two distal bones corresponds with nearly equal 

variability. In this population, significantly less variable ulnae and fibulae are 

demonstrated for both sexes, a pattern that must be taken into consideration when 

analyzing the relationships between bone length and LEH frequency, birth cohorts, and 

age-at-death. 

While the sexes shared overall patterns in limb variability, it should be noted 

that males demonstrated considerably greater stability in all of the long bone lengths 

(excepting only the right humerus, wherein the variability of both sexes were very 

similar). Females, however, also displayed slightly less variability in their overall 

stature. This may suggest that females from this sample exhibit much less variation in 

other fields of the body that contribute to stature – trunk, neck, and skull height may be 

more tightly controlled in females compared to limb lengths. The hypothesis that 

females demonstrate less stature fluctuation than their male counterparts has been 
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supported in numerous studies (Stinson 1985, Tanner 1962, Greulich 1951, Stini 1969, 

1971), often owing to the reproductive buffer systems in place for females. In this case, 

however, the difference in stature variation between the sexes is minimal, and all the 

male long bone measurements (excepting the right humerus) are more stable than their 

female equivalents. This contradicts much of the evidence indicating higher male 

variability due to environmental sensitivity and variations in catch-up growth (Neves 

1998). Whether this is a trend specific to Southeast Asia or is the possible result of 

moderate-to-small sample sizes with some missing data is uncertain, but the difference 

represents a pattern in this sample that is distinct from many of the other populations 

within which limb and stature proportions have been assessed.  

It should also be noted that there were no significant differences indicating 

asymmetry of variation between the right and left sides of the same bone. This is likely 

due to the simultaneous formation and development of analogous skeletal elements, 

both pre- and post-natally (Feretti & Tickle 1997). Logically, if environmental or disease 

stress affects skeletal growth and development, all elements in the process of change 

will be affected. Since the right and left sides of the body develop together, this lack of 

asymmetry in variability was expected. Bilateral asymmetry often develops as the 

result of patterns of use, especially in the upper limbs (Auerbach & Ruff 2006), but 

these changes do not seem to be reflected in the inherent variability of right and left 

sided bones. 
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Long Bone Length Ratios and Linear Enamel Hypoplasia 

 The Spearman’s correlations between both stature (element/stature) and limb 

segment (distal/proximal) ratios with regard to LEH presence fit the hypothesis in both 

males and females at α = 0.1 (Tables 3.9 & 3.10). In the female subset, there were very 

strong associations between presence of LEH and shorter relative long bone lengths, 

especially in the lower limb. The tibiae and fibulae demonstrated a high negative 

correlation with LEH presence, supporting the general assumptions that greater stress 

results in shorter long bone lengths in the more variable (distal) bones. The right radius 

(one of the most variable bones in the upper limb) also exhibited a weaker association 

between LEH presence and bone length. Regarding the actual limb segment proportions 

(distal/proximal), however, only the radius/humerus relationship demonstrated a 

correlation with LEH presence.  

This is particularly interesting because it indicates, to some degree, the 

difference between the response to stress in relative bone length and that in inter-limb 

ratios. It would seem that while the lengths of the distal bones of the lower limb were 

more dramatically affected by LEH presence, some slight association in the femur kept 

the lower limb bones from displaying significance with regard to the distal/proximal 

ratios. Put simply, the tibiae and fibulae shortened significantly with regard to stress, as 

did the femora (though not enough to register as statistically significant). Thus, because 

both the numerator and denominator of the distal/proximal ratios in the lower limb 

were shortened, the proportion registers as “average” and does not demonstrate a 
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significant difference. The opposite seems to be true concerning the upper limb. While 

the relative humerii and radii lengths were not strongly associated with LEH presence 

(excepting the right radius), the radii responded more strongly to stress than did the 

humerii in the proximal/distal proportion. This resulted in a reduced numerator over a 

denominator not much changed, and thus the proportion, rather than the relative 

lengths, reflected the relationship with developmental stress. 

 The opposite pattern holds true for males. Interestingly, both humerii and the 

left radius and ulna demonstrate an association between relative length and LEH 

presence, though not in terms of the distal/proximal proportions.  It seems both limb 

segments were changing enough not to register inter-limb proportion variation. The 

relative length of the tibiae and fibulae, however, did not react especially to LEH 

presence on their own, but were foreshortened enough when compared to the femur 

length that the distal/proximal ratios were significantly associated with stress. We 

therefore can see that, as hypothesized, the distal limb segments of both sexes – as 

represented by either relative length or limb segment ratios – are responding 

significantly to the application of stress in childhood. Not yet taking into consideration 

the degree of stress (LEH frequency), it seems the presence of enough detrimental 

environmental activity to cause LEH is also enough to affect skeletal development in 

such a way that it is reflected in the frame of elderly adults. The next question, then, is 

whether the development of limb segment length is sensitive enough to significantly 
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correlate with LEH frequencies, or if they are only capable of indicating stress v. no 

stress. 

 Interestingly, the answer seems highly specific to sex. In females (Table 3.11), 

the results line up almost perfectly with the predictions. The Spearman’s correlations 

are highly significant in all four bones of the distal lower limb with regard to both 

relative length and distal/proximal ratios. The tibiae and fibulae of females in this 

sample, therefore, respond very strongly to degrees of stress experienced by the 

individual in childhood. The relative length again indicates a direct shortening of the 

bones as LEH frequencies increase, and the limb segment ratios mean that the tibiae 

and fibulae are not only shortening, but are much more sensitive to this stress than the 

femora. Both radii, in addition, demonstrate significant differences with regard to 

relative length, but the failure of this correlation to repeat in the limb segment 

proportion analysis indicates enough variation in the humerus to obfuscate proportion 

changes. Thus, we see great distal variability corresponding very clearly with the 

degree of stress in childhood (LEH frequency). In males, however, there is practically no 

association between LEH frequency and long bone length (Table 3.12). A single 

significant correlation was determined, indicating that stress in childhood shortens the 

left fibula considerably with relation to the left femur. However, this finding is out of 

place from the rest of the correlations, and participates in no overall pattern of 

variability; it is possible that this is due to a lifestyle in which the left fibula was heavily 
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and repeatedly relied upon for planting during development. This finding could also be 

the result of some non-linear fibular variation, such as bowing.  

 It can thus be concluded with regard to this sample that while both females and 

males respond as predicted to the presence of developmental stress in childhood, 

female long bone lengths are also surprisingly sensitive to degree of childhood stress in 

a way that males do not display. Disregarding the left fibula, there is no association 

between the degree of stress and long bone lengths of males despite the fact that the 

mere presence of stress can make a lasting impression on the adult skeleton of both 

sexes. Females, displaying the considerably higher variability listed above also 

demonstrate a greater association with limb segment shortening and stress,  

responding to specific LEH frequencies. Males are clearly affected by stress, but seem to 

simply have a present/absent response, with no sensitivity to the severity or length of 

the exposure (excepting, possibly, the left fibula). 

 

At a more traditional significance level of 0.05, the relationship between LEH 

presence/absence and limb length variability also differs between the sexes. In females 

(Table 3.9), the relative length of the tibiae and fibulae were clearly affected by the 

presence of LEH, supporting previous work that indicated greater variability in the 

lower limb with regards to stress (Holliday 1999, Holliday & Ruff 2001). However, 

neither the crural nor brachial indices are significantly correlated to LEH 

presence/absence in females, likely indicating similarly expressed responses in both 
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the proximal and distal limb lengths. In males, the pattern is not as clear (Table 3.10). 

The relative limb length of the left radius displayed a relationship with 

presence/absence, as did the left fibula/femur ratio. It is possible that the left fibular 

measurements may have been affected as a result of extensive planting activities in 

childhood, but this wouldn’t affect the left radius so other cultural behaviors may be 

indicated here.  

Regarding LEH frequency, females again displayed a clearer pattern of long bone 

length response, especially regarding the lower limb (Table 3.11). The relative limb 

length of the right radius, both tibiae, and both fibulae were strongly associated with 

LEH frequency, again supporting lower limb variability expectations. Both crural 

indices also correlated with LEH frequency, indicating a greater response to stress in 

the distal limb bone than the proximal of the leg. Interestingly, only the left 

fibula/femur ratio was associated with LEH frequency in males (Table 3.12). Again, this 

may be related to bowing from cultural activities.  

  

Long Bone Lengths, Birth Cohorts, and Age-at-Death 

 Because there is some width to the sample in terms of year of birth and age-at-

death, the long bone lengths and ratios were also used to investigate secular change and 

the relationship between longevity and childhood stress. Simple linear regression was 

used to determine the association between long bone length (X) and birth cohort (Y), at 

a significance level of 0.1. Since the birth cohort groups the individuals into areas of 
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time by year of birth (Table 2.5), this comparison, similarly to Mahakkanukrauh et al. 

(2011), allows a general perspective of secular change over most of the 20th century.  

In the female sample, equations based on the long bone lengths of all but the 

ulnae were significant fits with regards to predicting birth cohorts (Table 3.13). Stated 

differently, most of the long bones in females were strongly associated with the time of 

their birth and all exhibited a positive slope. This means that as time passed, and a 

continuum of individuals were born, their long bone lengths increased – a strong 

indicator of positive secular change in the population. This supports the findings of 

several other researchers (Jantz & Jantz 1999, Takamura et al. 1988, Tanner et al. 1982) 

and indicates a better standard of health, nutrition, and possibly a decrease in stress 

(Steckel 1995) for females from this sample.  

What is very surprising, however, is the pattern in males (Table 3.14). In males, 

the correct fit of the linear regressions were even stronger, with all equations but the 

right fibula indicating a strong significance. The slope for all of the male long bones, 

however, was negative. This demonstrates the presence of secular change, but 

contradicts almost all research conducted on the topic. Here we see a sub-sample 

exhibiting shorter bones as their birth-cohorts get closer to the present day. A possible 

explanation for this trend may be that the males from the more recent birth-cohorts 

suffered more stress in life, and encountered a shorter life-span (thus being a part of the 

recently gathered data). The same research that is supported by the female findings 

(Jantz & Jantz 1999, Takamura et al. 1988, Tanner et al. 1982) could be used to 
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interpret this relationship of early death and short long bone lengths. What is very 

interesting, however, is that the pattern is not the same between the sexes.  

In an effort to investigate these differences, more Spearman’s correlations 

between age-at-death and relative bone length (stature ratios) were conducted, and all 

coefficients were positive. This indicated that longer bones were found in individuals 

with longer lives. In females, this pattern was punctuated with significant associations 

in every bone but the radii and right fibula (Table 3.15). Drawing conclusions from the 

general relationship between short stature, short limb proportions, stress (LEH), and 

shorter life spans (King et al. 2005, Kemkes-Grottenthaler 2005), it seems clear that the 

more stress a woman from this sample encountered as a child, the less likely she was to 

live to old age. It is very interesting that the pattern does not hold true for the radii, 

which had some of the highest variability in the upper limb. In males, a similar pattern 

was recorded, wherein all but the right ulna and fibula showed a significant positive 

correlation between relative long bone length and age-at-death (Table 3.16). This also 

indicates a potential relationship between less childhood stress and longevity. 

 

At an alpha level of 0.05, the female linear regression equations for the right and 

left radii, femora, and fibula were significantly different from zero (Table 3.13).  These 

bones were predictive for birth cohort and exhibited a positive slope, thus indicating 

secular change over time. This pattern may be demonstrative of an increase in female 

health during childhood, as the more recent birth cohorts displayed increased bone 
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lengths compared to women born earlier in the century. Males, in contrast, 

demonstrated a negative slope in all but the right ulna and fibulae (which were not 

significant, Table 3.14). Interestingly, this indicates that childhood stress was increased 

for males over time – a direct opposition to the patterns of secular change identified 

among females. It is possible that this difference is the result of differential donation of 

male and female bodies to the university collection, variations of the osteological 

paradox (Wood et al. 1992), or potential other cultural changes affecting the sexes.  

In the analysis of age-at-death and relative limb lengths, females demonstrated 

significance (α = 0.05) in the humerii, ulnae, right femur, and tibia (Table 3.15). 

Similarly, significant male correlations were noted for all but the ulnae and fibulae 

(Table 3.16). Because all coefficients for the significantly affected bones are positive, it 

seems that individuals who live to a greater age also displayed longer limb segments. 

Based on the relationship between stature, limb proportions, stress (LEH), longevity 

(King et al. 2005, Kemkes-Grottenthaler 2005), it seems clear that the more stress an 

individual from this sample encountered during development, the more likely the 

individual would die early. 
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Conclusions 
 
 
 The stated hypothesis of this study, that relative limb lengths and limb segment 

proportions accurately reflect developmental stress in the sample population, was 

affirmed throughout the course of this research. The traditional proximo-distal pattern 

of long bone variability was identified in the Chiang Mai sample, though marked by 

some slight sexual dimorphism. Males displayed considerably greater stability in the 

coefficients of variation for the limb segments, while female long bones demonstrated 

much greater variability. Females, however, also exhibited less variation in stature, 

possibly indicating that other developmental fields in the skeleton (such as the skull, 

vertebral column, and pelvis heights) were subject to significantly less internal 

variability than in males. This would coincide with the theory of female reproductive 

buffering in response to stress.  

 When compared against presence/absence and frequency of LEH, both relative 

long bone lengths (element/stature) and limb segment proportions (distal 

element/proximal element) displayed correlations. Females demonstrated a strong 

association between all four combinations of LEH and long bone length measures, while 

males only exhibited strong response between LEH presence/absence and long bone 

length relationships. The failure of male long bones to significantly indicate the degree 

of stress (frequency versus presence/absence) may be the result of long bones that are 

inherently less variable than the females of the population. Females, interestingly, 

demonstrated even higher correlations with LEH frequency than they did with 
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presence/absence. While this could be specific to the sample, it may also reflect a level 

of sensitivity to childhood stress in the limbs (rather than the trunk) not displayed by 

males.  

These analyses also revealed interesting differences between relative bone 

length and limb segment proportions. Brachial and crural indices (essentially limb 

segment proportions) are frequently used to examine variability in human allometry. 

The inherent assumption of these indices, however, is that one of the element lengths is 

changing, while the other remains stable. Because the distal limb segments are more 

variable than their proximal counterparts, these ratios tend to be informative. Yet in 

this study, findings indicated that some variation in the proximal elements were 

preventing the ratios from registering significance that was otherwise revealed by 

relative limb lengths (element/stature). This supports Auerbach and Sylvesters’ (2011) 

suggestion that stature be used instead of geometric means as size variables when 

examining allometric relationships in the limbs. Certainly in forensic and archaeological 

cases, an accurate measure of stature from which to create such ratios is unavailable. In 

terms of developmental studies of the skeleton, however, this distinction may be very 

beneficial. 

In addition to these findings, the birth cohort and age-at-death relationships 

indicated secular change in long bone lengths of both males and females. Of particular 

note, however, was that the linear regressions provided evidence for secular change in 

opposite directions between females and males. Females exhibited a positive linear 



   

 
 

61 
 

relationship between standard long bone lengths and birth cohort, indicating increased 

limb lengths (and, thus, health) as time passed. The relationship between health and the 

emergence of wide-spread nutrition and healthcare is a common pattern in most well-

developed nations (Steckel 1995). In males, however, this pattern was reversed. The 

more recently a cohort of males was born, the shorter the associated long bones. This 

would indicate the exact opposite trend of females, wherein males may be 

demonstrating a decrease in health.  

It is of course possible that the more recent male contributions to the Chiang Mai 

collection suffered considerably more stress than their earlier-born compatriots. This 

may reflect a difference not of time-period, but of individual context. Put simply, those 

born at the beginning of the 20th century who lived to be octogenarians may have been 

inherently healthier than later-born individuals who died in their 30s or 40s, regardless 

of medical care or stress. This possible application of the osteological paradox (Wood et 

al. 1992) would then raise questions about why this trend exists only in males of this 

sample and not in females. The relationship between age-at-death and stress (as 

reflected by relative bone length) punctuated the birth cohort findings, indicating that 

longer bones were found in individuals with longer lives. In both sexes, increased 

longevity was directly associated with decreased childhood stress. It is possible, then, 

that the sexes register markedly opposite patterns of secular change because females 

have been experiencing less stress in modern times than they had previously, while 



   

 
 

62 
 

male childhood stress levels have increased over time. This may, of course, be the result 

of class or other culturally-influenced variables within the sample.  

While this study affirmed all expected hypothesis, there were certain limitations 

with the data that should be noted. Sample sizes were dramatically lowered when the 

sample was reduced to individuals with all the necessary long bone measurements (by 

sex and side) who also met Duray’s somewhat strict requirements for tallying LEH. 

Because of the narrow window of time in which data were collected, as well as the high 

proportion of edentulous individuals in the sample, the sample size could only be 

pushed so far. A more thorough analysis, with large samples of well-processed females 

and males could help support or negate these findings. Even numbers of female and 

male subjects would also help prevent bias in the statistical analysis. In addition to 

issues of sample size, future research should include similar analyses on populations of 

differing ancestry. If the patterns observed here are markedly different among various 

populations, this could be very informative for physical anthropologists. The findings 

listed here may be adapted to suit a wide-variety of future forensic, archaeological, and 

developmental research. 
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