
ABSTRACT 

LAUCH, ALEXANDRA DIANE. A Product of the Environment: An Analysis of 

Environmental Impact on Stature Estimation Methods and Skeletal Development in Two 

Stressed Populations of European Descent. (Under the direction of Dr. Ann Ross, Dr. D. 

Troy Case, and Dr. Chelsey Juarez). 

 

Stature estimation is a critical part of forensic skeletal analysis. It is known in the 

literature that current methods of stature estimation overestimate short individuals and 

underestimate tall individuals. It is also known that environmental effects have changed the 

body proportions of Americans of European descent. This study seeks to test an alternate 

method of stature estimation that addresses the shorter and taller individuals in a population, 

examine the role of environmental effects on stature estimation models, and to look at the 

environmental impact on skeletal development in two populations experiencing economic or 

war related stress. 

 Lower limb long bone measurements for 123 American males of European descent 

and 86 Bosnian males were used in this study. The Americans were organized both by 

recorded height and by length for each skeletal element. These were divided into Short, 

Average, and Tall stature sub-groups. Predictive equations for stature were derived from 

regression analysis on each stature sub-group for each long bone for both methods of data 

organization. Height estimates from these equations were compared to estimates given by 

equations used in FORDISC 3.0 with a t-test. Results showed that the stature specific 

equations provided more accurate height estimates than the standard general equations used 

in FORDISC 3.0. However, these results may be skewed as predictive equations could not be 

derived for the Short stature sub-group when the data was organized by recorded height. This 



is most likely due to insults in skeletal development decreasing the relationship between 

element length and recorded height. These results indicate that there may be a better way to 

estimate height in an American forensic setting. 

The Bosnians, all of whom were born prior to the break-up of Yugoslavia in 

communist Eastern Bloc conditions, were compared to a sub-sample of the Americans, all of 

whom were born between 1930 and 1945 in the Depression/WWII era. The maximum 

lengths of the femora and tibiae from each population were compared with a t-test. In 

addition, tibia length was regressed on femur length within each population. The t-test 

comparisons showed no significant differences in the long bone lengths. This was 

unexpected as previous studies had found such differences. This may be due to 

environmental stress of the Depression changing the long bone proportions this particular 

American sub-sample, making them more similar to the stressed Bosnian population. The 

regression of long bone lengths showed that the Americans had a closer correlation between 

femur and tibia length, while the Bosnians did not. This indicates that the Bosnians were 

more stressed than the Americans. These results can be extrapolated to address issues of 

social class and developmental stress. Americans used as proxy for upper class weathered a 

time of economic stress better than the lower class Bosnians. This supports the theory present 

in the literature that long bone lengths, proportions and levels of developmental stress can 

provide evidence of stress in a population and may be an indicator of declined health, social 

marginalization, or mistreatment of individuals.   
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CHAPTER 1: INTRODUCTION 

 

Stature estimation is one of the fundamental assessments made in the analysis of 

human remains. Achievement of adult height is controlled partially by genetics and partially 

by environment (Costa 1993). An individual’s environment consists of both their immediate 

surroundings as well as the quality of life in the country in which they’re raised, including 

their socioeconomic status. It has been shown in the literature that economic inequality has 

an impact on achievement of adult height (Steckel 1995, Steckel 1998, Carson 2009, Costa 

1993). In American society there is a growing gap between the upper and lower classes 

(Gangl 2005). Such differential living environments could cause a certain amount of 

variation in the heights of individuals that would in turn affect the way in which we should 

estimate stature for modern human remains. This thesis seeks to do two things: 1) To 

examine the accuracy of current standard stature estimation methods with special attention 

paid to how well these methods work on shorter or taller individuals and 2) to analyze any 

differences in length of the lower limb bones experienced by a higher socioeconomic class 

versus a lower socioeconomic class in a time of war.  

De Mendoca (2000) recommends estimating height directly after estimating the sex 

of the skeletal remains. There are two approaches to stature estimation: the anatomical 

method and the mathematical method (Lundy 1985). Anatomical methods, such as the Fully 

technique (Fully 1956, Raxter et al 2007), require the summation of measurements from all 

bones between the feet and the cranium. This requires many skeletal elements and excellent 

preservation in order to estimate stature, which may not be practical in many settings. The 
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mathematical approach relies on only a subset of bones or a single bone and uses regression 

formulae to create equations that predict height. This is accomplished using the 

measurements of a variety of skeletal elements, both individually and in conjunction with one 

another. These elements include, but are not limited to, the femur, the tibia, the ulna, the 

spinal column and the feet. (Hauser et al 2005, Duyar and Pelin 2003, Mahakkanukrauh et al 

2011, Krishan et al 2011, De Groote and Humphrey 2011, Wilbur 1998, etc.). 

The equations used in the mathematical approach are population specific and must be 

devised for individual groups, because body proportions differ in different populations 

(reference). Trotter and Gleser (1952, 1958) pioneered the original studies that used a 

mathematical method in stature estimation for European-Americans and African-Americans 

in the United States. Their equations were supposed to be representative of American society 

and while use of their equations and methods are a standard practice, as time moves forward 

and the modern American population changes in stature and body proportions (Meadows 

Jantz and Jantz 1999), new and improved methods of stature estimation may need to be 

devised. Trotter and Gleser (1952) initially created only three equations for individuals of 

European descent, African descent, and Asian or Native American descent.  To apply these 

three equations to a global population consisting of numerous ancestral groups with varying 

levels of admixture would inevitably lead to inaccurate stature predictions. As expected, 

many previous studies have found Trotter and Gleser’s formulae to be inaccurate or 

insufficient in other populations (e.g. Ross and Konigsberg 2002, Auerbach et al 2010, 

Wilson et al 2010, Raxter et al 2008, etc.).While Duyar and Pelin (2003) found Trotter and 

Gleser’s Asian and Native American formulae for the tibia to be accurate for their Turkish 
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population, they achieved greatest accuracy when developing formulae that divides the 

sample population into stature subgroups (short, medium and tall) thus creating three 

separate equations for each population. Duyar and Pelin (2003) also used anthropometric 

measurements in their study, which, for forensic anthropology in the United States, isn’t as 

applicable. Typically, forensic anthropologists are only given remains that are skeletonized 

or are so decomposed as to be useless to a forensic pathologist or medical examiner. While 

forensic anthropologists are occasionally confronted with soft tissues, it would still be 

beneficial to have a version of this method based on a skeletal reference sample.  

 The first goal of this thesis is to apply the Duyar and Pelin (2003) method of creating 

three separate equations for short, medium and tall stature sub-groups to a skeletal sample of 

modern European-Americans. This will enable an examination of any changes in accuracy 

when current stature estimation methods for modern Americans are applied to the shortest 

and tallest individuals in the population. 

The second goal of this thesis is to examine the effects that economic inequality and 

stress—which contributes to environmental and nutritional stress in modern societies 

(Steckel 1995)—has on individuals in reaching their full stature potential. Contributors to 

secular changes in height in a population include changes in environment, as well as 

nutritional and economic stress (Meadows Jantz and Jantz 1999, Steckel 1995, Steegman 

1985). Holden and Mace (1999) found that sexual dimorphism in height is related to 

distribution of resources and the division of labor within a population. American society has 

changed greatly in this regard during the 20th century and this undoubtedly shows in the 

recorded increase of stature over the last several decades. Prenatal and early childhood 
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growth insults may also play a role in the development of adult stature (Meadows Jantz and 

Jantz 1999). Brock and Sykes (1989) found that recent secular trends in increasing height 

were related to a greater growth in the first two years of life. This early childhood growth 

increase was attributed to better nutritional supplements in baby formula and food during the 

1930s to the 1950s. This study was a comparison of the growth of parents and the growth of 

their offspring. The first generation was born into the Great Depression, when nutrition 

would have been poor for those in early childhood, and thus they exhibit shorter adult stature. 

Kuh and Wadsworth (1989) found that for every 500 g in birth weight was linked to an 

additional 1.6 cm in achieved adult stature for men and 1.4 cm for women. Being exposed to 

economic, nutritional or environmental stress in the prenatal, neonatal and early childhood 

periods of life will greatly affect adult stature. 

The purpose of this thesis is to examine the impact that economic stress has on lower 

limb long bone development and, subsequently, stature as the femur can be used as a proxy 

for stature (Meadows Jantz and Jantz 1995), using a modern European American sample as 

an example of a high socioeconomic status population and a modern Bosnian sample as an 

example of a lower socioeconomic status population. The American subset sample was taken 

from a greater dataset used in the other part of this study and was comprised of individuals 

born between 1930 and 1945. This time period was a time of economic struggle from the 

Great Depression followed by the beginning of WWII. The individuals from the Bosnian 

sample were affected by the political struggles and war surrounding the collapse of 

communist Yugoslavia and the subsequent wars following that breakup (Ross 2000). These 

political instabilities no doubt affected the economic conditions of the countries involved in 
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the conflicts causing environmental stress that may have impacted their adult height 

achievement. Maxwell and Ross (2011) examined the sample used in this study for 

pathological and congenital conditions and found evidence that indicates there was a decline 

in general health of the population most likely due to the effects of war such as food 

shortages, disruption of health services, and population displacement. It has been shown in 

the literature that lower socioeconomic groups are more impacted by economic changes 

(Bogin 1991, Komlos and Baten 2004, Conceição and Cardoso 2011, Cardoso 2007). Using 

the American sample as the higher socioeconomic status group and the Bosnian sample as 

the lower socioeconomic group, it will be possible to examine the biological impact that the 

economic changes associated with war have on different classes. 

This study uses multiple collections to test the validity of the Duyar-Pelin stature 

estimation method in a contemporary European-American population while investigating the 

effects of economic inequality and related stress on achieved height by comparing 

Depression-era Americans to Bosnians. Overall, this study will examine the efficacy of a 

suggested method for stature estimation while also providing insight into the nuances that 

economic inequality related stress plays on achievable adult stature. 
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CHAPTER 2: LITERATURE REVIEW 

 

Stature Estimation Methodology 

 The work of Trotter and Gleser (1951, 1952) was critical to the development of 

modern standards of stature estimation in the United States and all over the world. While 

their methods were not new, they made considerable refinements to the process and their 

research helped illuminate the factors affecting achievable adult stature. It has long been 

accepted that there is a relationship between long bones and height and that regression 

analysis can help predict height from long bone length (Pearson 1899, Manouvrier 1892, 

Feldsman et al 1990, Hauser et al 2005, 

Agnihotri et al 2009, Wilson et al 2010). Regression equations are particularly good for 

forensic application as they do not require all of the major skeletal elements to be present, 

unlike the anatomical or Fully method. While the Fully method has been shown to be more 

accurate than the mathematical method, regression equations remain the more commonly 

used method due to its easier use (Maijanen 2009). The research into stature estimation using 

regression equations developed by Trotter and Gleser (1951, 1952) framed the problems with 

stature estimation that still exist today. 

 Trotter and Gleser (1952) state repeatedly that stature estimation formulae are most 

accurate when used in a population specific context. The regression formulae are derived 

from a sample population and they are most appropriately used by applying them to 

individuals similar to the reference population (Pearson 1899, Stevenson 1929). Originally 

the Trotter and Gleser equations only included two ancestrally defined groups: European and 
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African. Many researchers have found it limiting to use only these two groups to define a 

large majority of the populations of the world and have created more specific estimation 

equations for their study populations (Agnihotri et al 2009, De Mendoca 2000, Hauser et al 

2005, Duyar and Pelin 2003, Duyar et al 2006, Ross and Manneschi 2011, etc.,). For 

example, Ross and Konigsberg (2002) found that there were similarities in long bone size but 

significant differences in shape or long-bone variation among Americans of European 

descent, Bosnians and Croatians. Ross (2000) also found significant amounts of variation 

within groups of similar European ancestry. These studies show that there is enough 

difference between these smaller groups that it would be inappropriate to use formulae 

developed from Americans of European descent, such as those provided by Trotter and 

Gleser, on European populations. Ross and Konigsberg (2002) showed that the Trotter and 

Gleser equations consistently underestimate individuals from Eastern Europe and then 

provided new equations for this specific population.  

 It is difficult to know, however, when a previously determined set of equations 

becomes obsolete for a population. Klepinger (2001) argues that the secular trends in positive 

allometry in limbs for Americans of European and African descent are not dissimilar to the 

proportional relationships encountered in shorter or taller individuals in a population. 

Klepinger (2001) cites a study by Shea and Bailey (1996) concerning the limb proportions of 

African pygmies and non-pygmies in which they state that even though the populations are 

so disparate in adult stature, the limb length to stature proportions of non-pygmies fell within 

confidence intervals determined by the pygmy growth trajectories. These researchers believe 

that systematic variation in limb segment proportions and limb proportions to overall stature 
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is due to truncated or elongated timing in fundamental growth allometry trajectories.  While 

the pygmies had different stature to limb proportions than the non-pygmies their allometric 

patterns were shared, meaning that with appropriate confidence intervals the same stature 

estimation equations could still be applied to both populations. However, a substantial 

amount of other research has shown that there have been many secular changes in the 

proportions of Americans in the last 150 years (Meadows Jantz and Jantz 1999, Meadows 

and Jantz 1995, Ousley and Jantz 1998, Wilson 2010). It has been determined by these 

researchers that secular change has been too great to continue to use equations that were 

developed from older skeletal collections, such as the Terry Anatomical Skeletal Collection 

used by Trotter and Gleser (1951, 1952).  

 Another difficulty in stature estimation recognized by Trotter and Gleser (1951) is 

recording of known height. Databases such as the Forensic Anthropology Data Bank (FDB) 

(2013) provide either forensic height or cadaver height. Forensic height is the living height of 

an individual and is often self-reported on driver’s licenses or through family members. 

Forensic height has been shown to often be overestimated, particularly in females (Giles and 

Hutchinson 1991, Ousley 1995, Macgregor et al. 2006). Interestingly, taller individuals of 

both sexes tend to be more accurate in their self-reporting of height and generally do not 

underestimate (Giles and Hutchinson 1991). Macgregor et al (2006) found that self-reported 

height in shorter individuals is upwardly biased. By using self-reported height to create 

stature estimation equations, inherent human error is coloring the accuracy of the model. 

However, using cadaver height also poses complications. Cadaver height has been 
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determined to be about 2cm taller than living height (Manouvrier 1892, Telkka 1950, Trotter 

and Gleser 1951, De Mendoca et al. 2000). By adding 2cm to recorded living height, these 

measures become comparable to cadaver heights but still do add some error into the model.   

 Shorter and taller people have sometimes been considered to be a problem for stature 

estimation (Olivier, 1969; Sjøvold, 1990, 2000; Konigsberg et al., 1998; Duyar and Pelin, 

2003, Formicola 1996). The height of shorter people is often overestimated while taller 

people are underestimated. Linear regression fits a straight line through a set of data points in 

such a way as to minimize the vertical distance between the data points and the line while 

using the mean of the sample as the pivot point for this line. This distance, or residual, is 

going to be inherently greater amongst data points that represent short and tall individuals as 

they are farther from the mean. This methodological issue leads to inherently greater error in 

estimating short and tall individuals.  

Klepinger (2001) believes that confidence intervals given by the Trotter and Gleser 

(1952) take into account these individuals at the extreme ends of the spectrum. Duyar and 

Pelin (2003) suggested that using stature sub-group specific regression equations could 

reduce error for these individuals. They found that the group specific equations provided 

more specific estimations of height when compared to estimates provided by a general 

equation applied to the whole population. This method requires more testing and revision in 

order to be applied to a modern forensic setting in the United States. As stated in the 

introduction, Duyar and Pelin (2003) also used anthropometric measurements in their study, 

which, for forensic anthropology in the United States, may not be as useful. Predictive 

regression equations based on soft tissue measurements have been shown to be accurate 
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(Ozaslan et al 2003, Ozaslan et al 2006, Attallah and Marshall 1986) but Adam and 

Herrmann (2009) performed an analysis of anthropometric data for use in stature estimation 

of remains of a forensic nature and found some difficulties.  In a comparison between 

skeletally based models and their anthropometrically based models, they found that their 

models based on the the U.S. Army Anthropometric Survey (ANSUR) sample performed 

similarly to skeletal models. However, their models based on the data from the National 

Health and Nutrition Examination Survey (NHANES) did not. They believe that the data 

collection methods in the NHANES sample that use a tape measure instead of calipers or an 

anthropometer may have affected the accuracy of the models.  Also, they show that BMI 

does have an effect on the NHANES data and, in areas of the body where more adipose 

tissues are present or in obese individuals, the measurements can be affected. This makes 

them slightly more difficult to take than skeletal measurements which are typically easierand 

more replicable (Adams and Byrd 2002). Anthropometric measurements certainly have a 

place in forensic anthropology and stature estimation, but use of skeletal reference 

populations is more applicable to forensic contexts.  

Allometry, Body Proportions and Secular Change 

 Allometry is the study of the growth of body parts and variation in proportions related 

to the increase in size of another part of the body (Buschang 1982).Much research has been 

done on the way human limbs grow and their proportions to each other and to overall body 

size or height. Most studies agree that there are differences between the lower limbs and 

upper limbs and the proximal and distal portions of the limbs. Some research has shown 
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secular changes in these proportions and indicates that environmental forces may be causing 

these changes. 

 Meadows-Jantz and Jantz (1999) examined the secular biological changes in long 

bones in Americans of European and African descent. They were interested in what bones 

were allometric versus isometric and how these bones would change over time; to examine if 

there were any differences between them. They hypothesized that if secular change occurs in 

overall body size then relationships among different body parts may change as well. If 

allometric secular change occurs, it suggests that various parts of the body respond 

differently to changes in the environment or reach their genetic potential at different rates. 

 Their results showed that while there were significant values for males of European 

descent, these values may be attributed to the larger sample size they had for this group. 

African American males also showed significant change in the radius, ulna, femur, tibia and 

fibula. Females of European descent showed a similar pattern to African American males. 

African American females showed the most stability over time with only the femur 

exhibiting significant change. In both sexes of European descent, all long bones showed 

significant sex differences related to secular change. The lower limb bones showed more sex 

difference than the upper. Both African American and European American males showed 

differences in shape (i.e. the ratio of each bone divided by size) over time but in different 

skeletal elements. 

Overall the results can be summarized as showing that secular changes among 

Americans are stronger in males than in females, lower limb bones show more pronounced 

changes than upper limb bones, and that distal limb bones change more than proximal limb 
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bones, especially in the lower limb. Auerbach and Sylvester (2011) found that human 

proximal limb elements exhibit negative allometry while distal limbs scale with positive 

allometry. This concurs with Meadows and Jantz (1995) who found the femur, tibia and 

fibula to be positively allometric with stature while the humerus, radius and ulna were 

isometric. Secular increase in lower limb bone length was accompanied by relatively longer 

tibiae. Holliday and Ruff (2001) also hypothesized, and found evidence that, between groups, 

the tibia would have greater relative variance than other limb segments.  

 The Meadows Jantz and Jantz (1999) study also examined the environmental factors 

and the differences between European Americans and African Americans. Their study 

supports findings of previous research that those of African descent tend to maintain heights 

equal to or greater than those of European descent despite being raised in generally worse 

conditions. Meadows Jantz and Jantz (1999) also suggest that the environmental factors 

responsible may begin having an influence as early as the fetal period. They claim their 

results do not address the question of timing, but that their observations that would be 

predicted from allometric scaling relationship would have to be set in motion from a very 

early age. Their final conclusion is that the environmental conditions that Americans are 

exposed to in the time from conception to the first 3 years of age have improved continually 

over the past two centuries. 

Population Specificity 

As stated in the introduction, stature estimation equations must be tailored to specific 

populations. Many studies, which will be briefly discussed below, have found that the 

equations provided by Trotter and Gleser (1952, 1958) do not provide accurate results for 
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their study populations. De Mendoca (2000) discusses the current stature estimation methods 

in Portugal, claiming that the equations and tables based on skeletal data from Trotter and 

Gleser’s European equations differ temporally and genetically from the modern Portuguese 

population. Ross and Konigsberg (2002) state that variation exists within European ancestry 

groups: American Whites, Bosnians and Croatians have significant differences in 

proportional long-bone variation. Thus, using an equation developed from another European 

descent sample such as Trotter and Gleser’s formula would be inappropriate to estimate their 

heights. Ross and Konigsberg (2002) also found that the Trotter and Gleser formula 

overestimates stature on the upper bounds of shorter long bones, underestimates stature on 

the lower bounds, and overestimates stature of longer long bones. This is possibly caused by 

differences in proportions between the populations. Feldman and Fountain (1996) analyzed a 

different method of stature estimation than the mathematical method used in this thesis but 

found interesting results concerning population specificity. They found that the femur/stature 

ratio differed significantly in individuals of African descent when compared to those of 

Asian or European descent and that a generic form of the femur/stature ratio outperformed an 

ancestry-specific ratio when predicting height for an individual of unknown ancestry. They 

concluded that there is no doubt that different geographic groups or breeding populations 

present different body proportions and different body proportions translate into different 

femur/stature ratios. There are many reasons why the Trotter and Gleser formulae are 

inappropriate in populations other than European Americans but it is also possible that they 

are outdated for use in a modern European American population as well.  
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The sample Trotter and Gleser (1952) used for their first study consisted of European-

American and African-American males and females from the Terry Skeletal Collection. They 

also used American males of European and African descent who were WWII casualties. 

These individuals, particularly those from the Terry Skeletal Collection, would have been 

born at or before the turn of the 20th century, a time period where the American population 

was known to be at its shortest in stature (Wilson et al. 2010). Since Trotter and Gleser used 

an American sample, it should follow that their equations are still viable for contemporary 

use. However, secular changes over time may have affected their utility. 

This kind of secular change requires a periodic retooling of the equations for height 

estimation for an American population. Older stature formulae developed using older 

samples that rely on the specific relationship of long bone length to stature no longer hold 

true for the modern population (Wilson et al. 2010).  Modern Americans are larger and taller 

than preceding generations. Because of this increase in size there is also a difference in the 

proportions of body parts to the overall size of the individual. Some parts of the body are 

more directly affected by these changes than others, making them allometric, which refers to 

variation in proportions related to the increase in size of another part of the body (Buschang 

1982). Some body parts do not show this variation in proportion, making them isometric. 

Meadows Jantz and Jantz (1999) demonstrate that long bone lengths in Americans show 

secular allometric change and that male secular change is stronger than female, lower limb 

bone secular change is more pronounced than upper limb bone change, and distal bones 

change more than proximal bones.  
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The Role of Economics 

Steckel (1995, 2008) argues that stature can be used as a measure of inequality in the 

form of nutritional deprivation. His ideas are most simply summarized as stature is equal to 

the amount and quality of nutritional intake minus the demands of work and disease. His 

ideas have been supported in the years since by researchers such as Carson (2009) who 

agrees that there is an inverse relationship between height and wealth inequality; the greater 

amount of inequality there is in a society the shorter the people tend to be. This is called the 

relative wealth hypothesis, which states that stature decreases with wealth inequality because 

inequality decreases access for lower socioeconomic status groups to resources that promote 

healthy growth, i.e. good nutrition and medical services. Growth insults have the greatest 

impact on an individual’s achievable adult height before the age of three. Humans have three 

periods of vertical growth: first, in infancy, the second between the ages of six and eight, and 

the third during adolescence (Bilger 2004). While so-called “catch-up growth”, growth that 

eradicates any impact earlier insults may have caused, may occur in the adolescent growth 

spurt, often there is a permanent impact on achievable height (Costa 1993). Disease load and 

nutritional stress in childhood have the greatest impact on achievable height of all other 

factors. After weaning, it is more difficult for children, particularly poor children, to receive 

adequate nutrition (Costa 1993). Lower status individuals may experience compounded 

difficulties due to their lack of resources. 

Holden and Mace (1999) used a phylogenetic analysis and similarly concluded that 

the degree of sexual dimorphism in height is related to the degree of difference in the 

distribution of resources and the division of labor. They found that in societies where women 
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contributed more to the mode of subsistence there was less difference in height between the 

sexes. They propose that this is because they are equal contributors to the most important 

aspect of life and are equally valued so in childhood male and female children both receive 

adequate levels of nutrition. Steckel (1995), states that because growth occurs largely in 

childhood, analyzing stature can provide insight into inequality even within families. In 

societies where male children are more highly prized than female children it is possible to see 

significant differences in their heights because of lack of nutrition given to the female 

children during childhood growth. Nystrom et al. (1995) found that of the various factors 

they tested, childhood socioeconomic status had the largest effect on stature.  

Other researchers suggest a more biological explanation. Some authors (Stini 1969, 

Greulich 1976) claim that there is sex biased sensitivity in males to environmental factors in 

relation to stature, making males more susceptible to environmental stress. Greulich (1951) 

studied Guamanian boys and concluded that male children may be more susceptible to harsh 

environments. Stinson (2005) claims that this sensitivity certainly exists but is perhaps not as 

pronounced as previously thought. She states that it is difficult to quantify the effects of 

environment and the rate of environmental change thus making it difficult to adequately test 

in order to gain conclusive results. 

There have also been many studies of migrated families from varying nations to the 

US that compare either native born children to US born children or US born offspring to their 

parents. Bogin et al (2002) compared Maya families from Guatemala who migrated between 

the 1970s and the 1990s. They found that the Maya American children were 11.54 cm taller 

and 6.83cm longer legged than Maya Guatemalan children. Greulich (1951) compared native 
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born Japanese children and American born Japanese children and found similar results in that 

the American born Japanese children were taller than the native born children. Li (2004) did 

not examine immigrants but compared birth cohorts of British parents and children. She 

concluded that the adverse effects of environmental factors in Britain had lessened over the 

generations and the offspring were subsequently taller. These studies all support the 

hypothesis that better nutrition, standard of living, and access to medical services increase 

achievable adult height. 
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CHAPTER 3: MATERIALS AND METHODS 

 

I. Materials 

The sample for the first part of this study consists of long bone measurements of  

lower limbs from123 American males of European descent who fulfilled the following 

criteria: age at death of 20 or older, at least one measurement for maximum tibia or femur 

length were available and living height was recorded. Descriptive statistics of the long bone 

lengths for these individuals are included in Table 3.1. These data were collected from the 

Forensic Anthropology Data Bank (FDB) which was started with a grant from the National 

Institute of Justice in 1986. The database contains forensic information from about 3400 

individuals. A large portion of the individuals are of European-American descent with the 

next largest share being African-American and a few Hispanic or Other individuals. These 

data have been compiled by many researchers across the country and represent a diverse 

population of individuals(University of Tennessee Knoxville 2011). FDB collection 

procedures are described in Moore-Jansen et al. (1994). The FDB is available for download 

at http://www.icpsr.umich.edu/icpsrweb/ICPSR/studies/02581.  

The second sample used in this study consists of long bone measurements of lower 

limbs from 86 Bosnian males.  All individuals were assessed for sex using pelvic and, if 

necessary, cranial morphology. Age was estimated using several indicators including pubic 

morphology, ribs, and cranial suture closure. All individuals in this sample are over the age 

of 18,(Ross 2000) and all individuals had at least one measurement for maximum tibia or 

maximum femur length Descriptive statistics are shown in Table 3.2.  This sample was 
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derived from a larger sample of 132 individuals killed in the 1995 Srebrenica massacre (Ross 

2000). These data were provided by Dr. Ann Ross of North Carolina State University. 

Permission to conduct gross skeletal examinations and database storage was granted by 

Amor Mašović, President of the State Commission for Missing Persons, Bosnia. 

The variables used are the maximum lengths of the left and right femora and the 

maximum lengths of the left and right tibiae as defined Moore-Jansen et al. (1994). 

 

Table 3.1 European American - Descriptive Statistics for Long Bone Lengths 

Variable N Mean Length 
(mm) 

Standard 
Deviation 

Minimum Maximum 

Left Femur 105 476.11 24.87 420 530 

Right Femur 107 474.53 24.43 420 525 

Left Tibia 108 392.91 25.57 327 456 

Right Tibia 104 392.03 27.11 322 455 

 

 

Table 3.2 Bosnian - Descriptive Statistics for Long Bone Lengths 

Variable N Mean Length 
(mm) 

Standard 
Deviation 

Minimum Maximum 

Left Femur 67 475.87 21.74 421 531 

Right Femur 70 473.59 23.53 417 527 

Left Tibia 75 393.49 20.78 335 443 

Right Tibia 77 391.36 24.12 333 498 

 

 

II. Methods 

Within the mathematical method of stature estimation there are two possible 

regression approaches: classical calibration and inverse calibration. Konigsberg et al (1998) 
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provide an in depth discussion about the efficacy of both approaches.  Inverse calibration is 

best used when the stature distribution for a reference sample forms a reasonable prior. For 

this study, this would be the regression of stature on tibia and femur length. This is compared 

to the regression of bone length on stature or classical calibration which is used when there is 

reason to believe the estimated stature will be an extrapolation beyond the limits of the 

reference sample. Konigsberg et al (1998) suggests using inverse calibration primarily in a 

forensic setting but also in paleoanthropology if a there is a theoretical argument for a strong 

prior. For this study, it is agreed that the most appropriate method would be inverse 

calibration, which would provide the most accurate equations. Thus, stature will be regressed 

on tibia and femur length as follows: 

 

𝑦 =  𝛽1𝑥1 + 𝜀𝑖  

 

Where y is stature and x is either the femur or tibia length respectively.  

There has been significant discussion of which long bones to use for stature 

estimation. Meadows and Jantz (1999) found that upper limb bones are isometric whereas 

lower limb bones are allometric and that lower limb bones reflect the mid-late 19th century 

stature depression as well as the 20th century recovery. They claim that this suggests that long 

bone lengths in the lower limbs can be used as a proxy for stature. Overall, the femur is more 

analogous to height and more stable (Meadows and Jantz 1999), thus maximum femur length 

was one of the variables used in this study. Also, Duyar and Pelin (2003) used the tibia in 

their study and, as this thesis intends to use their work as a guide for method, it will 
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subsequently use the tibia as well, despite being more susceptible to environmental stress 

(Meadows Jantz and Jantz 1999, Bogin and Baker 2012).  

In addition, Jantz et al (1995) found that Trotter and her technicians omitted the 

malleolus from their measurements of both their WWII casualties and Terry Collection 

samples. Because of this omission the tibia measurements used in her calculations are 

generally 10 – 12 mm shorter than they should be resulting in height estimations that are 2.5 

– 3.0 cm too tall. This mismeasurement is probably the reason these equations fail to 

accurately predict stature in some populations and Jantz et al (1995) recommends avoiding 

the use of Trotter and Gleser’s tibia formulae whenever possible. However, if they must be 

used, measuring the tibia excluding the malleolus is recommended. 

Forensic heights were adjusted to compare cadaver heights by adding two centimeters 

(Trotter and Gleser 1952). This variable was then referred to CSTAT. Measurements 

included the maximum length of the left femur (FEMXLN_L), the right femur 

(FEMXLN_R), the left tibia (TIBXLN_L), and the right tibia (TIBXLN_R). Stature sub-

groups were referred to as Short, Average, and Tall. The individuals’ recorded heights were 

arranged from shortest to tallest and the 25th and 75th percentiles used as cut off points for the 

creation of the stature sub-groups.  

While the population as a whole was normally distributed, the sub-groups on either 

end (short and tall groupings) did not have a normal distribution, violating the rules required 

to make regression equations. Thus, an analysis of covariance or ANCOVA was used to test 

for a significant difference between the stature sub-groups. Significant values in the 

ANCOVA would show that it is appropriate to create stature sub-groupings for the purpose 
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of creating predictive stature equations. Linear regression analyses were then performed on 

each variable for each stature subgroup to create regression equations that would be able to 

predict height. In the first analysis the data were organized by known recorded stature in 

order to create stature sub-groups (e.g. short, average and tall). The 25th percentile and below 

made up the “short” group and the 75th percentile and above the “tall” group with the 

individuals in between comprising the ”average” group. These categories were used in the 

regression analysis (stature on tibia or femur length) with one regression for each stature-sub 

group. 

The second analysis organized data by femur or tibia length and created the stature 

sub-groups based on the 25th and 75th percentiles. Stature was still regressed on the femur or 

tibia length in question for each stature sub-group. Equations were produced from these 

regression analyses for predicting stature from long bone lengths.  

All statistically significant stature sub-group-specific equations (α =.05) were used to 

estimate height for the individuals for each variable. These equations were used to estimate 

height for all individuals in the original American sample. FORDISC 3.0 is a common 

software package used by forensic anthropologists to assess ancestry, height and sex from 

metric measurements. There are three equations that can be used to estimate height in this 

program: one based on Trotter and Gleser’s work, one based on individuals from the 19th 

century, and another based on individuals from the 20th century using the FDB. The 

equations based on Trotter and Gleser and those based on the 20th century FDB sample were 

used as general equations in this study. The term general equation implies that this equation 

was applied to the whole sample instead of only to a stature-sub-group. The differences 
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between the recorded heights provided for the sample and the estimated heights given by 

both the stature specific equations and the general equations were compared with a t-test in 

order to examine if the stature specific estimates were more accurate than the general 

estimates.  

To assess differences in stature between the Bosnian sample and the American 

sample, a t-test was used comparing femur length and tibia length. Femora have been 

determined to be stable and closely correlated with height enough to serve as proxy for 

stature (Meadows Jantz and Jantz 1999). No recorded stature exists for the Bosnian sample, 

only estimated heights determined by Ross and Konigsberg (2002). This t-test comparison of 

femora was done to compare stature and to reduce error that may have been introduced by 

comparing estimated heights.  Another t-test compared tibiae lengths between the 

populations as well. 

 In addition, tibia length was regressed on femur length for both Americans and 

Bosnians. This regression was done to examine proportionality in growth between the more 

stable, isometric femur and the variable, allometric tibia. Only Americans with birth dates 

(provided by the FDB records) from 1930 – 1945 were chosen for analysis in order to have a 

sample that would have experienced significant hardships due to economic depression and 

war similar to conditions that the Bosnians would have experienced. 
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CHAPTER 4: RESULTS 

 

One Way Analysis of Covariance (ANCOVA) 

The results of the ANCOVA show that stature group does have a significant impact 

on stature equation modeling.The stature group Short was significantly different from the 

stature group Tall for both femoral and tibial maximum long bone lengths. The stature group 

Average was not significantly different from the Tall group. The skeletal elements used were 

also all significant in the models. 

 

Linear Regression Analysis – Categories Determined by Known Stature 

 These data were first organized from shortest to tallest by recorded known stature. 

The 25th and 75th percentiles were used as cutoff points for defining the stature categories. 

These categories were used for this regression analysis. Regression analyses for the stature 

subgroup Short resulted in no significant models. No equations were able to be created. All 

red p-values indicate non-significant models (Table 4.1) The error rates are higher, probably 

due to the smaller sample sizes, and coincide with the R2 values indicating the poor fitting 

nature of the model. 

 

 

  

 

 

Table 4.1 Regression Results for Stature Subgroup Short 

Variable N P-value R2 Standard Error Equation 

FEMXLN_L 24 .1617 .087 4.6 N/A 

FEMXLN_R 27 .1011 .104 4.5 N/A 

TIBXLN_L 26 .0634 .136 4.7 N/A 

TIBXLN_R 30 .0714 .111 5.1 N/A 
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Regression analyses for the stature subgroup Average resulted in significant models 

for all variables. Equations, p-values, standard errors and R2 values are given in Table 4.2. 

The error rates associated with the Average stature sub-group are typical for stature 

estimation regression analysis. This indicates a good fitting model and better accuracy than 

the other stature sub-groups.  

 

Table 4.2 Regression Results for Stature Subgroup Average 

Variable N P-value R2 Standard Error Equation 

FEMXLN_L 55 .0006 .202 2.3 STAT = 143.85 + 0.073334*FEMXLN_L +/- .01996 

FEMXLN_R 54 .0063 .134 2.5 STAT = 148.26115 + 0.0640044*FEMXLN_R +/- .022486 

TIBXLN_L 53 .0028 .162 2.4 STAT = 154.93919 + 0.0609717*TIBXLN_L +/- .019414 

TIBXLN_R 47 .0046 .165 2.3 STAT = 156.78894 + 0.0562077*TIBXLN_R +/- .018846 

 

 

Regression analyses for the stature subgroup Tall resulted in significant equations for 

all variables except TIBXLN_L. Error rates were much higher than the Average stature-sub 

group which would be expected as the Average sub-group variables have a much larger n 

than either of the other stature sub-groups (Table 4.3). 
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Table 4.3 Regression Results for Stature Subgroup Tall 

Variable N P-value R2 Standard Error Equation 

FEMXLN_L 26 .0209 .203 4.5 STAT = 126.32 + 0.1237596*FEMXLN_L +/- .050043 

FEMXLN_R 26 .0232 .197 4.4 STAT = 124.04 + 0.1276732*FEMXLN_R +/- .052666 

TIBXLN_L 29 .1129 .09 4.6 N/A 

TIBXLN_R 27 .0460 .149 4.4 STAT = 143.52 + 0.1059758*TIBXLN_R +/- .050477 

  

 

Linear Regression Analysis – Categories Determined by Long Bone Length 

 These data were first organized according to bone length, shortest to longest. This 

organization was used to create the stature categories. Similar to the previous regression 

analysis, the 25th and 75th percentiles were used as cutoff points. Contrary to the previously 

mentioned regression analyses, this organization in data resulted in fewer significant 

modelsfor the Tall stature category rather than the Short. Interestingly, the R2 values for the 

Short stature sub-group were much higher than any other regression analysis performed in 

either dataset (Table 4.4) while the standard errors were high. These contradict one another, 

but since the R2 values are from an artificially truncated sample they are less informative 

than the standard error. Thus, the standard errors indicate the model is not as accurate or as 

well fitted. 
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Table 4.4 Regression Results for Stature Subgroup Short 

Variable N P-value R2 Standard Error Equation 

FEMXLN_L 27 <0.0001 0.53 4.9 STAT = 15.761481 + 0.3496351*FEMXLNL +/- 0.066215 

FEMXLN_R 27 <0.0001 0.65 4.2 STAT = 1.3743457 + 0.3831889*FEMXLNR +/- 0.055901 

TIBXLN_L 27 0.0006 0.38 5.1 STAT = 70.804874 + 0.2791261*TIBXLNL +/- 0.071417 

TIBXLN_R 26 0.0017 0.34 5.6 STAT = 63.687095 + 0.2988837*TIBXLNR +/- 0.084842 

 

 

 The Average stature sub-group performed similarly to the other dataset’s Average 

stature sub-group. The standard error rates were much higher in this Average sub-group 

compared to the Average sub-group with different data organization (Table 4.5). 

 

Table 4.5 Regression Results for Stature Subgroup Average 

Variable N P-value R2 Standard Error Equation 

FEMXLN_L 52 0.0032 0.16 5.2 STAT = 67.106602 + 0.2333316*FEMXLNL +/- 

0.075374 

FEMXLN_R 55 0.0006 0.20 5.3 STAT = 53.35849 + 0.2618371*FEMXLNR +/- 0.071886 

TIBXLN_L 54 <0.0001 0.25 4.9 STAT = 64.992664 + 0.2876821*TIBXLNL +/- 0.067944 

TIBXLN_R 52 0.0002 0.25 5.1 STAT = 71.361487 + 0.2707493*TIBXLNR +/- 

0.067103 

 

 

 The Tall stature sub-group returned only one significant model and one model 

approaching significance. Standard error rates for these models were higher than any other 

stature category in either method of data organization. This indicates a very poor fit of the 

model to the data. These issues may be rectified by an increase in sample size(Table 4.6). 
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Table 4.6 Regression Results for Stature Subgroup Tall 

Variable N P-value R2 Standard Error Equation 

FEMXLN_L 27 0.0308 0.17 6.0 STAT = 66.861263 + 0.2360408*FEMXLNL +/- 0.103129 

FEMXLN_R 27 0.0554 0.13 5.8 STAT = 94.945011 + 0.1804936*FEMXLNR +/- 0.089813 

TIBXLN_L 27 0.5556 0.01 6.1 N/A 

TIBXLN_R 26 0.2227 0.06 6.0 N/A 

 

Student’s T-Test of Mean Stature Differences – Categories Determined by Known 

Stature 

 Mean differences between the recorded stature and the estimated stature as given by 

both the height-specific equations developed for this study and the standards used by 

FORDISC 3.0 were compared using an independent two sample Student’s T-Test. Results 

show a significant difference in accuracy between the height specific equations and both the 

Trotter equations and the 20th C FStat equations given in FORDISC 3.0. For each variable, 

the height specific equations had the lower mean thus are more accurate than the general 

equations. Means and p-values for each type of equation and the differences in accuracy are 

presented in Table 4.7. 

 

Table 4.7 Mean Differences Between Height Specific Equations and FORDISC 3.0 

Equations 
Variable Height 

Specific Mean 

Trotter 

Equation Mean 

20th C 

FStat Mean 

P-value – Height 

Specific v. Trotter 

P-Value - 20th C FStat 

v. Height Specific 

FEMXLN_L -0.04146 -5.3925 -2.4906 .0152 .0076 

FEMXLN_R 0.0247 -3.6972 -2.4037 <.0001 .0003 

TIBXLN_L 0 -6.6400 -2.9907 <.0001 <.0001 

TIBXLN_R -0.333 -7.2667 -2.6602 .0012 .0019 
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Student’s T-Test of Mean Stature Differences – Categories Determined by Bone Length 

 Despite the different organization of the data to create alternate stature sub-groups 

there was no substantial improvement in the accuracy of the stature-specific equation 

estimates compared to the estimates provided by data that was organized by recorded known 

height. They remain significantly more accurate than the other methods used in FORDISC 

3.0. (Table 4.8) 

 

Table 4.8 Mean Differences Between Height Specific Equations and FORDISC 3.0 

Equations 
Variable Height 

Specific Mean 

Trotter 

Equation Mean 

20th C 

FStat Mean 

P-value – Height 

Specific v. Trotter 

P-Value - 20th C FStat 

v. Height Specific 

FEMXLN_L -0.00943 -3.7453 -2.4906 <.0001 0.0008 

FEMXLN_R 0.0275 -3.6972 -2.4037 <.0001 .0006 

TIBXLN_L 0.0123 -6.1389 -2.9907 <.0001 <.0001 

TIBXLN_R 0 -5.6058 -2.5577 <.0001 .0016 

 

 

T-Test Comparing Femora and Tibiae of Bosnians and Americans 

 A t-test was used to compare femora lengths of Americans born between 1930 and 

1945 and Bosnians killed in the massacre at Srebrenica. Femora length was used as a proxy 

for stature to determine if any discernible difference was apparent between wartime and 

Depression era Americans and wartime Bosnians. Results show that there is no significant 

difference between these two groups in either their tibiae or femora (Tables 4.9 and 4.10). 
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Table 4.9 T-Test Results Comparing Femur Length of Americans and Bosnian 

Sample Mean P-value 

Americans 478.8 0.5396 

Bosnians 475.9 

 

 

Table 4.10 T-Test Results Comparing Tibia Length of Americans and Bosnian 

Sample Mean P-value 

Americans 392.9 0.8697 

Bosnians 393.5 

 

 However, regressing tibia length on femur length for each population shows some 

interesting patterns. There is a significant linear correlation between tibia length and femur 

length in American individuals (Figures 1 and 2). The R2 value for the right side is at .81 and 

at .78 for the left side, both indicating that the line fits well to the data (Table 4.11). In the 

Bosnian population we see a different pattern. There is not a significant correlation between 

tibia length and femur length (Figures 3 and 4) and the R2 values are at .03 for the left side 

and .01 for the right side indicating a very poor fit to the data (Table 4.11).  
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Table 4.11 Regression of Tibia Length on Femur Length for Americans and 

Bosnians 

 Right Side Left Side 

Sample P-value R2 P-value R2 

Americans <0.0001 0.81 <0.0001 0.78 

Bosnians 0.5008 0.01 0.1895 0.03 
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Figure 4.1: American Right Tibia Length Regressed on Femur Length 

 

 

 

 

Figure 4.2: American Left Tibia Length Regressed on Femur Lengt 



 

33 

 

Figure 4.3: Bosnian Right Tibia Length Regressed on Femur Length 

 

 

 

 

Figure 4.4: Bosnian Left Tibia Length on Femur Regressio 
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CHAPTER 5: DISCUSSION 

 

Accuracy of Stature Sub-Group Specific Equations as Defined By Recorded Height 

The first issue this study seeks to address is a lack of accuracy in modern stature 

estimation methods. The results suggest that using stature sub-group specific equations for 

stature estimation is more accurate than using a single equation, particularly those used by 

FORDISC 3.0.  

The ANCOVA shows that stature group does play a significant role in stature 

estimation modeling. The Average group was not significantly different from Tall group 

while the Short group was significantly different. This indicates that Short and Tall 

individuals do impact the efficacy of the general equations commonly used in height 

estimation. This would then indicate that it would be appropriate to create regression 

equations for specific stature groups. This would also agree with the conclusions of Duyar et 

al (2006). Their study shows that there is no advantage for those of average height but that 

the extreme ends of the population were better estimated. 

 Statistically significant regression equations for estimating height were found for all 

variables in the Average stature sub-group. In the Tall stature sub-group the left tibia was 

also found to be not significant and did not generate a viable equation. This variable had the 

highest n of 29 so it is possible that sample size did not play a primary role in this result. It is 

instead more likely due to the distribution of data of this stature sub-group. There were a 

number of repeated values in this data subset and, since the sample size was small, this may 



 

35 

have skewed results. The Short stature sub-group contained no significant values. This is 

likely due to sample size and data distribution as well, similar to the Tall stature sub-group.  

 A t-test was used to examine the accuracy in the mean differences between the true, 

recorded heights and the estimated heights given by both stature sub-group specific equations 

and the general equations used in FORDISC 3.0. The average difference between the true 

heights and the estimated heights given by the stature-specific equations was significantly 

lower than the average difference between the true height and estimated height given by the 

general equation. This indicates that the stature specific equations are more accurate.  

However, equations were not developed for the Short category as there was not a way 

to fit a statistically significant model to the data present. As such there were no estimates 

given for those in the Short category. It is unknown how this would have impacted the results 

of the t-test but the potential ramifications of those estimates could result in non-significant 

differences. This is especially true for the Short stature sub-group as this group would have 

had experienced the most detrimental effects due to environment, if there were any, making 

them particularly variable or unstable. With a larger sample size to make up for this 

variation, significant regression equations could be developed and estimates produced to 

retest this method. 

Despite the issues in the Short sub-category, the accuracy of the stature sub-group 

estimates remains significantly superior to that of the general equations used in FORDISC 

3.0. The figures 5.1, 5.2, 5.3, and 5.4 show the 95% confidence intervals for the recorded 

FDB heights and the estimates provided by both the height specific equations and the 

FORDISC 3.0 general equations for all four variables. These figures show a visual 
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representation of the greater accuracy of the stature sub-group specific estimates.  Each 

figure shows that the average of the height specific equations is much closer to the average of 

the recorded known heights and that there is a smaller confidence interval associated with the 

height specific equations as well. 

 

 
Figure 5.1 Left Femur 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 
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Figure 5.2 Right Femur 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 

 

 

 

 
Figure 5.3 Left Tibia 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 
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Figure 5.4 Left Tibia 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 
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1995, Meadows-Jantz and Jantz 1999) it could be that these bones were more varied in their 

lengths than those in the other categories, making it difficult to fit a model to the data when 

organized by recorded height. This would most certainly be expected for the tibiae as they 

are more variable (Meadows-Jantz and Jantz 1999, Holliday and Ruff 2001).. When 

organized by long bone length, there is less variation in the data and there is less confusion in 

the data as to how the measurements relate to overall height. As for the femur, it is more 

isometric and stable (Meadows and Jantz 1995) in relation to overall height it follows that for 

shorter people one would see a better fitting model. 

 Meanwhile, the Average stature sub-group had much higher standard errors than the 

Average sub-group with the data organized by recorded height. This would indicate more 

error in the model and also, combined with the results of the Tall stature sub-category, would 

suggest that when organizing data by bone length there is less of a relationship between bone 

length and stature as bone length increases.  

 There was more difficulty in obtaining significant equations for the Tall stature sub-

group. There is a significant predictive relationship between stature and the left femur while 

the right femur’s relationship only approaches significance (Table 4.6). There were no 

significant predictive equations derived for the tibiae in this stature sub-group and the 

standard errors were the highest of all the stature sub-groups in either method of data 

organization. These results are probably due to sample size and limb bone variation relative 

to height. As stated above, femora are more isometric and more correlated to overall stature, 

so it is possible that sample size is too small (n=27) to adequately reveal the predictive 

pattern for the right femur. The tibiae are in general more variable than the proximal femur 
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and so there may be less of a predictive relationship between their lengths and overall stature 

in this stature category. It may be that the sample size for the tibiae is too small for the 

relationship to be shown as well.  

 Overall, the results show, for both this form of regression analysis and the analysis 

done on data organized by recorded height, stature-specific height estimation equations are 

more accurate than general ones used in the program FORDISC 3.0. Figures 5.5, 5.6, 5.7, 

and 5.8 below show the 95% confidence limits for these estimates as compared with those of 

the true recorded heights from the FDB. This is a visual representation of the greater 

accuracy of the stature-specific predictive equations, which consistently perform better than 

the general equations in FORDISC 3.0. 

 

 
Figure 5.5 Left Femur 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 
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Figure 5.6 Right Femur 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 

 

 

 

 
Figure 5.7 Left Tibia 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 
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Figure 5.8 Right Tibia 95% Confidence Intervals and Averages for Recorded Heights and Estimated Heights 
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the results of the t-test, the 20th Century Fstat equation estimates perform better than the 

Trotter equations but both underperform compared to the height specific stature estimates. 

 

 
Figure 5.9 Left Femur – Plot of Stature Estimates and Recorded Known Stature 
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Figure 5.10 Left Tibia - Plot of Stature Estimates and Recorded Known Stature 
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the femur is isometric and has been shown to be the most stable of the long bones in the 

lower limbs (Meadows Jantz and Jantz 1999), despite the findings of Ross and Konigsberg 

(2002). As distal lower limb bones are most commonly affected by developmental stress 

(Meadows Jantz and Jantz 1999), the lack of significant difference between the tibiae is 

surprising. The hypothesis for this study was that the American sample would have 

weathered the time of economic upheaval and war better than the Bosnian sample as the 

Americans were considered a high socioeconomic status group. Thus, it would have been 

expected to see a difference in their long bone lengths.  

The lack of significant difference could be a symptom of detrimental effects on the 

development of normal body proportions. Since Ross and Konigsberg (2002) found that there 

is a significant difference between European-descended Americans and modern Eastern 

European populations, the fact that there is no significant difference in these samples shows 

that there are different conditions being experience by each group, respectively. The samples 

used in this study are very similar to those used in Ross and Konigsberg (2002). The Bosnian 

sample is derived from the data used in that study and the American sample used in Ross and 

Konigsberg (2002) was also derived from the FDB. However, this study uses a subset of the 

FDB of American males born between 1930 and 1945. There may have been enough impact 

in one or both of the populations to make it far enough removed from the Ross and 

Konigsberg (2002) samples as to change the degree of difference. 

Regression analyses of their long bone lengths show a different pattern that does 

agree with previous literature and expectations. Linear regression was used regressing tibia 

length on femur length. If development was normal with little or no environmental impact, 
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we would expect to see a well-fitted line to the data with high R2 values. This is because we 

expect the femur to stay stable in relation to the rest of the body and the distal limbs would 

have developed normally as environmental impact would have been low. If there had been 

considerable environmental insult then we would be expect to see that there was a lack of fit 

and low R2 values as the tibia would not have reached its full developmental potential.  

The American sample, which was subjected to environmental stressors associated 

with the Depression and war rationing, shows what would be expected from a population 

experiencing fewer detrimental environmental effects or exhibiting a weaker response to 

such effects. The regression analysis is significant at the 0.05 level for both sides (P<.0001) 

and shows a well-fitting line with the R2 value for the right side being 0.81 and 0.78 for the 

left side (Figures 4.1 and 4.2 and Tables 4.7 and 4.8). This indicates that the tibia to femur 

relationship is well correlated and that the tibiae were not so impacted by environmental 

factors as to not reach its developmental potential.  

The Bosnian sample is very different. The regression analysis is not significant for 

either side (Right P=0.5008, Left P=0.1895) and the R2 values are low and close to zero. The 

right side R2 value is 0.01 and the left side is 0.03 (Figures 4.3 and 4.4 and Tables 4.8 and 

4.9). This would indicate that there was some sort of insult to natural development of the 

tibiae in this population. As it has been shown that the distal limb bones respond directly to 

environmental insults, the most likely cause of this pattern would be a stressful environment 

most likely in the form of nutritional deficits or disease load. These findings would also agree 

with Ross and Konigsberg (2002) that there is indeed a difference in limb proportions, at 

least between proximal and distal limb segments between Bosnians and Americans. Maxwell 
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and Ross (2011) also found evidence of declining health in the former Yugoslavia in the 

form of pathological skeletal markers. These findings on the limb proportions of a similar 

sample support their conclusions that the war and economic struggles of the country prior to 

the breakup contributed to declining health of the people of the nation. 

These results have interesting implications with regard to social classes. In this study 

the American sample represents a high socioeconomic status group and the Bosnians a lower 

status group. Standards of living were already higher in the U.S. so when the Great 

Depression occurred followed by WWII, there was less of an impact on the overall health 

and, subsequently, skeletal development of the high socioeconomic status Americans. For the 

lower status Bosnians, they would have already been at a detriment with possible 

developmental impact already occurring. Times of war or economic upheaval would have 

only compounded this effect. It has already been shown that wealth inequality has an inverse 

relationship with skeletal development, specifically overall height (Carson 2009). The greater 

amount of inequality there is in wealth distribution, the shorter the average population height. 

These results also agree with previous literature that found that higher classes showed less 

sensitivity in terms of skeletal development and maturation than lower classes (Conceição 

and Cardoso 2011, Cardoso 2007, Bogin 1991, Komlos and Baten 2004,). This effect 

between social classes could be exacerbated during times of strife caused by war or economic 

depression. While this study illuminates this pattern, it would be interesting to examine two 

socioeconomically disparate samples from a more similar genetic pool. 
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CHAPTER 6: CONCLUSION 

 

This study sought to both improve accuracy in current stature estimation methods by 

focusing on shorter and taller individuals in the United States and to assess limb proportion 

differences in socioeconomic status groups from economically and politically strained 

countries. Analysis showed that height category has an impact on the accuracy of stature 

estimation models which supports other studies findings that shorter individuals are over-

estimated and taller individuals are under-estimated in standard estimation methods (Olivier, 

1969; Sjøvold, 1990, 2000; Konigsberg et al., 1998; Duyar and Pelin, 2003, Formicola 1996). 

By creating predictive regression equations for stature sub-group categories, accuracy was 

increased in the estimates for the sample. When compared to the estimates given by standard 

equations provided by FORDISC 3.0, it could be seen that the stature category equations 

were more accurate. This is valuable to forensic anthropologists who are often presented with 

skeletal remains. Height estimation is typically used to exclude individuals from the pool of 

possible identities. By having more accurate stature estimation methods, more individuals 

could be excluded thus making it somewhat easier for positive identifications to be made. 

One of the most intriguing parts of this study is the role that environmental stress 

plays in skeletal development. In the stature estimation portion of this study, we see this in 

the regression results. Creating significant predictive equations for the Short sub-category 

proved difficult when the data was organized in such a way as to increase the variation in 

long bone lengths in the lower end of the distribution. By organizing the data by long bone 

length instead of recorded height when determining the stature sub-categories, equations 
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were able to be developed. When previously organized by recorded height, there was less 

correlation between the limb bones and overall height. As environmental stress in the form of 

nutritional deficit or disease load affects skeletal development, it follows that shorter 

individuals would then have more variation in their skeletal segment lengths, thus 

confounding the results of the regression analysis.  

When analyzing the long bone length and proportions in the lower limbs of 

Depression Era/WWII-born European Americans and Bosnians born before the break-up of 

Yugoslavia, it is apparent that there are differences between the populations. European 

Americans showed a more correlated growth pattern between their proximal and distal limb 

segments which indicates that they were under less nutritional stress and possibly 

experienced fewer disease episodes. Meanwhile the Bosnian sample showed that there was 

much less correlation between the proximal and distal segments of the lower limbs, thus 

indicating, and supporting previous research, that the health of that population was in decline 

during the years prior to the breakup of Yugoslavia and the Srebrenica Massacre. However, 

when comparing only limb lengths (American femur to Bosnian femur, etc.), there was no 

significant difference. Previous research indicates that there should be such a difference, 

which means that in this sample, there may have been enough environmental stress in one 

group or another to create a lack of difference.  

Overall it is suggested by this study that stature specific predictive equations are 

superior to general equations when estimating height and should be employed in a forensic 

context where possible.  In addition, the standard errors associated with the Average and Tall 

stature sub-groups in the second method of data organization suggests that organizing data by 
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bone length is less useful for creating stature estimation regression equations. This study also 

agrees with previous literature that long bone lengths and proportions can inform researchers 

about the environment in which a population lived. This may be of particular use in situations 

where human rights violations are being investigated. Evidence of impacted skeletal 

development for a particular group of individuals, particularly those in a lower class, may 

give be an indicator of poor health, social marginalization, or mistreatment.  
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