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ABSTRACT 

When decomposed human remains are recovered, the expertise of a forensic anthropologist is 

required to assist in the identification of the decedent. Identification involves establishing a 

biological profile, which includes the estimation of age, sex, ancestry, and stature of the 

individual. Robust methods are needed to assist in creating an accurate biological profile. While 

osteometric methods are currently preferred for ancestry estimation for forensic analyses in 

South Africa, non-metric methods can provide valuable information and need to be further 

explored. The current study aimed to assess postcranial macromorphoscopic traits as a tool to 

estimate ancestry among modern South Africans.  

A sample of 271 postcranial skeletons belonging to black, white, and coloured South 

Africans were used to score a series of eleven macromorphoscopic traits. The skeletal material 

was sourced from the Pretoria Bone Collection (University of Pretoria) and the Kirsten Skeletal 

Collection (Stellenbosch University). The intra- and inter-observer agreement ranged from fair 

to almost perfect for all but one trait (accessory transverse foramen of C1). The traits varied in 

frequency and rarity among the populations, with only seven traits demonstrating significant 

differences between at least two of the groups. Univariate and multivariate random forest 

models were created to test the positive predictive performance of the traits to classify ancestry. 

The univariate models performed poorly, with accuracies that ranged from 33.0% to 53.0%. 

The overall classification accuracy for the multivariate model incorporating all traits was not 

much better at 54.6% 

The results of the current study indicate that the postcranial macromorphoscopic approach 

does not outperform current methods employed to estimate ancestry. Furthermore, the low 

accuracies and Kappa values obtained with the random forest models suggest that the traits are 

not reliable classifiers, and as such, the method does not currently have practical applicability 

for medicolegal casework. However, with significant differences observed, more research 

needs to be conducted to potentially improve the method for use in South Africa.  
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CHAPTER 1: INTRODUCTION 

Forensic anthropologists in South Africa are often presented with human remains that are 

inadvertently discovered with little or no context about the decedent (Steyn et al., 2016; Krüger 

et al., 2018).  The remains  may be skeletonized or in various stages of decomposition with no 

form of identification present (Steyn et al., 2016; Krüger et al., 2018). Therefore, alternative 

methods are needed to identify the unknown individual. Forensic anthropologists assess 

skeletal remains to provide a biological profile and assist in the process of presumptive 

identification  (L’Abbé and Steyn, 2012). The biological profile consists of sex, age, stature, 

and ancestry. The parameters of the biological profile are based on skeletal variation that has 

been quantified and correlated to specific demographic characteristics through meticulous 

research (L’Abbé and Steyn, 2012).   

Ancestry estimation is one of the most important factors in establishing the biological profile 

as many methods that are employed to assess the other parameters are population-specific and 

require prior knowledge of ancestry (e.g. Feldesman and Lundy, 1988; Oettlé and Steyn, 2000; 

Krüger et al., 2015). Ancestry (also denoted as population affinity) refers to the geographical 

origin and population history of a particular individual and how the combination of both these 

factors influences skeletal morphology. Essentially, ancestry estimation is the classification of 

an individual into the population to which the unknown individual had mostly likely belonged. 

In the forensic anthropological context, different combinations of skeletal traits and 

osteometric dimensions have been correlated to populations across the globe to estimate 

ancestry. An ancestry estimate is obtained through the application of statistical analyses and 

methods, using reference samples of known individuals for comparative purposes (L’Abbé et 

al., 2013; Liebenberg et al., 2015, 2019).  

Methods employed for ancestry estimation are particularly important in countries with 

diverse populations. South Africa is such a country, with a heterogeneous population that 

consists of socially identified black, white, coloured, and Indian or Asian individuals. 

Heterogeneous populations display skeletal variation among the populations; however, there is 

also substantial group overlap (Stull et al., 2014; Liebenberg et al., 2015, 2019). Because of 

the diversity, developing various methods of ancestry estimation for South African populations 

is imperative to effectively quantify group variation.  
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 Metric and non-metric methods have been developed to estimate ancestry using several 

different skeletal elements (Hefner, 2009; L’Abbé et al., 2013; Liebenberg et al., 2015, 2019). 

Standard metric methods quantify the size of skeletal elements through the use of measuring 

tools, like calipers. In comparison, non-metric methods quantify the size and shape of skeletal 

elements through the visual evaluation of morphological skeletal variants (Ousley and Jantz, 

2012; L’Abbé et al., 2013). Non-metric methods have popularly been used to assess and 

distinguish differences between populations in the past, with a revival of the method in the last 

decade (Hooton, 1926; Rhine, 1990; Hefner, 2009).   

Forensic anthropologists continuously study and explore human variation as a means to 

progress the non-metric method from a subjective to a more objective approach (Hefner and 

Ousley, 2005; Hefner, 2009; Klales and Kenyhercz, 2015). For example, Hefner (2009) 

introduced the standardization of non-metric trait analysis of the cranium to avoid subjectivity 

when using non-metric traits. The standardization included the introduction of line drawings, 

better definitions, and robust statistics (Hefner, 2009).  As a result, the scoring of the traits on 

an ordinal scale according to their degree of expression was introduced, commonly known as 

the macromorphoscopic (MMS) approach. 

Currently the cranial MMS traits are the most developed non-metric method for ancestry 

estimation (Hefner and Ousley, 2014; Klales and Kenyhercz, 2015). In South Africa, cranial 

MMS traits have been assessed for population variation and repeatability, although further 

research still needs to be conducted for the method to be useful as a tool for the classification 

of ancestry (L’Abbé et al., 2011).   

Regarding the postcranial skeleton, traits have previously been assessed in the evaluation of 

biodistance between populations, with very little application in forensic anthropology 

(Finnegan, 1978; Finnegan and McGuire, 1979; Donlon, 2000). The postcranial MMS 

approach is fairly new in the forensic context, and currently there are no published studies that 

have assessed postcranial MMS traits for ancestry estimation in South Africa (Spiros, 2019; 

Spiros and Hefner, 2020). Therefore, the postcranial MMS traits need to be investigated to 

ascertain if the method is suitable to estimate ancestry for the South African population.  

This purpose of this study was to explore eleven postcranial MMS traits as a tool to estimate 

ancestry among black, white, and coloured South Africans. The objectives were to test the 

inter-and intra-observer repeatability of eleven MMS postcranial traits on 271skeletons; to 
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explore the frequency distribution of each trait between the sexes and among the three socially 

defined populations; and to define the univariate and multivariate classification accuracy of the 

eleven MMS postcranial traits to estimate ancestry among three South Africans groups when 

using random forest modelling (RFM). 
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CHAPTER 2: LITERATURE REVIEW 

To effectively assess the skeletal variation associated with ancestry, numerous approaches are 

required. This literature review discusses research that has evaluated non-metric traits to assess 

population relatedness. In addition, the transition from non-metric to MMS trait methods is 

explored. The literature review also addresses studies that have assessed postcranial MMS traits 

for the evaluation of ancestry. But first, the histories associated with race and ancestry are 

revisited to better understand the current view on human variation. 

2.1. Race and ancestry 

The difference between race and ancestry needs to be clarified as the concepts have different 

definitions and societal implications. Race is a social construct used to group humans according 

to arbitrary features including physical traits (such as skin colour, hair texture), culture, 

temperament and behaviour, with the aim to subdivide humans into a limited number of 

discrete races, or “types” (Livingstone, 1962; Montagu, 1962; Brace, 1964; Cartmill, 1998; 

Loue, 2006). Ancestry, on the other hand, is based purely on skeletal variation. Skeletal 

variation or diversity within populations cannot be represented by the race concept as the social 

race view has no genetic or biological basis (Livingstone, 1962; Montagu, 1962; Brace, 1964; 

Cartmill, 1998). The current study does not aim to justify the concept of race but rather, the 

focus of this study is to expand on the understanding of human variation by assessing skeletal 

morphology.   

François Bernier, a French physician, proposed that humans should be classified into four 

races based on physical attributes such as facial features and body types (Loomba and Burton, 

2007). In the 18th and 19th centuries, humans were classified into categories including 

taxonomic classifications by Carolus Linnaeus (Goodman et al., 2019). German anatomist, 

Johann Blumenbach, classified humans into five categories and described them as human 

varieties and not races (Blumenbach, 1865). Blumenbach’s five categories were Caucasian, 

Mongolian, Ethiopian, American, and Malayan. The categories were described according to 

colour such as white, yellow, black, red, and brown.  The human categorization later became 

the basis of racial classification according to colour by scientists of later generations. The 

scientists included Carleton Coon, who also classified humans into five “races” based on 

physical features, namely: Caucasoid (whites); Negroid (blacks); Mongoloid (Asians); Capoid, 

and Australoid (Coon, 1962).  
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Before the introduction of the current understanding of genetics, scientists believed that the 

categories of humans were also associated with certain behaviours and attitudes (Jackson and 

Weidman, 2005; Goodman et al., 2019). For example, white individuals were described as the 

“superior race” that was active and creative, and black individuals  were labelled as the “inferior 

race”, careless and lazy (Hudson, 1996; Tishkoff and Kidd, 2004; Takezawa, 2011; Jackson 

and Weidman, 2005). The racial categorization of humans was a driving tool for the rise of 

eugenics in the early 20th century (Jackson and Weidman, 2005). Eugenics in terms of “race” 

was created as justification to sterilize people of socially classified lower races, which  included 

individuals of colour (Jackson and Weidman, 2005).  

Typological approaches to investigating population differences function under the 

assumption that races or “types” are discreet, with no group overlap, and possess a suite of 

traits unique to that particular group. The typological view of human races led Earnest Hooton, 

one of the early physical anthropologists in North America, to develop the Harvard list. 

Hooton’s work was focused on racial classifications (Hooton, 1926). The Harvard list used 

cranial non-metric traits to categorize human groups. With the Harvard list, a trait would be 

linked to a certain population with no regard for overlap or variation, which contributed to 

scientific racism (Hooton, 1926). For example, investigators would look for traits that appeared 

more commonly in a certain racial group and would automatically assume that a skull 

exhibiting that particular trait belongs to that group with no regard for human variation 

(Hooton, 1926). Overall, the non-metric trait list qualified as typological.  

Forensic anthropologists have shifted from the typological approach to focus on 

understanding within- and between-population variations (Hefner, 2009; Hefner and Ousley, 

2012, 2014; Klales and Kenyhercz, 2015; Spiros and Hefner, 2020). The term “ancestry” has 

also been introduced instead of “race” when referring to an individual’s population (Ousley et 

al., 2009). “Ancestry” has been the most popular term used in biological anthropology for the 

last decade (L’Abbé et al., 2011; Klales and Kenyhercz, 2015; Spiros, 2019; Spiros and Hefner, 

2020). More recently, a discussion has been initiated within the discipline of biological and 

forensic anthropology to consider the term “population affinity” in lieu of “ancestry”, as it 

encapsulates a better understanding of how microevolutionary forces influenced human 

variation (Ross and Pilloud, 2021; Spradley and Jantz, 2021). With this discussion still 

ongoing, the term “ancestry” is used throughout this dissertation to remain consistent with the 

bulk of the literature reviewed for this study.    
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2.2. Ancestry estimation 

With the study of human skeletal variation, reference samples have been created for various 

populations to assist in ancestry estimation (Ousley and Jantz, 2012; L’Abbé et al., 2013; 

Ousley and Jantz, 2013; Liebenberg et al., 2019). In a forensic anthropological context, 

reference samples are a collection of skeletal data obtained from individuals with known, age, 

sex, and ancestry. The reference samples are used to compare an individual to the populations 

present in the samples to obtain a probable estimate. Currently, reference samples that are 

available for the South African population include that of black, white and coloured 

individuals. The skeletal data collected from the three populations specifically for sex and 

ancestry, were obtained through osteometry (measurement of skeletal elements). Both 

craniometric and postcraniometric databases have been established for the South African 

population (L’Abbé et al., 2013; Liebenberg et al., 2019, 2015). Compared to the osteometric 

method, non-metric methods to estimate ancestry among South Africans are undeveloped.  

Non-metric methods pertaining to ancestry have not always been used in a forensic context, 

but rather in a biological sense to study global populations and population histories (Corruccini, 

1974; Finnegan, 1978; Buikstra et al., 1990; Donlon, 2000; Reed, 2006; Du Toit, 2014; Asvat, 

2012). To date, most analyses pertaining to a non-metric method for  ancestry estimation, are 

mostly based on the assessment of cranial and less of the postcranial macromorphoscopic 

(MMS) traits (Hefner and Ousley, 2005; Hefner, 2009; Klales and Kenyhercz, 2015; Spiros, 

2019; Spiros and Hefner, 2020). 

With MMS analyses, traits are scored through physical observation using drawings and 

descriptions of trait character states. Certain skeletal traits assist forensic anthropologists to 

estimate ancestry as some traits may, or may not, be more prominent in some populations over 

others. Thus, standards for cranial MMS traits have been developed for ancestry estimation 

specifically for a North American sample. However, postcranial MMS trait assessment for 

ancestry estimation has not received the same level of research as compared to cranial MMS 

traits. More work and research need to be carried out for non-metric analysis for ancestry 

estimation purposes specifically for South Africans. 

2.3. Non-metric traits and biodistance studies 

Non-metric traits are non-pathological skeletal features that may vary in size or expression 

among populations. Many terms have been used when referring to non-metric traits, such as 

discrete or dichotomous. Discrete or dichotomous traits are described as either present or 
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absent. The traits were also considered as epigenetic traits because they were believed to be the 

result of both genetic and environmental influences interacting with one another (Haas et al., 

1994; Hauser and Stefano, 1989).   However, the term non-metric is generally used as it 

encompasses the meaning of the related terms (Saunders and Rainey, 2008).    

In the 18th and 19th centuries, cranial and postcranial non-metric traits were observed as 

anomalies rather than traits that indicate human variation (Cunningham, 1886; Macalister, 

1893; Russell, 1900). This perspective later changed to note that the traits can be assessed to 

investigate population similarities and differences (Finnegan, 1978; Donlon, 2000; Spiros, 

2019; Spiros and Hefner, 2020). The first attempt to link cranial non-metric traits to 

anthropological research occurred  in the 1800s with biodistance analysis (Berry and Berry, 

1967). A biodistance analysis is the assessment of population relatedness to determine 

similarities and dissimilarities between populations based on polygenic traits through the 

application of multivariate statistical methods using data obtained from skeletal remains 

(Buikstra et al., 1990; Hefner et al., 2016). Biodistance studies demonstrate genetic and 

environmental variations within and between populations (Larsen and Walker, 2010). For 

example, dissimilarities within a population would be due to genetic variation, and 

dissimilarities between populations would be due to the different environmental origins of the 

different populations (Larsen and Walker, 2010; Stojanowski, 2018).  

Many biodistance studies have made comparisons between populations by observing trait 

frequencies (Berry and Berry, 1967; Hauser and Stefano, 1989). As illustrated by Berry and 

Berry (1967), a comparison of populations from eight different regions was conducted to assess 

cranial non-metric trait frequencies found both among and within the populations. In the 1970s, 

a biodistance analysis between indigenous North Americans and groups of African ancestry 

was carried out using a Measure of Divergence statistic (Ossenberg, 1976). Modern samples 

collected from the Terry Collection in North America, have also been examined in biodistance 

studies (Corruccini, 1974). The studies that conducted biodistance analysis using cranial non-

metric traits noted significant distances, and concluded that the traits can be useful in 

comparing different populations (Berry and Berry, 1967; Corruccini, 1974; Ossenberg, 1976). 

Postcranial non-metric traits have also been used to study biological distance (Finnegan, 

1978; Donlon, 2000). Finnegan (1978) employed line drawings to score 30 postcranial non-

metric traits using black and white North Americans. According to Finnegan (1978), 

postcranial are better suited for analysis than cranial traits because postcranial traits are located 
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on skeletal elements that are likely to survive excavation and prolonged burial. The conclusion 

in the Finnegan (1978) study was that the traits can be effective in comparing populations. The 

author (Finnegan 1978) further elaborated that postcranial non-metric traits age dependency is 

not statistically significant enough to affect population difference.  Finnegan (1978) also noted 

some sexual dimorphism among postcranial non-metric traits and concluded that skewed 

samples may have been the cause, as the sexes were not equally distributed.  

The data collected in the Finnegan (1978) study was used in a different study (Finnegan and 

McGuire, 1979) to test different statistical methods that can be employed in classifying 

populations using the same 30 postcranial non-metric traits. Finnegan and McGuire (1979) 

tested the Rubison procedure, Bayes’ theorem, linear discriminant functions, tally method, and 

the weight of evidence procedures. The statistical methods were tested to assess which of the 

techniques performed best in classifying populations. Overall, the Rubison classification 

technique performed best in comparison to the other techniques (Finnegan and McGuire, 

1979). The accuracies of various methods were about 50% for the lowest, with the best 

performing method being just over 90% with the Rubison method showing only 9.23% 

misclassifications when using postcranial traits (Finnegan and McGuire, 1979). Finnegan and 

McGuire (1979) concluded that statistical methods exist that can classify individuals with great 

accuracies when using postcranial traits. 

In a later study, Donlon (2000), assessed Australian, African, East Asian, European, and 

Polynesian groups and compared the relationships observed from 19 postcranial traits to those 

obtained from traditional craniometric when assessing biodistance. The Donlon (2000) study 

began with 40 postcranial traits that were reduced to 19 after testing intra-observer error, as 

some traits were removed because of low repeatability. Some of the traits were the 

suprascapular foramen and the vastus notch (see definitions on Appendix A).  Traits that were 

extremely rare or extremely common among the populations, were removed.  With the 

remaining traits, Donlon (2000) applied the mean measure of divergence and principal 

component analysis techniques to study the frequency and variation of the traits between the 

sampled populations. Trait frequencies were further analysed according to presence or absence.  

The Donlon (2000) study did not specify whether line drawings with definitions were used, 

which might have been the reason for the poor repeatability of the removed traits. A trait was 

considered present if observed on either left or right or both sides (Donlon, 2000). Donlon 

(2000) concluded that the remaining postcranial non-metric traits are not affected by age and 

side preference (for bilateral traits). Side preference, also known as handedness, refers to the 
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body that is mostly dominant or preferred over the other. Another  conclusion that was drawn 

in the Donlon (2000) study was that postcranial traits can be used to measure divergence or 

relatedness of populations that are within the same region (Donlon, 2000). 

Biological distances using postcranial traits have also been studied between black and white 

South Africans (Du Toit, 2014). Du Toit (2014) noted that some of the traits were population-

specific, indicating that population differences can be observed when assessing postcranial 

traits. Asvat (2012) also analysed a sample of black and white South African individuals to 

investigate the frequency of the spinous process bifurcation, which is one of the postcranial 

traits that will be used for the current study. A high frequency of bifidity was observed for 

white South Africans compared to black South Africans;  however, an ancestry estimation 

evaluation was not conducted (Asvat, 2012). Biodistance studies that assessed postcranial traits 

assisted in determining which traits are applicable in comparing different populations 

(Finnegan, 1978; Donlon, 2000; Du Toit, 2014; Asvat, 2012). The Du Toit (2014) and Asvat 

(2012) studies support the necessity for further research in postcranial traits and their adequacy 

in comparing South African populations. Additionally, ancestry estimation was not examined 

in either of these studies (Asvat, 2012; Du Toit, 2014), which opens up a gap for analysis like 

the one proposed for the current study. 

2.4. Macromorphoscopics (MMS) and forensic ancestry estimation 

Macromorphoscopics (MMS) traits are quasi-continuous variables that are homologous with 

the adjacent soft tissue traits and are used by forensic anthropologists to estimate ancestry 

(Hefner and Ousley, 2005, 2012; Hefner, 2009; Klales and Kenyhercz, 2015). Contrary to 

MMS traits, non-metric traits are discontinuous variables of skeletal features that are used in 

biodistance studies (Corruccini, 1974; Buikstra et al., 1990; du Toit, 2014; Stojanowski, 2018). 

In comparison to biodistance studies, forensic anthropology focuses on an individual rather 

than a population. Prior to discussing how MMS traits have been used in a forensic context, 

one needs to understand how the transition from non-metric to MMS traits took place in a 

forensic context.  

The application of non-metric traits in biological anthropology was originally introduced by 

E.A. Hooton (1926). Hooton’s goal was to study the differences of and to classify human 

groups using traits that were both hereditary and not affected by the environment. He referred 

to this collection of traits as the Harvard list (Hooton, 1926). 
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The Harvard list utilized  forms and standard descriptions such as “narrow”, “sharp”, 

“small”, “very thick” etc. (Hooton, 1926; Hefner, 2003). The method in which the traits were 

described on the Harvard List was subjective, for example, “narrow” to one person may not be 

“narrow” to the next, and therefore repeatability of the trait was in question. The lack of 

standardized descriptions required that only experienced observers, who had been previously 

exposed to the skeletal traits, could reliably score them (Hefner, 2003, 2009). Additionally, the 

frequency of each of the traits among and within the populations could not be accounted for 

because the descriptions of the traits on the Harvard List were not standardized (Hooton, 1926).  

The Harvard trait list was not statistically tested, and an error rate was not specified. An 

error rate is one of the requirements in a scientific methodology (Grivas and Komar, 2008). 

Thus, the trait list method demonstrated to be non-reliable and subjective and was based only 

on observer experience (Hefner and Ousley, 2012; Plemons and Hefner, 2016). In addition, 

scientific methodologies cannot be based only on observer experience, as the least experienced 

of observers need to be able to repeat the method. Thus, Hefner (2009) introduced an objective 

standardized approach with associated line drawings to illustrate trait variation. With this 

approach, an ordinal scoring system with descriptions was introduced,  such that a statistical 

analysis could be carried out (Hefner and Ousley, 2005; Hefner, 2009). The term 

macromorphoscopics (MMS) was created to describe the reviewed and standardized trait 

analysis applicable to a forensic context (Hefner and Ousley, 2005).  

Macromorphoscopic traits belonging to African (West, East, and African Americans), 

European (Europeans and White Americans), Native American, and Asian samples have been 

studied (Hefner, 2009). Eleven cranial MMS traits were analysed to explore trait variations 

among the groups. Significant differences in trait frequencies were noted between the sampled 

populations. According to Hefner (2009), the extreme expression of a trait should not be linked 

to a certain population, as trait variations were observed within all populations. The observation 

in the Hefner (2009) study, further demonstrated that the visual assessment of traits cannot be 

conducted independently, but rather a statistical approach is needed. In addition, significant 

population differences were observed throughout the frequency distribution of the traits except 

for one, the malar tubercle. In the same study, classification accuracy was assessed, where a 

combination of traits was used and an overall correct classification ranging from 84% to 93% 

of the populations was obtained (Hefner, 2009). Several statistical techniques were employed, 

namely; the k-Nearest Neighbour, logistic regression, and the naïve Bayesian to obtain 

classification rates (Hefner, 2009). Hefner (2009) illustrated that a combination of traits worked 
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better as compared to individual traits, which further supported a multivariate approach as 

stated by Liebenberg et al. (2015).  

Nine of the MMS traits that were described and illustrated by Hefner (2009) were tested on 

a South African sample (L’Abbé et al., 2011). Hefner (2009) assessed the repeatability of the 

non-metric method and the frequency distribution of the traits. After assessing frequency 

distributions, L’Abbé et al. (2011) noted that black and coloured South Africans fell into the 

African and Asian groups, and the white South Africans fell into the European groups. Traits 

that could separate the three South African populations were located in the midfacial area when 

assessing frequency distribution. The traits were the inferior nasal margin, anterior nasal spine, 

and nasal contour (L’Abbé et al., 2011). Frequency distributions assist in determining which 

traits are mostly observed in one group in comparison to another, which can further assist in 

classifying groups. 

Phenotypic variation in trait expression has been noted among various groups, specifically 

black and white North Americans (Klales and Kenyhercz, 2015). When classifying ancestry 

using the MMS trait as described in the Hefner (2009) study, correct classification of 86.60% 

was obtained (Klales and Kenyhercz, 2015). Klales and Kenyhercz (2015) also noted 

significant differences of trait expressions on the midfacial area between the populations as 

observed by L’Abbé et al. (2011). In the Klales and Kenyhercz (2015) study, the same 

statistical method, as described by Hefner (2009) was applied. In addition, the ordinal logistic 

regression method performed best when classifying black and white North Americans.  

Hefner et al. (2014), assessed the efficacy of a random forest model for ancestry estimation 

using both cranial macromorphoscopic and metric data of a North American sample. Correct 

classification of 89.6% was obtained when a random forest model was employed (Hefner et 

al., 2014). The findings in the Hefner (2009), Hefner et al (2014), and Klales and Kenyhercz 

(2015) studies further justify the utilization of MMS traits for ancestry estimation. The studies 

further illustrate the efficacy of certain statistical models, as high classification accuracies were 

obtained. Moreover, the random forest model will be employed for the current study. 

Postcranial MMS traits have been examined to investigate if they can be used for ancestry 

analyses (Spiros, 2019; Spiros and Hefner, 2020). The reliability of the scoring technique and 

the frequency distribution of postcranial MMS traits was tested between black and white North 

Americans (Spiros, 2019). Spiros (2019) created trait illustrations and definitions (Appendix 

A) using over 100 skeletons and numerous isolated bones (Spiros, 2019). As a result, eleven 
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postcranial MMS traits were standardized. The standardization of the postcranial MMS traits 

was achieved by selecting traits according to how frequent they were in terms of differentiating 

between populations. All eleven traits demonstrated complete agreement for intra-observer 

error and nine out of the eleven traits had a high inter-observer agreement. The two remaining 

traits had substantial agreement which were the vastus notch and the posterior bridging (see 

Appendix A for trait definitions) (Spiros, 2019). Sex and side differences (excluding the septal 

aperture) were not statistically significant and therefore sexes were pooled, as well as traits 

recorded on both left and right sides. Frequency distributions of the traits were calculated for 

ancestry comparison between the black and white North American populations. Statistically 

significant frequency distribution differences were noted for some traits such as the third 

trochanter, spinous bifurcation of the C3 and C4 of the cervical vertebra, septal aperture, and 

the anterior and middle calcaneal facets (Appendix A). Spiros (2019) also noted that there was 

no trait specific to one population, as all traits presented in a single skeleton when evaluating 

black and white North Americans, which further supports variation of traits between and within 

populations (Hefner, 2009; Hefner and Ousley, 2014; Klales and Kenyhercz, 2015). Spiros 

(2019) further suggested that the left and right sides of the septal aperture should be scored 

separately rather than pooled. Spiros (2019) encouraged further investigation of the postcranial 

MMS traits and their correlation to ancestry estimation.  

The classification accuracy of the ordinal scoring technique created by Spiros (2019) was 

further tested on black and white North Americans using both cranial and postcranial MMS 

traits (Hefner, 2009; Spiros, 2019; Spiros and Hefner, 2020).  The eleven postcranial traits used 

in the Spiros (2019) study were utilized for the assessment of the postcrania (Spiros, 2019). 

Bilateral traits were not pooled for the Spiros and Hefner (2020) study. Classification models 

were created for the postcranial MMS traits using quadratic discriminant function analysis 

(QDA), support vector machine (SVM), artificial neural networks (aNN), and random forest 

models (RFM) techniques. Statistical techniques such as the quadratic discriminant function 

analysis and RFM were employed to measure the effectiveness of the postcranial MMS traits 

in ancestry estimation. Correct classification accuracy of 77.6% – 81.6% was obtained for 

models developed for postcranial MMS traits. A combination of cranial and postcranial traits 

had a correct classification of 89.5 – 92.1% with the spinous process bifurcation being the best 

discriminator between black and white North Americans.  

Due to the typological history associated with the morphological method, Bethard and 

DiGangi (2020) argue that MMS traits should be suspended in the estimation of ancestry. 
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However, forensic anthropologists have introduced a statistical approach for both cranial and 

postcranial MMS methods for ancestry estimation (Hefner and Ousley, 2005; Hefner, 2009; 

Klales and Kenyhercz, 2015; Plemons and Hefner, 2016; Spiros, 2019; Spiros and Hefner, 

2020). The studies that have examined postcranial MMS in a forensic context (Spiros, 2019; 

Spiros and Hefner, 2020), have also demonstrated that the traits can assist in classifying 

sampled populations. However, as discussed, the studies were conducted on North American 

samples. The lack of postcranial MMS analysis for ancestry estimation signifies the need to 

further investigate if the method can be employed in a forensic context to estimate ancestry for 

South African populations. Furthermore, a postcranial MMS analysis can assist in quantifying 

skeletal features that a metric analysis is unable to quantify such as the presence or absence of 

a feature that can possibly contribute to ancestry estimation. 

The addition of reliable postcranial MMS methods for ancestry estimation can assist in 

learning more about human variation among the populations being assessed and possibly 

develop reference samples that can be used for future research and forensic case analysis. 

However, the postcranial MMS method needs to be validated and tested through the application 

of statistical methods suitable for South Africans. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1. Materials 
The sample consists of the postcrania of 271 black, white, and coloured South Africans (Table 

1). The sample was obtained from the Pretoria Bone Collection and the Kirsten Skeletal 

Collection located at the University of Pretoria and the Stellenbosch University, respectively. 

All individuals in the sample were adults, older than 18 years of age (see Table 2 for age 

distribution of the sample). Any individuals with excessive post-mortem damage or 

pathological lesions that prevented the accurate scoring of the traits were excluded. 

Additionally, individuals that were missing more than four traits were excluded from the 

sample. 

TABLE 1. The sample distribution. 

Population Males Females Total 

Black 46 41 87 

White 49 41 90 

Coloured 47 47 94 

Total 142 129 271 

 

TABLE 2. Age of sample (average). 

Population Males Females Total average 

 Mean  Range Mean Range Mean Range 

Black 48.5  (24-76 years) 44.3  (22-75 years) 46.5  (22-76 years) 

White 51.8 (20-85 years) 69.0  (42-88 years) 57.0  (40-88 years) 

Coloured 63.7 (40-85 years) 45.2  (18-81 years) 48.5  (18-85 years) 

 

3.1.1. The South African population history 

South Africa has a heterogeneous population with more than 59 million individuals, including 

black (80.8%), white (7.8%) coloured (8.8%), and Indian or Asian (2.6%) populations 

(Statistics South Africa, 2020). The South African population is also diverse in terms of culture, 

beliefs, and origins. South Africa is rich in culture and has eleven official languages, namely, 

Northern and Southern Sotho, Afrikaans, English, Zulu, Xhosa, Ndebele, Swati, Tsonga, 

Venda, and Tswana. The eleven official languages have a direct link to the different tribes. For 
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example, the black population is divided into different tribes such as the: Nguni (SiSwati, 

isiZulu, isiXhosa, isiNdebele); Sotho (Setswana, Sepedi); Tsonga, and Venda (Thompson, 

2001; Franklin et al., 2007; L’Abbé et al., 2011). The black South African population initially 

descended from Bantu-speaking groups that migrated from West Africa to sub-Saharan Africa 

and settled south of the Limpopo River (by AD 300) (Thompson, 2001; Ribot, 2004).  

In the 1600s, the Dutch East India Company established a colony in the Cape of Good Hope 

which led to the immigration of more European settlers into South Africa. Apart from the 

Dutch, the European settlers included the British, German, and the French (Davenport and 

Saunders, 2000; Thompson, 2001). Some of the settlers established farms in the Cape which 

led to an increase in the immigration of European women. The European settlers then became 

the parental groups for the English and Afrikaans speaking white South African population 

(Davenport and Saunders, 2000; Thompson, 2001; Patterson et al., 2010).  

The Cape coloured group, also known as the South African coloured population, is a 

heterogeneous population with the widest variety of global genetic contributions that is both 

intra- and inter-continental (Patterson et al., 2010). According to Thompson (2001), between 

the 17th and 18th centuries, populations from India, Malaysia, Madagascar, Mozambique, 

Indonesia, and Ceylon (modern-day Sri-Lanka) were transported from their homelands as 

slaves for the European settlers (Thompson, 2001; Patterson et al., 2010).  As a result, together 

with the slave groups, the European settlers, black and Khoesan populations contributed to the 

South African coloured population. The Khoesan group is the major contributor to coloured 

South Africans, particularly along the maternal lineage (Quintana-Murci et al., 2010). The great 

maternal contribution may be a result of the Khoesan population being the first to encounter 

the European settlers who were initially males. 

The introduction of legislature such as the Immorality Act of 1949, Group Areas Act of 

1950, and the Natives Amendment Act of 1952, led to the socially defined groups, namely 

black, white, coloured and Asian/Indian South Africans, which was followed with forced 

segregation of these groups. Under institutionalized racism, mixed marriages were prohibited, 

most especially between whites and other groups (Posel, 2001). The segregation of these 

socially defined groups limited mating among the groups, reduced gene flow and thus 

contributed to the patterns of observable skeletal variation.  

Skeletal variation has been noted among black, white and coloured South Africans (L’Abbé 

et al., 2013; Stull et al., 2014; Liebenberg et al., 2019). Skeletal traits overlap among the three 
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populations, with most similarities being noted between black and coloured South Africans 

when assessing craniometric and post-craniometric data (Liebenberg et al., 2015). The overlap 

between black and coloured South Africans may have been a result of the segregation laws not 

being as strict on black and coloured marriages as compared to marriages between whites and 

other groups (Posel, 2001). Before the segregation laws were introduced, European male 

settlers were allowed to marry slaves that shared the same religion (Posel, 2001).  

 3.1.2. The Pretoria Bone Collection  

The Pretoria Bone Collection (PBC) was established in 1942 when the Department of Anatomy 

and the Medical School at the University of Pretoria was established (L’Abbé et al., 2005, 

2021). The main purpose of the PBC was to educate dental, medical, and health students. 

Today, the PBC is used for student teaching and research purposes. The PBC is composed of 

donated and unclaimed bodies of known sex, age, stature, ancestry, and cause of death. Willed 

and unclaimed whole body donations to South African Medical Schools are governed by the 

National Health Act of 2003, which states that anyone can donate their body for tissue 

transplants, research, and medical training (National Health Act, 2003). For unclaimed bodies, 

if an individual dies in a public institution and is unclaimed by a relative or spouse, the body 

can be donated to an academic institution such as a university for medical research purposes. 

Most of the unclaimed bodies in the Department of Anatomy come from the local City of 

Tshwane public hospitals, such as the Kalafong and Mamelodi Hospitals.  

3.1.3. The Kirsten Skeletal Collection 

The Kirsten Skeletal Collection (KSC) is housed in the Department of Biomedical Sciences in 

the  Faculty of Medicine and Health Sciences at the Stellenbosch University, South Africa 

(Alblas et al., 2018). According to Alblas et al. (2018), the collection has a total of 1161 skeletal 

elements from cadavers of known sex, age, date of birth, date of death, ancestry, last known 

residential address, and hospital or funeral home that the body was received from. The KSC 

was established in the 1970s and was named after Professor J.F. van E. Kirsten, who was a 

qualified surgeon and the first to collect skeletal material for study at the Stellenbosch 

University.  

Similar to the PBC, the KSC is a collection of willed and unclaimed whole-body donations 

of persons who died from natural causes (Alblas et al., 2018). The Department of Biomedical 

Sciences receives bodies from the Western Cape Region, specifically the Northern suburbs of 

Cape Town and surrounding rural settlements (Alblas et al., 2018). The cadavers are used in 

dissection halls for the training of undergraduate, postgraduate as well healthcare medical 
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students. Most of the unclaimed bodies, similar to the PBC, belong to individuals of low 

socioeconomic status such as migrant labourers.  The collection contains 1161 individuals of 

which approximately 12.0% are white, 16.5% black and 60.0% coloured South Africans (Albas 

et al., 2018). This collection is unique, as it encapsulates a large portion of the coloured South 

African sample (skeletal), as well as the genetic and socioeconomic diversity of these groups 

(Pfeiffer et al., 2016).  

3.2. Methods 
A total of eleven postcranial MMS traits were visually assessed and scored by applying the 

methodology described by Spiros (2019), and Spiros and Hefner ( 2020). The eleven traits are 

located on the following skeletal elements: the cervical vertebrae, sternum, scapula, humerus, 

femur, patella, and calcaneus. In the current study, cervical vertebrae C5 and C6 were included 

for the assessment of the spinous bifurcation process. In the case of bilateral traits, both the left 

and right sides were scored; however, only the left-side scores were used to create classification 

models.  Table 3 presents the traits and their descriptions. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



18 

 

TABLE 3. Summary of trait descriptions and scoring system. 

Trait and location Abbreviation Score Description Definition 

Accessory Transverse 

Foramen (cervical 

vertebra) 

ATF_ (C1, C3, C4, 

C6, C7) 

0 Absent One to two extra foramina located near the articular 

facet of the cervical vertebrae (Spiros, 2019). 1 Unilateral 

2 Bilateral 

Posterior Bridging 

(cervical vertebra) 

PB 0 Absent A bony protrusion, extending from the posterior aspect 

of the superior articular facet of C1 to the arch located 

posteriorly (Spiros, 2019). 

1 Unilateral 

2 Bilateral 

Double Superior 

Articular Facets 

(cervical vertebra) 

DSAF 0 Absent Forms when a groove forms in the middle of the 

superior articular facet of C1, resulting in double facets 

(Spiros, 2019). 

1 Unilateral 

2 Bilateral 

Spinous Process 

Bifurcation (cervical 

vertebra) 

SPB_ (C3, C4, C5, 

C6) 

0 Non-bifid  A “split” of the most posterior part of the spinous 

process of the cervical vertebra to form two bony 

tubercles or projections (Asvat, 2012; Cunningham, 

1886). 

1 Partially bifid 

2 Completely bifid 

Suprascapular 

Foramen (scapula) 

SF 0 Absent Formed when the suprascapular notch is enclosed, 

forming a foramen. The suprascapular notch is located 

on the superior border of the scapula, at the root of the 

coracoid process (White et al., 2012). 

1 Present 
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Sternal Aperture 

(sternum) STA 

0 Absent An oval opening or hole located on the sternum that 

can vary in size (Mann and Hunt, 2019).   1 Present 

Supra-condyloid 

Process (humerus) 

SCP  0 Absent A bony projection located above the medial epicondyle 

of the humerus and is an extension of the supracondylar 

ridge (Spiros, 2019). 

1 Present 

Septal Aperture 

(humerus) 

SA  0 Absent An opening located on the distal part of the humerus, 

that joins the olecranon fossa to the coronoid fossa 

resulting in an oval or round shape hole (Mann and 

Hunt, 2019). 

1 Translucent 

2 Small perforation 

3 Large perforation 

Third Trochanter 

(femur) 

TT  0 Absent A tubercle located at the superior end of the gluteal 

ridge on the posterosuperior aspect of the femur and 

slightly inferior to the lesser trochanter (Mann and 

Hunt, 2019).   

1 Present 

Vastus Notch (patella) VN  0 Absent A concaved or flattened indentation located on the 

superolateral or medial angle of the patella (Mann and 

Hunt, 2019). 

1 Present 

Anterior and Middle 

Calcaneal Facets 

(calcaneus) 

AMCF  0 No anterior facet Located on the calcaneus; can vary from a single small 

oval facet to an elongated oval facet, where the middle 

facet is joined with an anterior or double facet where 

the two facets are separated (Spiros, 2019). 

1 Single elongated 

facet 

2 Small anterior facet 

3 Large anterior facet 
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The inter- and intra-observer agreement was tested with Cohen’s kappa, using the Landis 

and Koch scale to better describe the degree of repeatability (Landis and Koch, 1977). Eleven 

individuals were selected to test inter- and intra-observer agreement. The Landis and Koch 

scale provides parameters to classify the kappa statistic values obtained when testing the 

strength of intra- and inter-observer agreement with acceptable values preferably being 

κ>0.61(Byrt, 1996) (Table 4- Landis and Koch scale).  

TABLE 4. Landis and Koch scale 

(Landis and Koch, 1977).  

Kappa statistic (κ) Strength of agreement 

<0.00 Poor 

0.01 – 0.20 Slight 

0.21 – 0.40 Fair 

0.41 – 0.60 Moderate 

0.61 – 0.80 Substantial 

0.81 – 1.00 Almost perfect 

 

Frequency distributions were created for each trait, and Kruskal-Wallis tests were applied 

to determine if there are significant differences between the sexes and among the groups for 

each trait. A post-hoc Dunn’s test was also applied to further investigate group differences and 

overlap. Random forest modelling (RFM) was employed to create classification models and 

see if the traits are useful for ancestry estimation. As a classification method,  RFM refers to a 

combination of decision trees that are generated using a non-parametric algorithm integrating 

random sampling with replacement and majority voting (Breiman, 2001). The sample was 

divided so that 75% constituted the training set (to create the models), and the remaining 25% 

was kept as the out-of-bag (OOB) testing set (to validate the models). In the case of missing 

data, the mode was calculated for each sex and population separately within each trait and the 

result was used as the score of that missing trait. The mode was used because it represents the 

centre or the middle of the sex and population data distribution. Both univariate and 

multivariate models were employed to evaluate the performance of the traits and to determine 

which model worked best in classifying the groups. The univariate models assist to determine 

the performance of each trait and multivariate models depict the relationship between the traits. 

Three different multivariate models were tested: the first included all the traits; for the second 

model all traits with a variable importance value below one were removed; and finally, the 
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third model included only the variables that were found to be significantly different when 

analysed with the Kruskal-Wallis. 

A total of 2500 classification trees were used for each model with four variables at each 

split.  The classification accuracy, Kappa values, and variable importance were recorded for 

each model. Both the classification and Kappa values are measures of model accuracy. The 

classification accuracy presents the percentage of correctly classified individuals out of all of 

the individuals, whereas the Kappa value presents the percentage of correctly classified 

individuals while taking random chance into account. The Kappa value is a particularly useful 

metric in the case of unbalanced classes (e.g., where traits can be scored as 0 or 1, but a score 

of 1 is a fairly rare occurrence).  With variable importance, the higher the value the more a 

variable contributes to the classification model.  
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CHAPTER 4: TRAIT PREVALENCE AND VARIATION 

4.1 Introduction 

The purpose of this chapter is to evaluate the repeatability with which each of the postcranial 

MMS traits can be scored. Additionally, this chapter explores the prevalence of each trait 

among black, white and coloured South Africans. Assessing the within- and among-group 

variation is an essential step in the validation of the method and provides information required 

for the creation of classification models.  

4.2 Manuscript to be submitted 
 

 

  

Exploring the prevalence of postcranial macromorphoscopic traits among 

modern South Africans. 

N.P. BOTHMA, E.N. L’ABBÉ, L. LIEBENBERG 

Manuscript to be submitted for publication to the Journal of Forensic Sciences. 
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Abstract 

As research in forensic anthropology is continuously published, new methods need to be 

evaluated to determine whether they can be added to currently existing standards. Very few 

studies have assessed the variation of postcranial macromorphoscopic traits (MMS) for 

ancestry analysis. The lack of postcranial macromorphoscopic trait databases indicate the need 

to further investigate if the method can be employed repeatably, specifically in a forensic 

context. The current study aimed to assess the prevalence of eleven postcranial 

macromorphoscopic traits among black, white and coloured South Africans.  

A sample of 271 postcrania of adult black, coloured, and white South Africans housed at 

the Pretoria Bone and Kirsten Skeletal Collections in the Gauteng and Western Cape Provinces 

of South Africa were assessed. The intra- and inter-observer agreement ranged from fair to 

almost perfect except for one trait, the accessory transverse foramen of C1, which had poor 

agreement between observers. The frequencies of the traits demonstrated substantial group 

overlap, with only seven traits differing significantly between at least two of the groups. 

Numerous trait variations were also observed in the sample, particularly pertaining to the 

accessory transverse foramen and the suprascapular foramen (scapular notch).  

With the observed significant differences, more research needs to be conducted with refined 

definitions to aid in obtaining an optimal intra- and inter-observer agreement.  

KEYWORDS: Forensic anthropology; Population affinity; Morphology; Variation; Observer 

agreement  

Highlights  

• This study evaluated postcranial macromorphoscopic traits in three South African 

groups  

• Experience with the traits improves the repeatability of the method 

• Numerous trait variations were observed that may complicate scoring 

• Seven of the eleven traits were significantly different for ancestry 
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INTRODUCTION 

 Anthropological practitioners have developed various methods to estimate ancestry, which 

includes both metric and non-metric approaches using several different skeletal elements (1–

4). Standard metric methods quantify the size of skeletal elements through the use of measuring 

equipment, like calipers. In comparison, non-metric methods quantify the size and shape of 

skeletal elements through the visual evaluation of morphological skeletal variants (2,5). Non-

metric traits are non-pathological skeletal features that may vary in size or expression among 

populations. Many terms have been used when referring to non-metric traits, such as discrete 

or dichotomous. Non-metric methods have popularly been used to assess and distinguish 

differences between populations in the past (biodistance studies), with a revival of the method 

in the last decade (1,6,7).  

 Forensic anthropologists continue to develop and test new methods on populations across 

the globe to ensure that methods are suitable to effectively quantify skeletal variation and 

classify populations other than the ones used to create the methods (8,9). Many studies have 

noted differences between modern South Africans and North Americans (2,10), which have 

prompted ongoing work to modify existing standards before adopting them for skeletal 

analyses in South Africa. Currently, a number of South African-specific databases exist which 

contain metric standards for skeletal analyses (2–4). However, non-metric methods to estimate 

ancestry has not received as much attention in the country. Hefner (1) introduced the 

standardization of non-metric trait analysis to avoid subjectivity when using non-metric traits 

of the cranium. The standardization included the introduction of line drawings, better 

definitions, and robust statistics (1).  As a result, the scoring of the traits, commonly known as 

macromorphoscopic (MMS) traits, was introduced. More recently, Spiros (11) and Spiros and 

Hefner (12) introduced similar work assessing postcranial MMS traits.  

The reliability of the scoring technique and the frequency distribution of postcranial MMS 

traits was assessed in a sample of  black and white North Americans (11). Spiros (11) created 

trait illustrations and definitions for eleven traits using over 100 skeletons and numerous 

isolated bones to ensure robust, standardized methodology (11). All eleven traits demonstrated 

complete agreement for intra-observer error and nine out of the eleven traits had a high inter-

observer agreement (13). Sex and side differences (excluding the septal aperture) were not 

statistically significant and therefore sexes were pooled, as well as traits recorded on both left 

and right sides. Frequency distributions of the traits were calculated for ancestry comparison 
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between the black and white North American populations. Statistically significant frequency 

distribution differences were noted for some traits such as the third trochanter, spinous 

bifurcation of the C3 and C4 of the cervical vertebra, septal aperture, and the anterior and 

middle calcaneal facets. Spiros (11) also noted that there was no trait specific to one population, 

as any combination of these traits may be present in either one of the population groups, which 

further supports trait variation between and within population groups (1,13,14). Spiros (11) 

further suggested that the left and right sides of the septal aperture should be scored separately 

rather than pooled as significant differences between the sides were observed. Spiros (11) 

encouraged further investigation of the postcranial MMS traits and their correlation to ancestry 

and the quantification of population variation.  

The addition of reliable postcranial MMS methods for ancestry estimation can assist in 

learning more about human variation among the populations being assessed and possibly 

develop reference samples that can be used for future research and forensic case analysis. 

However, the postcranial MMS method needs to be further explored and validated for analyses 

involving South Africans. This study aims to explore postcranial variation and the prevalence 

of eleven postcranial MMS traits as a tool to estimate ancestry among black, coloured, and 

white South Africans.  

MATERIALS AND METHODS 

The sample consists of the postcrania of 271 black, coloured, and white South Africans (Table 

5). More specifically, the cervical vertebrae, sternum, scapula, humerus, femur, patella, and 

calcaneus were used (Table 6). All individuals in the sample were adults, older than 18 years 

of age. Any individuals with excessive post-mortem damage or pathological lesions that 

prevented the accurate scoring of the traits were excluded. Additionally, individuals that were 

missing more than four traits, were excluded from the sample. 

The sample was obtained from two South African collections: the Pretoria Bone Collection 

(PBC) and the Kirsten Skeletal collection (KSC) located at the University of Pretoria and the 

Stellenbosch University, respectively. The PBC is composed of donated and unclaimed bodies 

of known sex, age, stature, ancestry, and cause of death. The KSC is also a collection of willed 

and unclaimed whole-body donations of persons who died from natural causes. Willed and 

unclaimed whole body donations to South African medical schools are governed by the 

National Health Act of 2003, which states that anyone can donate their body for tissue 
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transplants, research, and medical training (15). Ethical approval was obtained from the Human 

Research Ethics Committee (HREC) of the Faculty of Health Sciences (Ref 610/2021).  

TABLE 5. The sample distribution. 

Population Males Females Total 

Black 46 41 87 

White 49 41 90 

Coloured 47 47 94 

Total 142 129 271 

 

A total of eleven postcranial MMS traits were visually assessed and scored by applying the 

methodology described by Spiros (11), and Spiros and Hefner (12). Table 6 presents the traits 

and their descriptions. In the case of bilateral traits, both the left and right sides were assessed. 
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TABLE 6.  Summary of the trait names and abbreviations and their associated scores taken from Spiros (11). 

Trait Location Abbreviation Score Description 

Accessory Transverse 

Foramen 

Cervical 

vertebra (C1, 

C3, C4, C5, 

C6, C7) 

ATF 0 Absent 

1 Unilateral 

2 Bilateral 

Posterior Bridging Cervical 

vertebra 

PB 0 Absent 

1 Unilateral 

2 Bilateral 

Double Superior 

Articular Facets 

Cervical 

vertebra 

DSAF 0 Absent 

1 Unilateral 

2 Bilateral 

Spinous Process 

Bifurcation 

Cervical 

vertebra (C3, 

C4, C5, C6) 

SPB 0 Non-bifid 

1 Partially bifid 

2 Completely bifid 

Suprascapular Foramen Scapula SF 0 Absent 

1 Present 

Sternal Aperture Sternum STA 0 Absent 

1 Present 
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Supra-condyloid Process Humerus SCP (L & R) 0 Absent 

1 Present 

Septal Aperture Humerus SA (L & R) 0 Absent 

1 Translucent 

2 Small perforation 

3 Large perforation 

Third Trochanter Femur TT (L & R) 0 Absent 

1 Present 

Vastus Notch Patella VN (L & R) 0 Absent 

1 Present 

Anterior and Middle 

Calcaneal Facets 

Calcaneus AMCF (L & R) 0 No anterior facet 

1 Single elongated facet 

2 Small anterior facet 

3 Large anterior facet 
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The inter- and intra-observer agreement was tested with Cohen’s kappa, using the Landis 

and Koch scale to describe the degree of repeatability (Table 4). Eleven individuals were 

randomly selected to test inter- and intra-observer agreement. The first and second intra-

observer agreement rounds were a week apart.  

Frequency distributions were created for the traits, and Kruskal-Wallis tests were applied to 

determine if there are significant differences between the sexes and among the groups for each 

trait. A post-hoc Dunn’s test was also applied to further investigate group differences and 

overlap.  

RESULTS 

Inter- and intra-observer agreement 

The intra-observer agreement ranged between moderate and almost perfect (κ = 0.58 to 1.00) 

(Table 8 and Figure 1).  Overall, six of the eleven traits demonstrated almost perfect agreement 

(κ = 1.00). The trait with the lowest agreement was the spinous process bifurcation of C4 (κ = 

0.58). The inter-observer agreement was substantially lower than the intra-observer agreement, 

ranging between poor and almost perfect (κ = -0.11 to 1.00).  When comparing scores between 

two different observers, only four of the eleven traits demonstrated almost perfect agreement.  

Additionally, the accessory transverse foramen of C1 presented with agreement poorer than 

randomly allocating a score (κ = -0.11). Some traits had a “non-applicable” outcome such as 

the accessory transverse foramen for C3 and C4, suprascapular foramen, posterior bridging, 

supracondylar process and the third trochanter.  The “non-applicable” Kappa outcome is due 

to the lack of variation observed among the three population groups, as none of the randomly 

selected specimens had the traits and thus all received the same score (i.e. a score of 0 to 

indicate absent) (16). 

TABLE 7. Kappa values for the inter- and intra-observer agreement with the 

associated description following Landis and Koch (17). 

Trait Intra-observer Description Inter-observer Description 

ATF_C1 1.00 Almost perfect -0.11 Poor 

ATF_C3 N/A*  N/A*  

ATF_C4 N/A*  N/A*  

ATF_C5 0.84 Almost perfect 0.85 Almost perfect 
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ATF_C6 1.00 Almost perfect 0.67 Substantial 

ATF_C7 0.87 Almost perfect 0.14 Slight 

PB 1.00 Almost perfect N/A*  

DSAF 1.00 Almost perfect 1.00 Almost perfect 

SPB_C3 0.86 Almost perfect 0.40 Fair 

SPB_C4 0.58 Moderate 0.51 Moderate 

SPB_C5 0.72 Substantial 0.63 Substantial 

SPB_C6 N/A*  0.64 Substantial 

SSF N/A*  N/A*  

STA 1.00 Almost perfect 1.00 Almost perfect 

SCP N/A*  N/A*  

SA 0.88 Almost perfect 0.68 Substantial 

TT 1.00 Almost perfect N/A*  

VN 0.75 Substantial 0.62 Substantial 

AMCF 1.00 Almost perfect 1.00 Almost perfect 

*N/A: “not applicable” Kappa value outcome due to lack of variation 
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FIGURE 1. Visual representation of Kappa values for inter- and intra-observer agreement. 

Frequency distribution 

Table 9 presents the frequency distributions for the traits among the three populations and 

between the sexes. For ancestry, the results of the Kruskal-Wallis test revealed that seven of 

the traits were significantly different; this includes the accessory transverse foramen (only for 

C4, C5 and C6), double superior articular foramen, spinous process bifurcation (C3 to C6), 

suprascapular foramen, septal aperture, vastus notch and the anterior and medial calcaneal 

facets traits. Notably, for two of the bilateral traits (septal aperture and vastus notch), only the 

right side was observed to differ significantly among the groups (p<0.05). Not a single instance 

of a supra-condyloid process was recorded in the sample, indicating that it will not be a useful 

trait to distinguish among the groups.  

A Dunn’s test was conducted to further explore the variation of the traits among the groups 

(see Table 11 for the breakdown of population group overlap). None of the traits demonstrated 

significant differences among all three groups; in other words, at least two of the groups showed 

overlap for the traits that were noted to differ significantly. More specifically, the black and 

coloured South Africans demonstrated the most similarities and subsequent group overlap, 

while the white South Africans typically demonstrated greater differences among at least four 

traits (see Table 9 for trait frequencies). Overall, the double superior articular facets and bifid 
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spinous processes of the cervical vertebrae were noted more frequently in white South 

Africans, while both black and coloured South Africans had single facets and non-bifid spinous 

processes. Coloured South Africans were more likely to possess a vastus notch on the patella, 

and a translucent septal aperture on the humerus than the other groups.  

The frequencies of the traits were also compared between males and females, with the 

population groups pooled together (Table 9). Only four traits were noted to be statistically 

significantly different, namely spinous process bifurcation (C3 to C6), suprascapular foramen, 

septal aperture and vastus notch. All the above-mentioned traits were also significantly 

different when comparing among the populations. It should be acknowledged that while only 

the right septal aperture and vastus notch was significant for ancestry, both the left and right 

sides for both traits were significant when assessing sex. This indicates substantial differences 

between the left and right sides. Overall, females were more likely to present with a spinous 

process bifurcation and a vastus notch on the patella compared to males.  
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TABLE 8. Trait frequencies among population groups (black, coloured, and white) and 

between the sexes (males and females). Refer to Table 6 for trait names and abbreviations. 

 Ancestry Sex 

Score Black Coloured White Females Males 

 n % n % n % n % n % 

ATF (C1) 

0 56 74.67 71 78.02 67 84.8 92 76.67 102 81.60 

1 14 18.67 14 15.39 8 10.13 21 17.50 15 12.50 

2 5 6.67 6 6.59 4 5.06 7 5.83 8 6.67 

ATF (C3) 

0 85 100.00 90 100.00 80 100.00 123 99.19 132 100.00 

1 0 0 0 0 0 0 1 0.81 0 0 

2 0 0 0 0 0 0 0 0 0 0 

ATF (C4) 

0 80 97.56 87 95.60 77 87.50 116 92.80 128 98.46 

1 2 2.44 4 4.40 9 10.23 8 6.40 1 0.77 

2 0 0 0 0 2 2.27 1 0.80 1 0.77 

ATF (C5) 

0 69 83.13 67 72.04 52 60.47 85 67.46 103 75.74 

1 12 14.46 21 22.58 25 29.07 32 25.40 26 19.12 

2 2 2.41 5 5.38 9 10.47 9 7.14 7 5.15 

ATF (C6) 

0 53 63.86 52 59.77 37 44.05 61 51.26 81 60.00 

1 18 21.69 25 28.74 24 28.57 35 29.41 32 23.70 

2 12 14.46 10 11.49 23 27.38 23 19.33 22 16.30 

ATF (C7) 

0 72 90.00 71 92.21 69 81.18 103 89.57 110 85.94 

1 7 8.75 6 7.79 12 14.12 10 8.70 15 11.72 

2 1 1.25 0 0 4 4.71 2 1.74 3 2.34 

PB 

0 62 82.67 74 80.43 68 86.08 103 85.12 101 80.80 

1 8 10.67 13 14.13 6 7.60 13 10.74 14 11.20 

2 5 6.67 5 5.44 5 6.33 5 4.13 10 8.00 
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DSAF 

0 65 86.67 78 84.78 48 60.76 100 82.64 91 72.80 

1 7 9.33 8 8.70 19 24.05 10 8.26 24 19.20 

2 3 4.00 6 6.52 12 15.19 11 9.09 10 8.00 

SPB (C3) 

0 65 80.25 62 73.81 23 29.87 82 67.77 68 56.20 

1 11 13.58 9 10.71 18 23.38 18 14.88 20 16.53 

2 5 6.17 13 15.48 36 46.75 21 17.36 33 27.28 

SPB (C4) 

0 72 61.54 60 72.29 16 20.78 82 67.77 50 41.67 

1 15 12.82 7 8.43 7 9.09 18 14.88 20 16.67 

2 30 25.64 16 19.28 54 70.13 21 17.36 50 41.67 

SPB (C5) 

0 33 41.25 50 56.82 13 15.66 57 47.11 39 30.00 

1 16 20.00 10 11.36 9 10.84 12 9.92 23 17.69 

2 31 38.75 28 31.82 61 73.49 52 42.98 68 52.31 

SPB (C6) 

0 49 61.25 65 71.43 32 38.10 78 69.64 68 50.37 

1 8 10.00 12 13.19 8 9.52 13 11.61 15 11.11 

2 23 28.75 14 15.39 44 52.38 21 18.75 52 38.52 

SSF 

0 85 100.00 86 92.47 79 87.78 115 89.84 135 96.43 

1 0 0.00 7 7.53 11 12.22 13 10.16 5 3.57 

STA 

0 65 90.28 72 90.00 63 96.92 95 94.06 105 90.52 

1 7 9.72 8 10.00 2 3.08 6 5.94 11 9.48 

SCP (L) 

0 87 100.00 93 100.0 88 100.00 128 100.00 140 100.00 

1 0 0 0 0 0 0 0 0 0 0 

SCP (R) 

0 87 100.00 93 100.00 90 100.00 128 100.0 142 100.00 

1 0 0 0 0 0 0 0 0 0 0 

SA (L) 
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0 27 31.03 8 8.60 26 30.59 18 14.06 43 31.39 

1 30 34.48 64 68.82 40 47.06 63 49.22 71 51.83 

2 11 12.64 12 12.90 6 7.06 19 14.84 10 7.30 

3 19 21.84 9 9.68 13 15.29 28 21.88 13 9.49 

SA (R) 

0 27 31.77 11 11.83 30 34.48 22 17.46 46 33.09 

1 29 34.12 62 66.67 45 51.72 63 50.00 73 52.52 

2 10 11.77 8 8.60 6 6.90 14 11.11 10 7.19 

3 19 22.35 12 12.90 6 6.90 27 21.43 10 7.19 

TT (L) 

0 83 95.40 81 89.01 74 87.06 115 90.56 123 90.44 

1 4 4.60 10 10.99 11 12.94 12 9.45 13 9.56 

TT (R) 

0 83 96.51 79 88.76 82 93.18 119 94.44 125 91.24 

1 3 3.49 10 11.24 6 6.82 7 5.56 12 8.76 

VN (L) 

0 55 66.27 56 60.87 65 77.38 92 74.19 84 62.22 

1 28 33.73 36 39.13 19 22.62 32 25.81 51 37.78 

VN (R) 

0 59 71.08 46 51.69 61 75.31 89 72.36 77 59.23 

1 24 28.92 43 48.32 20 24.69 34 27.64 53 40.77 

AMCF (L) 

0 1 1.28 2 2.44 2 2.70 3 2.75 2 1.60 

1 57 73.08 60 73.17 38 51.35 75 68.81 80 64.00 

2 20 25.64 20 24.39 27 36.49 27 24.77 40 32.00 

3 0 0.00 0 0.00 7 9.46 4 3.67 3 2.400 

AMCF (R) 

0 0 0.00 2 2.44 3 3.90 3 2.70 2 1.61 

1 59 77.63 64 78.05 42 54.54 83 74.78 82 66.13 

2 17 22.37 16 19.51 26 33.77 21 18.92 38 30.64 

3 0 0.00 0 0.00 6 7.79 4 3.60 2 1.61 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 9. Kruskal-Wallis test results assessing significant differences 

in trait frequency among the population groups and the sexes.  Refer to 

Table 3 for trait names and abbreviations. 

Trait 
Probability value (p-value) 

Ancestry Sex 

ATF (C1) 0.31 0.39 

ATF (C3) 0.34 0.30 

ATF (C4) 0.02* 0.67 

ATF (C5) <0.01* 0.14 

ATF (C6) <0.01* 0.19 

ATF (C7) 0.07 0.41 

PB 0.67 0.33 

DSAF <0.01* 0.10 

SPB (C3) <0.01* <0.05* 

SPB (C4) <0.01* <0.01* 

SPB (C5) <0.01* 0.03* 

SPB (C6) <0.01* 0.01* 

SSF <0.01* 0.03* 

STA 0.23 0.33 

SCP (L) N/A N/A 

SCP (R) N/A N/A 

SA (Lt) 0.18 <0.01* 

SA (R) <0.01* <0.01* 

TT (L) 0.15 0.96 

TT (R) 0.14 0.32 

VN (L) 0.06 0.04* 

VN (R) <0.01* 0.03* 

AMCF (L) <0.01* 0.34 

AMCF (R) <0.01* 0.11 

* Indicates significant differences (p<0.05). 
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TABLE 10. Breakdown of group overlap based on the Kruskal-Wallis and 

Dunn’s test results comparing the population groups. Refer to Table 2 for trait 

names and abbreviations. 

No groups 

overlap 

All groups 

overlap 

Black and 

coloured 

overlap 

Black and 

white 

overlap 

White and 

coloured 

overlap 

- ATF (C1) 

ATF (C3) 

ATF (C7) 

PB 

STA 

SA (L) 

TT (L) 

TT (R) 

VN (L) 

ATF (C4) 

ATF (C5) 

ATF (C6) 

DSAF 

SPB (C3) 

SPB (C4) 

SPB (C5) 

SPB (C6) 

SSF 

SA (R) 

AMCF (R) 

AMCF (R) 

SA (R) 

VN (R) 

ATF (C4) 

ATF (C5) 

SSF 

DISCUSSION & CONCLUSION 

This is the first study to assess the usefulness postcranial MMS traits using the methodology 

proposed by Spiros (11) on modern South African populations. The study aimed to test the 

repeatability with which the traits can be scored, and to explore the variation of the traits among 

South Africans. 

Overall, the repeatability (particularly intra-observer repeatability) of the postcranial MMS 

traits was better than reported for the cranial MMS approach when applied to the same 

population (10). This is largely assumed to be the result of the scoring system itself. More 

specifically, the recordation scale of the postcranial traits are dichotomous (either present or 

absent) or related to the bilaterality of the trait. Cranial MMS traits are mostly ordinal and 

quantify quasi-continuous variation where traits can be classified as either small, intermediate, 

or large, or with minor shape variations (1). Ordinal traits may be more difficult to score 

because it potentially introduces more subjectivity to the scoring process; one observer may 

view a trait as small, whereas another observer may view the same trait expression as 
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intermediate (17). The amount of overlap between the trait expressions and among the 

population groups may also further complicate scoring in the case of ordinal variables. 

Therefore, the postcranial MMS traits seem easier to score reliably than cranial MMS traits.  

Despite the intra-observer agreement of the traits being quite high, some of the traits were 

noted to be much less repeatable when the scores were compared between multiple observers 

(e.g., accessory transverse foramen for C1 and C7 and the spinous process bifurcation for C3). 

The reason for the decreased agreement may be due to a lack of experience with the postcranial 

MMS method or less experience with osteological variations, particularly in the case of traits 

that are as rare as some of the ones included in this study. Similar research assessing 

morphoscopic variation has also emphasized the role that experience can play in the scoring 

process (14,18,19). For the current study, the primary observer underwent a training period to 

become familiar with the traits.  The second observer received a packet with the definitions 

and the line drawings taken from the Spiros (11) study. Both observers were MSc students 

from the same cohort, with identical training and similar experience levels with regard to 

osteological variation and the analysis of skeletal remains. Thus, the major difference between 

the observers was experience with the traits, and the results indicate that familiarity with the 

traits affects the repeatability of the method. It is recommended that students, researchers and 

practicing forensic anthropologists develop the necessary experience with the postcranial MMS 

methodology before employing it in studies or skeletal analyses.  

Spiros (11) demonstrated almost perfect inter-observer agreement for nine out of the eleven 

traits, with the remaining traits demonstrating substantial agreement. In comparison, the current 

study yielded inter-observer agreement levels ranging from poor to almost perfect.  The 

difference in inter-observer agreement levels between the two studies can most likely be 

explained by the fact that Spiros (11) was involved in the development of the method and 

possess a better understanding of the trait definitions and more subtle expressions, especially 

in the case of  trait variations. For example, the accessory transverse foramen is one of the traits 

that demonstrated the most variation in terms of inter-observer repeatability, resulting in a poor 

agreement score. The poor agreement for the accessory transverse foramen is most likely the 

result of observed variations, such as an incomplete bridge (see Figure 2). The trait definitions 

do not indicate how to approach such variations, so researchers may resolve scoring the variant 

morphologies in different ways (18). Incomplete bridges were also observed with the posterior 

bridging trait.   
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FIGURE 2. Incomplete bridge (encircled) on the (a) accessory transverse foramen (superior 

view) and (b) posterior bridging (lateral view) traits on the vertebrae (Photo: NP Bothma). 

Trait variation needs to be considered as many variations were observed with other traits, 

specifically with the suprascapular foramen (see Figure 3). For example, a few individuals had 

both a scapular notch and a suprascapular foramen inferior to the coracoid process. Spiros (11) 

mentioned that a suprascapular foramen inferior to the coracoid process should be marked as 

absent, as the trait is rare (20). However, for an inexperienced observer, the trait can be 

confused with the traditional suprascapular foramen. Furthermore, different degrees of 

expression for the scapular notch as discussed by Hrdlička (21) were observed with some 

displaying an incomplete bridge over the suprascapular foramen. The variation observed on the 

scapula should be considered for future research to investigate whether the variation of the trait 

can affect the frequency distribution of the trait. 

 

(a) (b) 
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FIGURE 3. Variation observed on the scapula or scapular foramen. (a) Scapular foramen 

below the coracoid process; (b) suprascapular notch with scapular foramen; (c) incomplete 

bridge over suprascapular foramen (Photo: NP Bothma). 

Spiros (11) also cautioned about enthesophytes being confused as the third trochanter and 

distinguishing between the two was a challenge with some specimens in the current study (see 

Figure 4 for images comparing an enthesophyte and a third trochanter). Other indications of 

pathology, such as myositis ossificans traumatica, were also features to be cognizant of when 

scoring, specifically with the supracondylar process of the humerus (22,23). The supracondylar 

process was not observed in any of the specimens, but a bony spur consistent with myositis 

ossificans traumatica was present on one of the specimens and mimicked the trait (see Figure 

5 for the feature consistent with myositis ossificans). One of the deterrents from scoring the 

anomaly as a present supracondylar process trait was that the feature was located on the lateral 

side of the humerus and was therefore ruled out. Again, familiarity with the trait definitions 

and locations is essential to score traits accurately. Furthermore, osteological knowledge and 

an understanding of normal morphology will contribute to greater accuracy in recognizing the 

traits and any variations of the traits.  

(a) (b) (c) 
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FIGURE 4. Comparison of (a) enthesophyte and (b) third trochanter (posterior view) (Photo: 

NP Bothma). 

 

 

FIGURE 5. A feature consistent with myositis ossificans traumatica on the lateral aspect of 

the humerus (Photos: NP Bothma) 

The trait frequencies observed in the current study demonstrate similar patterns of group 

overlap among the South African populations as previously noted with macromorphoscopic, 

craniometric and post-craniometric data (6,7,42) . More specifically, black and coloured South 

Africans displayed the most overlap, while white South Africans were more dissimilar. This is 

similar to the patterns of variation observed with osteometric studies in South Africa and has 

largely been attributed to socio-political circumstances and positive assortative mating. 

(2,3,24). Historically, mixed marriages between coloured and black South Africans occurred 

(a) (b) 
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more frequently in comparison to coloured-white or black-white mixed marriages (25,26). 

Legislature against mixed marriages such as the Prohibition Act of Mixed Marriages Act No. 

55 of 1949, were not enforced by the apartheid government as strictly on mixed marriages 

between black and coloured South Africans as it was between white South Africans and other 

populations.  

The postcranial MMS method has only been evaluated in a few studies (13,14). The current 

study reported seven traits that showed significant differences, while Spiros (11) found four 

traits (spinous process bifurcation for C3 and C4, third trochanter, and the anterior and medial 

calcaneal facet) with significant differences when assessing black and white North Americans. 

The spinous process bifurcation was the only trait between the North American and South 

African samples that demonstrated a common significant difference outcome. Overall, the 

South African sample yielded more traits with significant differences. Interestingly, Spiros 

(2019) did not find significant differences between the sexes; however, the current study noted 

significant differences among four of the traits. Thus, the effects of sex on the traits should be 

further explored. The difference in frequency distribution and statistical difference between the 

South African and the North American samples supports the notion that the traits are believed 

to have a genetic component that can be modified by epigenetic factors resulting from the 

environment and internal physiology (27,28). The two samples are from different geological 

environments with different population histories, which can possibly explain the variation of 

the trait expressions. Furthermore, with the traits showing similar patterns of variation among 

South Africans compared to osteometric data, which has been shown to reflect genetic 

relationships and heritability, postcranial MMS traits may be useful in  attempting to classify 

ancestry (29). Spiros and Hefner (12) produced promising results in their assessment of 

ancestry using combined cranial and postcranial macromorphoscopic models (with accuracies 

between 89.5% to 92.1%). Further research should be conducted to explore the application of 

these traits in classification models to estimate ancestry among modern South Africans. The 

implications of sex and asymmetry on the expression of the traits should also be evaluated. 
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CHAPTER 5: PREDICTIVE PERFORMANCE OF TRAITS 

5.1 Introduction  
The aim of the previous chapter was to evaluate the frequency distribution of postcranial MMS 

traits among black, white and coloured South Africans. The results demonstrated that some 

traits differed significantly between at least two populations. There was also substantial 

observed group overlap, particularly between black and coloured South Africans.  Finally, the 

repeatability of the postcranial MMS method was noted to be sufficiently repeatable. 

The previous paper was proof of concept that there are significant differences, which led to the 

assumption that the traits could be useful for ancestry. This paper aimed to test if this was the 

case, and the predictive performance of a series of RFMs was evaluated to see if the traits 

should be incorporated in future forensic case analyses and standard operating procedures. 

5.2 Manuscript to be submitted 
  

Estimating ancestry using random forest models and postcranial 

macromorphoscopic traits  

N.P. BOTHMA, E.N. L’ABBÉ, L. LIEBENBERG 

Manuscript to be submitted for publication to Forensic Science International. 
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ABSTRACT 

Population overlap and the variation within and between populations has been globally 

observed but is difficult to quantify. To achieve this, methods need to be explored and validated 

to assist with the creation of an accurate biological profile. The macromorphoscopic approach 

is fairly popular among many forensic practitioners, and recent publications have assessed 

population variation on a series of postcranial macromorphoscopic traits. With the postcranial 

traits, significant differences have been noted among modern South Africans. However, little 

information is available on the positive predictive performance of these traits, particularly in 

classifying heterogeneous populations.  The current study aimed to assess the postcranial 

macromorphoscopic traits as a tool to estimate ancestry in South Africa. 

A sample of 87 black, 90 white and 94 coloured South Africans from the Pretoria Bone 

Collection and the Kirsten Skeletal Collection were assessed. Univariate and multivariate 

random forest models were created to test the positive predictive performance of the traits to 

classify ancestry. The classification accuracies for the univariate models ranged from 33.3% to 

53.0%. The classification accuracies for the multivariate models when using random forest 

model ranged from 54.6% to 62.1%. With closer inspection, 77.5% of white South Africans in 

the sample were correctly classified, while black and coloured South Africans in the sample 

were correctly classified 57.6% and 54.9% of the time, respectively. Many of the traits were 

fairly rare in the sample and did not contribute much discriminatory information. Based on the 

variable importance, the traits assessing spinous process bifurcation were the most 

discriminatory variables.  

The results of the current study indicate that the postcranial MMS approach does not 

outperform current methods employed to estimate ancestry. Furthermore, the low Kappa values 

obtained with the RFMs suggest that the traits are not reliable classifiers when used on their 

own, and as such the method does not currently have practical applicability for medicolegal 

casework in South Africa. 

KEYWORDS 

Forensic anthropology; Population affinity; Classification accuracy; Variable importance; 

Machine learning   
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HIGHLIGHTS 

• This study evaluated the performance of postcranial morphological variants to estimate 

ancestry 

• Univariate models performed poorly with accuracies between 33.3% and 53.0% 

• Multivariate models presented fair accuracies ranging between 54.6% and 62.1% 

• The model that only included the significantly different variables performed the best 

• On its own, the postcranial MMS method was not an accurate indicator of ancestry in 

South Africa 

INTRODUCTION 

Ancestry is one of the fundamental parameters of the biological profile, and many methods that 

are employed to estimate the other parameters are population-specific and require prior 

knowledge of ancestry (1–3). Ancestry refers to the geographical origin and population history 

of a particular individual and how the combination of both these factors influences skeletal 

morphology (4–6). Essentially, ancestry estimation is the classification of an individual into 

the population to which the individual had mostly likely belonged. In the forensic 

anthropological context, different combinations of skeletal traits and osteometric dimensions 

have been correlated to populations across the globe to estimate ancestry (5,7–12). As such, it 

is possible to obtain a fairly accurate ancestry estimate through the application of robust 

statistical analyses and methods using reference samples of known individuals. 

Ancestry estimation methods are particularly important in countries with diverse 

populations such as South Africa. South Africa has a heterogeneous population that consists of 

socially identified black, white, coloured, and Indian or Asian individuals, refer to Krüger et 

al. (6) for more information regarding the population origins and history. Heterogeneous 

populations display skeletal variation among the populations; however, there is also substantial 

group overlap (5,10,12). Because of its diversity, developing various methods of ancestry 

estimation for the South African population is imperative.  

The development of various methods enables forensic anthropologists to estimate ancestry 

by employing metric and non-metric methods using several different skeletal elements 

(7,10,12,13). With standard metric methods, observers evaluate the size of skeletal elements 

using measuring tools, such as calipers and osteometric boards. In comparison, non-metric 

methods quantify  the size and shape of skeletal elements through the visual evaluation of 
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morphological skeletal variants (13,14). In the past, non-metric methods have popularly been 

used to assess and researchers could determine differences between populations in biodistance 

studies (7,15–18).   

To minimize subjectivity when using cranial non-metric traits for ancestry estimation,  

Hefner (7) introduced line drawings, improved definitions, and robust statistics to better assess 

the traits (7).  An ordinal scale was also introduced to score the traits according to their degree 

of expression, commonly known as the macromorphoscopic (MMS) method.  Currently, the 

cranial MMS traits are the most developed non-metric method for ancestry estimation (9,11). 

However, in South Africa, research on non-metric traits for ancestry estimation has been 

minimal. Further research needs to be conducted for the method to be useful as a tool for the 

classification of ancestry, specifically postcranial MMS as they are the least developed in 

comparison to cranial MMS (19).   

To date, postcranial MMS traits have been examined to investigate if they can be used for 

ancestry analyses only in North America (20,21). Spiros (20) created trait illustrations and 

definitions using over 100 skeletons and numerous skeletal elements (20). As a result, eleven 

postcranial MMS traits were standardized.  The classification accuracy of the traits was further 

tested on black and white North Americans using both cranial and postcranial MMS traits in 

the Spiros and Hefner study (21). Classification models were created using a variety of 

machine-learning techniques, including random forest models (RFM), support vector machines 

(SVM) and artificial neural networks (aNN), to measure the performance of the postcranial 

MMS traits in ancestry estimation. Correct classification accuracies ranging between 77.6% 

and 81.6% were obtained. Additionally, a combination of cranial and postcranial traits yielded 

correct classifications between 89.5% and 92.1%, with the spinous process bifurcation being 

the best discriminator between black and white North Americans.  

A few studies have been conducted to assess the use of postcranial MMS traits in a forensic 

context, and more research needs to be carried out for non-metric analyses for ancestry 

estimation purposes to become suitable methods for use with South African remains. However, 

with any scientific method, the validity and predictive performance of a method needs to be 

tested sufficiently (22). Therefore, the current study is the first to investigate the accuracy with 

which the postcranial MMS method can predict ancestry in a modern South African sample. 

To achieve this, random forest modelling (RFM) has been selected as the classification method.  
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As a classification method,  RFM refers to a combination of decision trees that are generated 

using a non-parametric algorithm integrating random sampling with replacement and majority 

voting (23). Through a series of nodes or rules, RFM predicts a categorical variable (such as 

ancestry) from a set of measurements or observations on one or more predictor variables (such 

as postcranial scores)  (24–26). Training data sets are used to create classification models, after 

which a hold-out (or “out-of-bag”) testing set is used to simultaneously evaluate the models 

using an independent sample. Essentially, a training data set is the known or collected data that 

is used to fit a classification model, and a testing data set is unseen data that evaluates if the 

training model works adequately for classification.  

In general, single decision trees may be inclined to overfitting of data, meaning that the 

model captures the data errors of the training data, but does not generalize well and misses 

important patterns of variation that are necessary for correct classification (26). The advantage 

of RFM over decision trees is that the algorithm can manage the issue of overfitting. In addition, 

RFM presents the variable importance, which indicates which variables contribute to the 

classification of the dataset (26). While more complex machine learning methods, such as aNN 

or SVM, have been employed in anthropological research and have been shown to outperform 

RFM in some instances (9,21,27), their inherent complexity poses a problem. Specifically, 

these methods may be computationally expensive and the results difficult to interpret. The 

inclusion of robust statistical analyses is essential to anthropological methodology, but many 

practitioners are reluctant to employ overly complicated computational methods (28). As such, 

it is important to find a good balance between robust statistics and user-friendly methods with 

feasible interpretability. While Spiros and Hefner (21) used the aNN algorithm to assess 

ancestry using both cranial and postcranial MMS traits, RFM was selected for this study given 

its success in other papers assessing ancestry (21,26). For example, Hefner et al. (25), assessed 

the use of RFMs for ancestry estimation using both cranial macromorphoscopic and metric 

data from a North American sample, and reported an accuracy of 89.6%. Similarly,  Klales and 

Kenyhercz (11) achieved 73.3% when classifying black and white North Americans using 

cranial MMS traits.  Finally, Navega et al. (26) also employed the RFM to classify population 

groups of African and European origins and obtained a correct classification of 93.8%. 

Only a few studies have assessed the postcranial MMS method for ancestry estimation. 

Among South Africans, Bothma and colleagues (refer to Chapter 4 of this volume) identified 

significant population differences, which suggests that the traits may be useful for ancestry 
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estimation. This paper aimed to estimate ancestry using RFM and postcranial MMS traits in a 

modern South African population. 

METHOD AND MATERIALS 

For the current study, 11 postcranial MMS traits were visually assessed and scored in a sample 

of 271 black, white and coloured South Africans (see Table 12 for sample distribution). The 

sample was taken from the Pretoria Bone Collection and the Kirsten Skeletal collection housed 

at the University of Pretoria and Stellenbosch University, respectively. Ethical clearance was 

granted from the Human Research Ethics Committee (HREC) of the Faculty of Health Sciences 

at the University of Pretoria (Ref 610/2021). The postcranial MMS traits were scored by 

applying the methodology described by Spiros (20) and Spiros and Hefner (21). Table 13 

provides a summary of the traits and their descriptions. The 11 traits are located on the 

following skeletal elements: the cervical vertebrae, sternum, scapula, humerus, femur, patella, 

and calcaneus. In the current study, cervical vertebrae C5 and C6 were also included for the 

assessment of the spinous process bifurcation, as significant differences have previously been 

reported.  In the case of bilateral traits, only the left-side scores were used in the classification 

models. 

 

 

TABLE 11. The sample distribution. 

Population Black White Coloured 

Males 46 49 47 

Females 41 41 47 

Total 87 90 94 
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TABLE 12. Summary of trait descriptions and scoring system (Trait descriptions  and scoring taken from Spiros (18)). 

Trait and location Abbrev

iation 

Score Description Definition 

Accessory 

Transverse 

Foramen (cervical 

vertebra) 

ATF 

(C1, 

C3, C4, 

C6, C7) 

0 Absent 

One to two extra foramina located near the articular facet of the cervical 

vertebrae 

1 Unilateral 

2 
Bilateral 

Posterior Bridging 

(cervical vertebra) 
PB 

0 Absent 
Observed as a bony protrusion, extending from the posterior aspect of the 

superior articular facet of C1 to the arch located posteriorly. 
1 Unilateral 

2 Bilateral 

Double Superior 

Articular Facets 

(cervical vertebra) 

DSAF 

0 Absent 
Forms when a groove forms in the middle of the superior articular facet of 

C1, resulting in double facets 
1 Unilateral 

2 Bilateral 

Spinous Process 

Bifurcation 

(cervical vertebra) 

SPB 

(C3, 

C4, C5, 

C6) 

0 Non-bifid 

A “split” of the most posterior part of the spinous process of the cervical 

vertebra to form two bony tubercles or projections (29,30). 

1 Partially bifid 

2 Completely bifid 

Suprascapular 

Foramen (scapula) SF 

0 Absent Formed when the suprascapular notch is enclosed, forming a foramen. The 

suprascapular notch is located on the superior border of the scapular, at the root 

of the coracoid process (31). 

1 Present 
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Sternal Aperture 

(sternum) 
STA 

0 Absent An oval opening or hole located on the sternum that can vary in size (32).   

1 Present 

Supra-condyloid 

Process (humerus) 
SCP 

0 Absent A bony projection located above the medial epicondyle of the humerus and is 

an extension of the supracondylar ridge. 1 Present 

Septal Aperture 

(humerus) 

 

 

 

SA 

 

0 

 

Absent 
An opening located on the distal part of the humerus, that joins the olecranon 

fossa to the coronoid fossa resulting in an oval or round shape hole (32). 
1 Translucent 

2 Small perforation 

3 Large perforation 

Third Trochanter 

(femur) 
TT 

0 Absent A tubercle located at the superior end of the gluteal ridge on the 

posterosuperior aspect of the femur and slightly inferior to the lesser 

trochanter (32). 
1 Present 

Vastus Notch 

(patella) 
VN 

0 Absent A concaved or flattened indentation located on the superolateral or medial 

angle of the patella (32). 1 Present 

Anterior and 

Middle Calcaneal 

Facets (calcaneus) 

AMCF 

0 No anterior facet 

Located on the calcaneus can vary from a single small oval facet to an 

elongated oval facet, where the middle facet is joined with an anterior or 

double facet where the two facets are separated. 

1 
Single elongated 

facet 

2 Small anterior facet 

3 Large anterior facet 
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Random forest modelling (RFM) was employed to create classification models and to see if 

the traits are useful for ancestry estimation. The sample was divided so that 75% constituted 

the training set (to create the models), and the remaining 25% was kept as the out-of-bag (OOB) 

testing set (to validate the models). In the case of missing data, the mode was calculated for 

each sex and population group separately within each trait and the result was used as the score 

of that missing trait. The mode was used as an imputation value specifically because a it appears 

the most in a set of values which in this case, in a population or sex group, most individuals 

are likely to depict that value. Both univariate and multivariate models were employed to 

evaluate the performance of the traits when tested both individually and in a group. The 

univariate models assist to determine the performance of each trait and the multivariate models 

determine the performance of the traits when tested in combination. Three different 

multivariate models were tested: the first model included all the traits; for the second model all 

traits with variable importance below one (as calculated from the first model) were removed; 

and finally, the third model included only the variables that were previously found to be 

significantly different (refer to Chapter 4 of this volume). Table 14 presents the traits that 

showed significant differences between at least two of the three population groups.  

A total of 2500 classification trees were used for each model with four variables at each 

split. The classification accuracy (for the training and testing samples), Kappa values, and 

variable importance were recorded for each model. Both the classification and Kappa values 

are measures of model accuracy. The classification accuracy presents the percentage of 

correctly classified individuals out of all of the individuals; whereas, the Kappa value presents 

the percentage of correctly classified individuals while taking random chance into account. The 

Kappa value is a particularly useful metric in the case of unbalanced classes (e.g., where traits 

can be scored as zero or one, but a score of 1 is a fairly rare occurrence). With variable 

importance, the higher the value, the more a variable contributes to the classification.  
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RESULTS 

Univariate models 

Table 14 presents the classification results for the univariate models. For the training sample, 

the classification accuracy ranged from 3.9% to 60.0%. When the univariate models were 

validated on the testing sample, the classification accuracy ranged from 33.3% to 53.0%. 

Overall, the spinous process bifurcation for C4 had the highest classification accuracy for both 

training and testing samples. The accessory transverse foramen for C1 had the lowest 

classification accuracy of 33.3% for the testing sample. The Kappa values for the testing 

sample ranged from 0.0% to 29.0% (see Table 14 for classification accuracies and Kappa 

values).   

TABLE 13. Positive predictive performance of each trait using univariate 

RFM to estimate ancestry. Refer to Table 2 for trait abbreviations. 

Variable Training 

sample 

accuracy (%) 

Testing 

sample 

accuracy 

(%) 

Kappa value (%) 

ATF_C1 35.8 33.3 0.0 

ATF_C3 33.3 34.9 0.0 

ATF_C4 36.3 36.4 2.0 

ATF_C5* 28.4 42.4 15.0 

ATF_C6* 36.3 34.9 1.0 

ATF_C7 35.9 42.4 12.0 

PB 34.1 34.9 2.0 

DSAF* 42.5 34.9 4.0 

SPB_C3* 26.5 43.9 17.0 

SPB_C4* 60.0 53.0 29.0 

SPB_C5* 53.8 50.0 25.0 

SPB_C6* 46.3 50.0 24.0 

SSF* 3.9 36.4 7.0 
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STA 13.7 36.4 5.0 

SA  35.6 42.4 13.0 

TT  6.6 36.4 3.0 

VN  39.1 39.4 9.0 

AMCF*  39.1 36.4 3.0 

*Traits that showed significant differences among the ancestry groups. 

 

Multivariate models 

There were three multivariate models that were tested for classification. The first model 

included all the traits; the second model included only the traits that had high variable 

importance (VarImp values >0) and the third model included only the traits that showed 

significant differences among the ancestry groups. When the first multivariate model was 

analysed, the classification accuracy was 63.5% for the training sample and 54.6% for the 

testing sample with a Kappa value of 32.0% (see Table 18 for the comparison of all three 

multivariate models). Black South Africans presented with a classification error rate of 42.4%, 

with 30.3% misclassifying as coloured South Africans (see Table 4 for a classification matrix). 

White South Africans had the lowest classification error of 22.1%. Most black and coloured 

South Africans misclassified as one another. White South Africans misclassified equally as 

both black and coloured with no specific trend. Figure 6 presents the variable importance for 

the first multivariate model. The trait with the highest variable importance was the spinous 

process bifurcation of C4. Two traits – supracondylar process and accessory transverse foramen 

of C3 – had a very low variable importance of 0.0 (i.e., do not contribute any information to 

the model). 
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TABLE 14: Confusion matrix showing patterns of overlap and 

misclassification among the groups for the training model for the 

first model (all the traits). 

                                   Classifies into: 

 Black Coloured White Classification 

error  

 

G
ro

u
p

: 
 

Black 38 20 8 42.4 % 

Coloured 23 39 9 45.1% 

White 8 7 53 22.1% 

 

FIGURE 6. Comparison of variable importance for the multivariate model employing all the 

traits. 

For the second multivariate model, traits with a variable importance of zero were removed, 

these include the accessory transverse foramen of C3 and the supracondylar process. The 

removal of the variables led to a 0.5% decrease for the training accuracy, while both the testing 

accuracy and Kappa value increase with 2.0% (see Table 18 for a comparison of variable 

importance for all three multivariate models).  When assessing the confusion matrix (see Table 

15), black South Africans had a classification error rate of 42.4%, coloured South Africans had 

a classification error rate of 46.5% and white South Africans had a classification error rate of 

22.1%. Similar patterns of misclassifications were observed for both the first and second 
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models. The spinous process bifurcation of C4 was still considered the trait with the highest 

variable importance and the suprascapular foramen had the least variable importance (see 

Figure 7). 

 

TABLE 15: Confusion matrix showing patterns of overlap and 

misclassification among the groups for the training model for the traits that 

demonstrated high variable importance. 

Classifies into: 

 Black Coloured White Classification 

error 

   

G
ro

u
p

: 

Black 38 20 8 42.4 % 

Coloured 23 38 10 46.5% 

White 7 8 53 22.1% 

 

 

FIGURE 7. Comparison of variable importance for the multivariate model employing traits 

with a variable importance greater than 0 as indicated by the model including all variables. 

For the third multivariate model, only variables that were noted to be significantly different 

by Bothma et al. (refer to Chapter 4), were selected. This includes the accessory transverse 

foramen of C3 to C6, spinous process bifurcation of C4 to C6, double superior articular facet, 
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suprascapular foramen and the anterior and medial articular facets. The training accuracy for 

the third model was 2.5% lower than the first model and 2.0% lower than the second model. 

However, there was a marked increase in the testing accuracy and the Kappa value. Once again, 

similar patterns of misclassification were observed. Similar to the second model, the spinous 

process bifurcation of C4 had the highest variable importance and the suprascapular foramen 

had the lowest (see Figure 8). 

 

TABLE 16: Confusion matrix showing patterns of overlap and 

misclassification among the groups for the training model for the traits that 

demonstrated significant differences. 

Classifies into: 

 Black Coloured White Classification 

error 

   

G
ro

u
p

: 

Black 24 25 8 48.5 % 

Coloured 22 39 10 46.0% 

White 9 7 52 23.5% 

 

 

FIGURE 8. Comparison of variable importance for the multivariate model employing traits 

with significant differences as indicated by the Kruskal-Wallis test. 
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TABLE 17. A comparison of the training, testing and Kappa values for the 

three multivariate models. 

 Training 

accuracy (%) 

Testing 

accuracy (%) 

Kappa value 

(%) 

All Traits model 

 

63.5 54.6 32.0 

Variable 

importance model 

63.0 56.1 34.0 

Significant 

difference model 

61.0 62.1 43.4 

 

DISCUSSION AND CONCLUSION 

Continuous research is necessary to improve classification accuracies specifically for ancestry 

in countries such as South Africa which is rich in population diversity. The current study was 

the first to evaluate the postcranial MMS method to assess ancestry estimation on a modern 

South African sample.  The current study differed from the Spiros (18) study on which it was 

modelled by the fact that a tripartite sample was used, where with the original study only two 

groups were compared. Additionally, two cervical vertebrae (C5 and C6) were added for the 

analysis of the accessory transverse foramen.  

The Spiros (18) study only assessed frequency distribution of the traits between black and 

white North Americans and did not assess predictive performance of the traits. This is likely 

because limited significant differences were observed in their sample. In a follow-up study, 

Spiros and Hefner (21) combined cranial and postcranial MMS traits and attempted to estimate 

ancestry using a variety of statistical methods. When employing RFM, the authors reported an 

88.0% correct classification for the testing sample. While it should be acknowledged that their 

results are not directly comparable to the current study because of the combination of crania 

and postcrania, these are the only published error rates that included the postcranial MMS traits. 

The current study used both univariate and multivariate models, where the highest accuracy 

obtained was for the multivariate model that employed only variables that have been shown to 

differ among black, white and coloured South Africans. However, the classification accuracy 

was fairly low with both the testing and training accuracies in the lower 60%. It has been 
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recommended that classification methods yield accuracies at least 50% better than chance (14). 

This was not the case with the postcranial MMS traits. This is likely why Spiros and Hefner 

only presents combined crania and postcrania results rather than presenting postcrania results 

on their own. Compared to methods currently employed in South African medicolegal 

casework, the postcranial MMS traits did not perform well. For example, the current 

craniometric standards yield accuracies of 73.0% and postcraniometric standards yield 

accuracies of 85.0% when using discriminant analysis on the same population (10,13). Thus, 

the postcranial MMS traits do not outperform existing methods and should not be added to 

standard operating procedures simply because it is a novel method. The combination of cranial 

and postcranial traits does yield higher accuracies (21), thereby suggesting that the postcranial 

MMS method may have some potential for ancestry estimation, although further research is 

required.  

Similar to the Spiros and Hefner (21) study, the current study observed the spinous process 

bifurcation trait to be the most discriminatory. However, the Kappa values for the spinous 

process bifurcation (C3 to C6) in the current study were much lower than the classification 

accuracies, which may make the trait inadequate for ancestry estimation specifically on its own.  

Overall, the multivariate models performed better than the univariate models. This is not 

unexpected and has previously been shown in other studies (10). However, univariate analyses 

are also necessary to determine how each variable works on its own and if that particular 

variable can be used in instances where there is limited skeletal material to assess such as 

missing skeletal elements and fragmented remains. For the current method, the multivariate 

approach is recommended as the univariate models did not perform well because the 

classification accuracies were low. A multivariate approach is best in forensic case analysis 

because there is reduced bias and it encompasses more variation as multiple variables are 

assessed because skeletal traits are not unique to just one group (14,33–36). The analysis of 

just one variable or trait in a univariate approach may exclude the variation within a population 

as the traits cannot be limited to one population group. In addition, traits are also dependent on 

their frequency distribution within a population. Assessing multiple traits makes up for a trait 

that may not be present on skeletal remains being assessed in a forensic case analysis. There is 

an overlap and different groups share similarities and certain traits as previously observed in 

postcranial metric analyses (10). Therefore, a combination of traits that have different patterns 

of overlap and dissimilarities is necessary to be able to distinguish between population groups. 

As such, even when limited skeletal material is available for analysis, it is recommended that 
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as many traits from as many different methods as possible be used for classification; the use of 

univariate postcranial MMS traits should be a last resort. The other advantage of the 

multivariate model particularly for this study is that we could observe which traits had the least 

variable importance and therefore deduce which of the traits contribute to the classification 

model. In addition, when the traits that did not contribute to the classification model were 

removed, the classification accuracy for the testing sample increased slightly. However, 

whether variables of the least importance are in the model or not, the RFM is still able to select 

the ones contributing to the classification model. This means that the classification accuracies 

will not necessarily be affected by variables of lower importance. This supports the 

recommendation provided by Navega et al. (26) that states that the user can include all variables 

and allow the model to select the variables rather than modifying models or removing variables 

manually based on variable importance (26). With that being said, the model that included only 

the traits that demonstrated significant differences performed better in terms of classification. 

Therefore, this observation should be considered when creating standards for postcranial MMS 

traits.   

The postcranial MMS approach satisfies the Daubert criteria in terms of reporting error rates 

and classification accuracies (22). However, the accuracies are too low for the method to be 

used on its own and as it stands may only be used to confirm results obtained with another 

method. Future research should explore a combination of both cranial and postcranial MMS 

traits to estimate ancestry in South Africa.  
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CHAPTER 6: DISCUSSION AND CONCLUSION 

Ancestry is one of the most difficult parameters of the biological profile to establish mainly 

because of the association between skeletal morphology that forensic anthropologists need to 

assess to help identify a decedent and link the individual to their socially defined race. Like 

any other scientific method, ancestry estimation methods need to satisfy the Daubert criteria, 

which includes documented error rates, method repeatability, and creating population-specific 

standards (Grivas and Komar, 2008). The postcranial MMS method has only been assessed in 

a few publications to investigate the prevalence of the traits between populations (Spiros, 2019) 

and their predictive ability in the context of ancestry estimation (Spiros and Hefner, 2020).  

This is the first study to assess postcranial MMS traits for ancestry estimation analysis using a 

South African sample. As such, the results in the current study contribute to our knowledge of 

ancestry estimation and how we approach the parameter in forensic case analyses. The current 

study aimed to determine the frequency distribution of the traits based on the Spiros (2019) 

method and also to investigate whether the postcranial MMS method can be utilized to assess 

ancestry in the South African population by employing the RFM algorithm. 

Evaluation of the postcranial MMS method indicated that observer experience is a factor to 

consider and that familiarity with the method plays a role in accurately scoring the traits. For 

example, the overall inter-observer agreement in the current study was lower (substantial 

agreement following the Landis and Koch descriptions) compared to the Spiros (2019) study 

which demonstrated substantial to almost perfect agreement. The method was standardized by 

Spiros (2019) and it is assumed that their greater experience and familiarity with the traits led 

to the improved repeatability. Another notable observation in terms of the observer agreement 

was that the spinous process bifurcation had the lowest agreement value (κ=0.58) but the 

highest variable importance value (17.66), and testing accuracy (53.0%). Thus, the trait will 

likely always be selected in classification models when it is available, and it needs to be scored 

accurately. Caution needs to be taken when scoring the trait as one easily can confuse a partially 

bifid trait with a trait that is completely bifid as both features have a certain degree of 

bifurcation (see Figure 9).  
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FIGURE 9. Spinous process bifurcation. A. Partially bifid, B. Completely bifid trait. (Photos 

by NP Bothma) 

 

The significant differences observed in the frequency distribution for seven of the traits 

indicate the potential for developing new methods to attempt ancestry estimation. Overall, 

seven traits showed significant differences (accessory transverse foramen of C6 and C7, double 

superior articular foramen, spinous process bifurcation of C3 to C6, suprascapular foramen, 

septal aperture, vastus notch and the anterior and medial calcaneal facets); however, only the 

spinous process bifurcation were correspondingly noted be significant in the North American 

sample (Spiros, 2019). This shows the population-specificity of the traits and the importance 

of testing methods between and among populations prior to employing methods in skeletal 

analyses. Significant differences were also observed between the sexes in the current study, 

whereas Spiros (2019) did not observe any differences in the traits between the sexes and opted 

to pool the sexes for further analyses. This observation further demonstrates the uniqueness of 

populations due to different geographical origins and the need to validate methods for different 

populations (Saunders, 1989; Mann and Hunt, 2019). With that said, the implication of sex on 

the postcranial MMS method was beyond the scope of the current study and should be further 

explored to better understand the variation attributable to sexual dimorphism.  

Bilateral traits also need to be explored further as some in the current study exhibited 

asymmetry where one side of the trait yielded a significant difference such as the septal aperture 

and the vastus notch traits. In their methodology Spiros (2019) already recommended that the 

septal aperture be assessed by side because of the significant differences of both the right and 

left side in their study. However, there was no mention of doing the same for the vastus notch 

as they did not note any significant differences were observed for the sides of the trait. More 

A B
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research should be conducted that investigates asymmetry and how it affects bilateral traits 

when applying the postcranial MMS method. A few studies have looked at asymmetry on the 

skeleton and how it can influence classification (Call, 2016; Cole et al., 2020). In the current 

study, for example, the left side of the bilateral traits was utilized for creating classification 

models. Since the left vastus notch did not yield significant differences, it was excluded from 

the models. But if the right side of the vastus notch (which was significantly different for 

ancestry) was included in the classification models, the accuracies may increase, especially the 

multivariate model consisting of only significant traits. More specifically, the vastus notch, 

while rare, was observed to be more prevalent among coloured South Africans and may assist 

in distinguishing between black and coloured South Africans, which are the groups that 

misclassify more frequently.  

The lack of research on the postcranial MMS traits calls for the method to be assessed a bit 

more specifically for ancestry estimation. The current study tested the classification accuracy 

of the method using the RFM algorithm to evaluate both univariate and multivariate models. 

As expected, the multivariate models performed better than the univariate models in terms of 

classification accuracy (Spradley and Jantz, 2011; Liebenberg et al., 2015; Tabachnick et al., 

2019). However, the accuracies for both univariate and multivariate models obtained in the 

current study were not high enough to establish the postcranial MMS method as a good 

classifier of ancestry. This indicates that the postcranial MMS method is not useful on its own 

to classify populations. In addition, this emphasizes the importance of the predictive 

performance of the traits and how different they perform in each population because relying on 

p-values alone is not enough. The p-values tell us which variables are significantly different; 

however, a significant difference does not necessarily mean practical applicability (Solla et al., 

2018). For instance, in the current study, some traits yielded significant differences but had low 

training and testing classification accuracies which mean that they do not have practical 

applicability for ancestry estimation as significant differences do not always translate to 

skeletally quantifiable differences between the populations. The methods that are currently in 

place for ancestry estimation in South Africa outperform the postcranial MMS method, and as 

such there is not enough justification to include the postcranial traits in the standard operating 

procedures for skeletal analyses. 

In terms of classification, the RFM employed in the current study was observed to be a good 

method as the algorithm is robust and easily accessible while still being computationally 

inexpensive. The RFM algorithm gave outputs that are comparable to linear discriminant 
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analysis (as employed in Fordisc). More specifically, clear training and testing accuracies are 

presented, which is similar to the classification accuracy and leave-one-out cross validation 

accuracy which is reported with Fordisc analyses. Furthermore, the number of individuals that 

were misclassified into different populations could be determined through the confusion matrix 

outcome. Finally, the RFM algorithm presents the variable importance that helped to determine 

which traits contributed to the classification of populations which is similar to the stepwise 

variable selection function in Fordisc (Ousley and Jantz, 2012, 2013). This demonstrates that 

RFM is easy to interpret and is a good algorithm for ancestry estimation and will likely be 

embraced by the anthropological community. However, RFM needs to be explored further 

specifically when combining different datasets. For example, Spiros and Hefner (2020) 

combined both cranial and postcranial MMS and the classification accuracies when using RFM 

were high (90.0% for training and 88.0% for testing samples). The increased accuracies when 

both cranial and postcranial MMS traits were used for classification simultaneously indicate 

the advantage of using a multifactorial approach (Spiros and Hefner, 2020). Similarly, Hefner 

et al. (2014) demonstrated how combining cranial MMS traits and craniometrics yielded high 

classification accuracies (85.5% correct classification). Datasets that capture different types of 

variation such as size versus shape are expected to better quantify the skeletal variation 

attributed to population differences. Therefore, a holistic combined approach of different 

datasets from different parts of the skeleton should be explored.  
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APPENDIX – TRAIT DEFINITIONS 

Accessory Transverse Foramen (ATF) 

The ATF (Figure A-1) are one to two extra foramina located near the articular facet of the 

cervical vertebrae. The ATF will be scored with a scale of zero to two, with zero being absent, 

one being present on either left or right (unilateral) and two being present on both left and right 

sides (bilateral) (Spiros, 2019). The atlas (C1) and cervical vertebrae three to seven (C3 – C7) 

will be assessed.  

 

 

Figure A- 1. Accessory Transverse Foramen (red circle) A. Absent (score = 0), B. Unilateral 

(score = 1), C. Bilateral (score = 2) (Spiros, 2019) (Photos by NP Bothma). 

 

 

 

 

A C B 
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Posterior Bridging (PB) 

The PB (Figure A-2) is observed as a bony protrusion, extending from the posterior aspect of 

the superior articular facet of C1 to the arch located posteriorly. The trait will be scored with a 

scale of zero to two, with zero defined as absent, one being unilateral and two being bilateral.  

 

 

Figure A- 2. Posterior Bridging (red circle). A. Absent (score = 0), B. Unilateral (score = 1) 

and C. Bilateral (score = 2) (Spiros, 2019) (Photos by NP Bothma). 

 

Double Superior Articular Facets (DSAF) 

The DSAF (Figure A-3) forms when a groove forms in the middle of the superior articular 

facet of C1, resulting in double facets (Spiros, 2019). The DSAF can either be absent, unilateral, 

or bilateral, and will be scored zero, one, and two, respectively. 

A B C 
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Figure A- 3. Double Superior Articular Facets (red circle). A. Absent (score = 0), B. 

Unilateral (score = 1) and C. Bilateral (score = 2) (Spiros, 2019) (Photos by NP Bothma). 

 

Spinous Process Bifurcation (SPB) 

 The SPB (Figure A-4) is defined as a “split” of the most posterior part of the spinous process 

of the cervical vertebra to form two bony tubercles or projections (Cunningham, 1886; Asvat, 

2012; Spiros, 2019). Following the Spiros (2019) approach, C3 and C4 will be assessed for this 

study. The bifidity is scored from zero to two, with zero observed as no bifid, one observed as 

partially bifid, and two as completely bifid. Partially bifid means that the spinous has no split 

entirely, instead two bony tubercles can be observed. Completely bifid means the spinous 

process has a complete split where two bony projections can be observed (Spiros, 2019). 

A B C 
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Figure A- 4. Spinous Process Bifurcation (black arrows). A. Non-bifid (score = 0), B. 

Partially bifid (score = 1) and C. Completely bifid (score = 2) (Spiros, 2019) (Photos by NP 

Bothma). 

Suprascapular Foramen (SSF) 

The SSF (Figure A-5) is formed when the suprascapular notch is enclosed, forming a foramen. 

The suprascapular notch is located on the superior border of the scapular, at the root of the 

coracoid process (White et al., 2012; Spiros, 2019). The SSF will be scored according to 

absence or presence which is zero to one, respectively. If the sample in this study presents 

mostly suprascapular notches, the scoring of the trait will be adjusted to fit the South African 

population. 

A B C 
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Figure A- 5. Suprascapular foramen (black dot). A. Absent (score = 0) and B. Present (score 

= 1) (Spiros, 2019) (Photos by NP Bothma). 

  

A B 
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Sternal Aperture 

The sternal aperture (Figure A-6) is an oval opening or hole located on the sternum that can 

vary in size (Mann and Hunt, 2019; Spiros, 2019).  Following Spiros (2019) both sternal and 

xiphoid apertures will be assessed as one. A scale of zero to one will be applied, where zero 

indicates absence and one represents the presence of the trait. 

 

 

Figure A- 6. Sternal Aperture (black arrow). A. Absent (score = 0) and B. Present (score = 1) 

(Spiros, 2019) (Photos by NP Bothma). 

 

B A 
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Supra-condyloid process (SCP) 

The SCP (Figure A-7) is a bony projection located above the medial epicondyle of the humerus 

and is an extension of the supracondylar ridge (Spiros, 2019). The trait will be scored according 

to absence or presence with a scale of zero to one, regardless of length or size. 

 

Figure A- 7. Supra-condyloid Process (black arrow). A. Absent (score = 0) and B. Present 

(score = 1) (Spiros, 2019) (Photos by NP Bothma). 

Septal Aperture (SA) 

The SA (Figure A-8) is an opening located on the distal part of the humerus, that joins the 

olecranon fossa to the coronoid fossa resulting in an oval or round shape hole (Mann and Hunt, 

2019; Spiros, 2019). The trait will be scored with a scale of zero to three, where zero means 

absent, one means translucent, two indicates a small perforation (pinhole size), and three 

representing a large perforation (Spiros, 2019). 

A B 
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Figure A- 8. Septal Aperture (black arrows). A. Absent (score = 0), B. Translucent (score = 

1), C. Small perforation (score = 2) and D. Large perforation (score = 3) (Spiros, 2019) 

(Photos by NP Bothma). 

 

Third trochanter (TT) 

The TT (Figure A-9) is defined as a tubercle located at the superior end of the gluteal ridge on 

the posterosuperior aspect of the femur and slightly inferior to the lesser trochanter (Mann and 

Hunt, 2019; Spiros, 2019).  The trait will be scored as present or absent, which is zero and one, 

respectively. 

B C D A 
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Figure A- 9. Third Trochanter (represented by oval). A. Absent (score = 0) and B. Present 

(score = 1) (Spiros, 2019) (Photos by NP Bothma). 

Vastus Notch (VN) 

The VN (Figure A-10) is a concaved or flattened indentation located on the superolateral or 

medial angle of the patella (Mann and Hunt, 2019; Spiros, 2019). The trait will be scored zero 

if there is no indentation or notch and scored a one if there is, regardless of size. The VN can 

be confused with a bipartite patella, but in comparison, a bipartite patella has a rough surface 

that appears like a portion of the patella has been bitten or pulled away and the VN has a smooth 

surface (Figure A-11). 

A B 
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Figure A- 10. Vastus Notch. A. Absent (score = 0) and B. Present (score = 1) (Spiros, 2019) 

(Photos by NP Bothma). 

A B 
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Figure A- 11. A. Patella with a vastus notch and B. Bipartite patella (Finnegan, 1978) 

(Photos by NP Bothma). 

 

Anterior and Medial Calcaneal Facets (AMCF) 

The AMCF (Figure A-12) is located on the calcaneus can vary from a single small oval facet 

to an elongated oval facet, where the middle facet is joined with an anterior or double facet 

where the two facets are separated (Spiros, 2019). The trait will be scored using a scale of zero 

to three, where zero represents the absence of an anterior facet, one represents a single 

elongated facet, two represents a small anterior facet, and three indicating a large anterior facet. 

A B 
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Figure A- 12. Anterior and middle calcaneal facets (black arrow showing Anterior facet and 

joined facets). A. Absent Anterior Facet (score = 0), B. Single Elongated Facet (score = 1), C. 

Small Anterior Facet (score = 2) and D. Large Anterior Facet (score = 3) (Spiros, 2019) 

(Photos by NP Bothma).

A B C D 
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