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INTRODUCTION 
Body size estimations have been a greatly studied and debated subject in palaeoan-

thropology. Especially important has been to estimate the body mass, since it is major factor 
which must be taken account when investigating the evolutionary biology of extinct species 
(Aiello and Wood, 1994). It is key aspect of species biology and is associated closely to the 
energetic, physical and ecological properties of the organism, what makes it very essential ques-
tion to answer. Estimating the body mass is also important part for evaluating the relative brain 
size and achieving an understanding of brain evolution in fossil hominin species. The reasona-
bly precise estimation of body mass is also essential precursor to comparisons of relative brain 
sizes, tooth sizes and skeletal robusticity in fossil primates (Spocter and Manger, 2007). Be-
cause of the growing number of fossil hominin1 species, it is important to be able to estimate 
their body masses, since they could tell us much more about the life and behaviour of these 
species. It would also make it easier to understand the complex phylogenetic relationships 
amongst the species. However, to estimate body mass from incomplete or fragmentary fossils 
poses challenges. To work around these researchers have used mostly bone elements, usually 
from postcranium2 and in some cases cranio-dental elements, as predictors of body mass 
(Spocter and Manger, 2007).  

The most common way to estimate body mass is to use the parts of postcranium, 
which have been demonstrated to be good predictors of body mass. There are many postcranial 
features that correlate strongly with body mass such as femoral head diameter, bi-iliac breadth 
and limb length and body proportions etc. (Kappelman, 1996). Despite the close association 
between postcranial metrics and body mass there are number of factors that together reduce 
their usefulness. The most commonly used postcranial dimensions such as diaphyseal dimen-
sions have proved to be problematic in the comparative setting as they appear to be environ-
mentally sensitive to responses in mechanical loading. To overcome this shortfall, researchers 
have attempted to investigate the use of other measureable dimensions that are less sensitive to 
environmental interference or are not on dependent on the assumptions of bone elements’ me-
chanical association to support of body mass. Particular examples of this are the multivariate 

                                                 
1 In this study the term hominin is used to refer modern humans and their direct or collateral ancestors. 
2 meaning all skeletal elemnts excluding cranio-dental elements 
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regression of stature and bi-illiac breadth. Even though many of these regressions using post-
cranial elements have been proved useful, their use is quite often limited because the specific 
skeletal elements required to use in equations are not preserved as fossils (Spocter and Manger, 
2007).  

An additional problem is that some postcranial bones are hard to designate to cor-
rect species, either due to missing cranial elements that are usually used to determine species 
or because of close morphological similarities, such as Paranthropus and early Homo (Spocter 
and Manger, 2007). Also as a consequence of bipedalism which has a strong influence on skel-
etal form and body proportions, humans rarely scale in a similar way to other primates with 
regards to these features. For example, the body proportions and hip morphology of earlier 
hominins can differ from modern humans. Still many researcher use or even limit their use to 
samples of modern humans even thought this approach assumes that the fossil hominins would 
scale in the same way. The relative brain size for fossils has likewise proven to be difficult to 
quantify because the fossil hominin cranium which would provide the measurements and pre-
dictions for the average brain size and the postcranium which provides the body mass estima-
tion rarely come together and even more rarely can be definitely attributed to same individual. 
Therefore, frequently the cranial and postcranial specimens used are widely separated in both 
time and space (Kappelman, 1996).  

The estimation of early hominins’ body mass has mostly been based on postcranial 
material since it has been shown that limb bones are more strongly correlated with body mass. 
This is because their functional association is more direct than cranio-dental material (Spocter 
and Manger, 2007). However, due to the problems faced by the postcranial size estimations and 
the need for alternative size estimations, some researchers have started to investigate the use of 
craniofacial measurements as size predictors (e.g. Aiello and Wood, 1994, Kappelman 1996, 
Spocter and Manger, 2007). The craniofacial dimensions do not only appear tempting choice 
because they are usually well represented in fossil records, but also since they are the bone 
elements used mostly to determine the species. Also in case of relative brain size it would then 
be possible to calculate the relative brain volume from each fossil hominin cranium without the 
need for postcranial bones. Therefore, the aim of this study is to investigate the relationship 
between cranial variables and body size to find if any of them can be used to create body size 
estimations equations which can be used for fossil hominins. After this, the equations are then 
used to estimate body size for fossil hominins using 15 skulls that represent 13 different species.   
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In most previous studies investigating the relationship between cranial variables 
and body mass, modern humans are always included in the used datasets. However, Elliot et al. 
(2014) tested the previously created equations of Aiello and Wood (1994), Kappelman (1996) 
and Spocter and Manger (2007) using modern humans with known body masses and concluded 
that none of the equations appeared to fill the criteria of accuracy (which they had decided 
included having over 50 % of the specimens within ±20% of known mass and mean percent 
prediction error 19% or under). This could indicate that there is either something wrong with 
the equations or they just simply do not work with modern humans. Likewise, in many forensic 
anthropology studies that have examined the relationship of cranial variables and stature in 
modern humans, results have not been too promising (Pelin et al., 2010, Agnihotri et al., 2011, 
Shrestha et al., 2015). One of the highest correlation coefficients’ (r=0.773) in humans was 
gained using a population of an endogamous group that showed homogeneity amongst individ-
uals (Pelin et. al., 2010). This is not very strong relationship considered the highest correlations 
received from hominoid sample were clearly over 0.9. This could indicate not only that human 
cranial variables do not have strong relationship to size, but it is even less strong in heteroge-
neous populations.  

Although we are the closest relatives to fossil hominins, our connection to espe-
cially the older fossils, is not always straightforward. The morphology of the earlier fossils is 
more like the common ancestor of humans and chimpanzees with their more primitive and ape-
like features, whereas modern human-like features are more similar to later hominins. This 
supports the need for studying the possibility of using the African apes in body size estimations.  
Therefore, in this study I am deviating from the previous studies and exclude modern humans 
and concentrate to African apes using a dataset of 74 extant hominoids: 37 chimpanzees and 37 
gorillas. The reason to concentrate just on these two species lies in their closer relationship to 
hominins, compared to other hominoids. I do acknowledge that even though we share a com-
mon ancestor with both of the species, both gorillas and chimpanzees have since adapted their 
morphology to their own environmental niches. This will therefore most likely affect the accu-
racy of the estimations when applied to genus Homo, but may be less so for earlier hominins 
which are closer to our common ancestor. 

Most of the previous studies have also estimated the body mass (e.g. Aiello and 
Wood, 1994, Kappelman, 1996) however in this study concentration is going to be in skeletal 
frame size. The reason for this lies in the unpredictable nature of body mass. Not only is it very 
unique to the individuals, it is also heavily influenced by the environment and even seasonality. 
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After all, nutritional variation, pregnancies and lactation results substantial changes in body 
mass in adults (Niskanen and Junno, 2009). Therefore, I decided to use skeletal frame size 
(SFS) as proxy for body size in this study. SFS was chosen because its good results from body 
mass estimations and I had all the needed the measurements to calculate it (for 74 specimens).  
It is turned to body mass (and referred as SFS body mass here) for easier application to other 
studies and easier comparison to previous studies. Despite this, it is still representative of over-
all body size rather than individual body masses.  It will most likely provide somewhat different 
results than using the actual weight of the individuals or average weights of the species, but the 
overall pattern is probably not that markedly different. It is also possible that the cranium that 
is less affected by the environmental changes could have better relationship to the overall skel-
etal size of the individual and the species than body mass. Therefore, use of the SFS could gives 
us more stable picture of individuals and species body sizes.  

This study is therefore method examination and to investigate the relationship of 
the crano-facial measurements and SFS, I will first examine if any of the craniofacial measure-
ments will correlate well with the SFS and which of them show promise as size estimation 
predictor. I will also examine if there are large differences in correlations between the sexes 
and species and how these might affect the working of the equations. If there are significant 
differences between sexes should they have own size estimation equations.  

Next task is to tests how well these equations will work by comparing the size esti-
mations to the SFS body mass. Do they produce completely different estimations than SFS and 
how big are the differences? Which one of the estimations gives the most accurate results? After 
this the intent is to create new size estimations for 15 fossil skull casts (that represent 13 species) 
found from the University of Oulu’s Zoological museum and compare the results to known size 
estimations of these species to see if they agree or if there are large differences?  

 
1. RESEARCH BACKGROUND 
In this chapter I am going to outline some of the previous research done in this subject area and 
what kind of results have been achieved. These researches provide an important framework and 
also indicate the direction of current research. Secondly I am going to review some of the hom-
inin evolution, to show how they have evolved and what is known of the relationships of dif-
ferent species. Also I am going to discuss a little about hominins’ relationship to modern apes 
to show why they could make good candidates to use as reference material. Following that I 
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will discuss the hominid cranium, which is the main focus of this research. This will include 
its’ structure and what aspects affect its’ design and evolution. I will look at the common char-
acteristics of the hominoid cranium and also those of African apes.  
1.1 Previous research 
In palaeoanthropology there are not very many studies that have investigated what is the corre-
lation between cranial variables and stature or mass. Mostly this has been studied in humans by 
biological anthropologists (e.g. forensic anthropologists), where the interest is to use the cranial 
variables to help identify the deceased when remains are highly decomposed, there are muti-
lated body parts or skeletal remains are found from mass fatality sites. For example, Agnihotri 
et al. (2011) investigated the correlation of stature to 14 cephalo-facial dimensions using a sam-
ple of 150 Indo-Mauritian students. They discovered that only three variables; horizontal head 
circumference (r=0.494), nasal breadth (r=0.380) and morphological facial length (r=0.328) 
showed the highest correlations. While among females, physiognomic facial length (r=0.382), 
bizygomatic breadth (r=0.276) and horizontal head circumference (r=0.375), were the best cor-
relates with stature. However, they point out that since the correlation coefficient (r) is consid-
ered to be significant only above p-level of 0.5, these dimensions are not good predictors to 
estimate stature in the Indo-Mauritian population.   

Shrestha et al. (2015) studied a sample of 200 autopsy cases (148 males and 52 
females). According them maximum cranial length and bi-zygomatic breadth show stronger 
correlation (r=0.327) with stature than other measurements in males. In females only maximum 
cranial length showed moderate correlation with stature (r=0.383). They also very cautiously 
said that these could be used to help establish the biological profile of the deceased along with 
other methods of estimation, but should only be used when other the more accurate means of 
stature estimations are not available.   

Interesting as these forensic anthropology studies are, they would seem to show that 
even though there are some correlations between cranial variables and stature, the correlations 
are not statistically significant when applied to humans. Instead paleoanthropologists seem to 
get better correlations with body mass when using a variety of other primates. Adolf Schultz 
(1940) for example examined the relationship between the eye volume, orbital volume and body 
mass. His sample included a diverse batch of nocturnal and diurnal Old World and New World 
primates that included 17 species (n=184). The results showed that the orbital volume is corre-
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lated with body mass at r=0.964 which is close to that achieved with postcranial material. How-
ever, the utility of orbital volumes is limited due to the fragility of orbital bones which only 
rarely survive fossilization and recovery (in Kappelman, 1996).  

However, Kappelman (1996) suggested that since the rim of the orbit is more 
strongly buttressed and is commonly preserved in fossil record, perhaps other parameters of the 
orbit could prove to be useful. So he examined the area of orbital aperture and orbital height 
and their correlation with body mass in a large sample of extant primates. His sample included 
orbital area and maximum orbital height measurements of 18 species and subspecies of diurnal 
cercopithecoids and hominoids (n=343) and variety of fossil hominids (n=48). They also meas-
ured superior-inferior femoral head diameter as indicator of body mass to test the relative reli-
ability of the orbital area. Since the body mass is rarely available from wild specimens they 
collected mean body masses for those species males and females from literature. The study 
included two analyses; one based on a hominoid only sample and a second that included the 
full primate sample. Results were that orbital area was strongly correlated (r=0.987) and nega-
tively allometric with body mass. Almost 78% of the anticipated body masses fall within ±20 
% of their observed masses. The correlation with orbital height was also strong (r=0.957) and 
the almost 56% of body masses fall within ±20 % of observed masses. Their results also demon-
strated that there was only small difference between hominoid only sample and whole primate 
sample and therefore it is preferable to use the hominid only sample since the taxa in this sample 
are closely related to fossil hominins and the correlation statistics are better. When these equa-
tions are tested, the body mass estimations based on orbital area are fairly similar to the predic-
tions based on postcranial elements for australopithecines, early Homo and early H. erectus. In 
the case of later H. erectus and archaic H. sapiens the predictions are somewhat higher than 
expected and only a few estimations fall completely outside of the body masses predicted by 
femoral diameter.  

Aiello and Wood (1994) carried out a similar study to predict hominid body mass 
from sample consisting of 250 simian primates, representing 23 species. They compared body 
mass estimates based on 15 cranial variables with estimates produced from postcranial variables 
to investigate their reliability. They also tested both whole primate sample and hominoid only 
sample. Their results were that some cranial variables, especially orbital area, orbital height and 
biporionic breadth are nearly as good body mass predictors for hominoids as are some of the 
postcranial predictors (r = 0.980 for the best predictor variables).  For hominins particularly 
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orbital height produces estimates that are most similar to postcranial estimations. Because or-
bital area and biporionic breadth scales are different for hominins than hominoids, they tend to 
produce larger body mass estimations for large-sized hominins. For smaller-bodied hominins 
the three variables however produce equivalent estimate masses. 

Spocter and Manger (2007), raised concern that although the previous studies had 
yielded high correlation coefficients indicating strong predictability, they had not taken into 
account the potential bias that may come from the non-independence of point from different 
species. For instance, the Kappelman´s (1996) and Aiello and Wood (1994) did not take phy-
logeny into account and therefore their reported r-values still contained a portion of variance 
that the different species share in common as a result of phylogenetic autocorrelation. So they 
used the technique of phylogenetic independent contrast analysis to investigate the strength of 
correlation between cranial dimensions and body mass. The analysis was based on a sample of 
259 primates representing 16 species. Results based on the traditional Least square regression 
(LSR) and Reduced major axis (RMA) in the whole primate sample showed the most reliable 
predictor variables for body mass were upper facial breadth, orbital area, orbital height and 
bizygomatic breadth (r=0.96 or higher). According to the hominoid only based analysis, the 
best variables were foramen magnum area, biorbital breadth, orbital height, orbital area and 
biporionic breadth (r=0.98 or higher). The results using the independent contrast analysis 
showed that orbital height, orbital area (ellipse) and upper facial breadth displayed the strongest 
correlation with body mass. These proved overall consistencies in the strength of the relation-
ship between the body mass and cranial variables since most stayed highly correlated with body 
mass even after the phylogeny had been taken into account. The maximum length of the skull 
showed the lowest correlation coefficient for both the whole primate sample and hominoid 
sample. The amount of variation in body mass explained by phylogeny alone from the cranial 
variables is small and therefore supports the use of cranial variables for estimating body mass. 

Elliott et al. (2007) on the other hand noted that none of the cranial equations cre-
ated by the studies above had been tested with independent data. The equations have been ar-
gued to be valid because they produce estimations that roughly agree with the estimations gen-
erated by the postcranial equations, but their accuracy has never been formally evaluated. Also 
the different cranial equations have never been compared to one other. So in their study they 
used a sample of 253 deceased modern human CT scans from archives whose weights were 
also known, to test how well the equations estimated their weight. They chose which variables 
to use on the basis of their performance in previous studies (Aiello and Wood, 1994, Kappelman 



 
 

10 
 

1996, Spocter and Manger, 2007) and used the equations from them. This resulted in a total of 
six measurements being taken for this study: orbital height, orbital breadth, bi-orbital breadth, 
foramen magnum length, foramen magnum breadth and biporionic breadth. Addition to these 
three orbital areas and two foramen magnum areas were calculated. They tested both LSR-
based and RMA-based equations when they were provided. Their first criterion of accuracy 
was prediction error of 19 % or less and the second was that 50 % of the specimens should be 
estimated within ±20 % of known mass. Since the RMA-based equations consistently gave 
them higher mean errors and estimated fewer individuals within ±20% of their known mass 
than the LSR-based equation, they mainly concentrated on LSR-based equations. The result 
was that none of the equations estimated the body mass reliably. Only one variable in the Aiello 
and Wood (1994) equation met both criteria and this was biporionic breadth and even that was 
only in male sample. 

The data used in this study was used by Junno (2005) in his doctoral dissertation to 
study body mass predictions in palaeoanthropology. He touched on the subject of how cranial 
variables correlated with body size. He examined how cranial dimensions related to body mass 
at the sex/species level. His aim was to find dimensions and/or their combinations that would 
be useful to predict in body mass prediction. He also examined how differences in body size 
affected the overall cranial shape in African apes. As a size indicator he used trunk volume. 
This was computed from chest girth and trunk length by applying the equation for computing 
the volume of a cylinder. Trunk volume had a high correlation with body mass (r=0.967) in the 
sample composed of 12 specimens. Their results showed that the correlations between trunk 
volume and cranial dimensions were generally lower than those of postcranial dimensions. 
There was also a great amount of variation between sex and species as to how cranial dimen-
sions correlated with trunk volume. The lowest correlations for single predictor models were 
found in female chimpanzees. The most reliable individual cranial dimensions to representing 
body size were found to be those that represented the overall skull size. Also, nuchal area cor-
related highly with all sexes within species but not female chimpanzees. In addition, mandible 
breadth alone or together with with mandible length showed rather high correlation in sex and 
species-specific samples. Overall the results indicated that sex and species-specific two-predic-
tor models performed generally better than the single-predictor models. He discovered that dif-
ferent cranial dimensions were the best trunk volume predictors in different sex/species sample. 
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1.2 Hominin evolution 
Beginning at about 20 million years ago, there is fossil evidence from Africa to show the emer-
gence of a distinct lineage of hominoids (members of the superfamily Hominoidea which in-
clude gibbons, orangutans, gorillas, chimpanzees and humans) (Toth and Schick, 2009). They 
dominated the first several million years of the anthropoid radiation, where they dispersed first 
within forest areas of Africa and later into Europe and Asia. Numerous hominoid fossils found 
outside of Africa are an indication of an ape radiations in this period (Cela-Conde and Ayala, 
2007, Kuofos, 2007). However ape species started to dwindle during the Miocene as the climate 
cooled and forests diminished and by end of the Miocene, about 5 million years ago, ape species 
were relatively few and more geographically restricted than in the beginning of the Miocene. 
Europe’s apes dwindled gradually to extinction but in Africa apes continued evolve (Toth and 
Schick, 2009).  

Gorillas’ ancestors started to evolve in their own direction 9-12 million years ago, 
followed by the splitting of chimpanzees and humans 5-8 million years ago, indicated by the 
genetic distance analysis (Simpson, 2010). This is the beginning of the hominin lineage that are 
our direct or collateral human ancestors. However, because of this quite recent divergence from 
our fellow apes there are strong morphological similarities between us and the great apes, es-
pecially with chimpanzees and gorillas. Apes are distinguished from their closest living rela-
tives, the Old World monkeys, by number of shared traits, some that have been with us since 
our separation from Old World monkeys. These include a broadened nose, widened palate, the 
lack of a tail and an enlarged brain (Toth and Schick, 2009).  

The formation of human lineage from other apes is complex chain of events and 
there was never just one unbroken line leading to modern humans (See the Figure 1.). Our 
loneliness as the only surviving member of our branch is not that peculiar when keeping in 
mind that despite the ape radiation in Miocene only a few species are left today. However, the 
situation in our lineage has not been this than for very short time, only for 10 000 years. Before 
that for 5 million years at least two species of our lineage existed on Earth at the same time. 
According to the prevailing opinion Homo sapiens as a species is a little over 200 000 years 
old. So in same time with us even four other different species of Homo have probably existed 
(Valste, 2012).  

Even though our membership in the hominin lineage is defined by the history of 
descend, we still need to identify those anatomical traits which are uniquely hominin form the 
fossil record in order to assign fossils to our lineage. Modern humans with their large brains 
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and symbolically based lan-
guage, are very specialized 
hominins that have adopted 
these traits only recently.  
Before that our ancestors 
were identified by their bi-
pedalism and through spe-
cialization of their deten-
tion, especially changes in 
the canine function. The 
adoption of some form of 
bipedalism and the loss of 
the sectorial C/P3 complex 
must have occurred very 
early in the hominin line-
age. These adaptations al-
lowed an exploitation of 
novel habitats not open to the other great ape species existing at the time. Since different early 
hominin fossils have been found in different habitat contexts, this indicates that soon after the 
divergence from the last common ancestor of chimpanzee and humans, the hominins were 
widely separated in space and capable of exploiting a diversity of habitats.  The transition from 
quadrupedality to bipedality is unique among mammals and requires great reorganization of the 
entire musculoskeletal system, from basicranium to the foot (Simpson, 2010). 

Today there is now a rich collection of early hominin fossils found in the African 
continent, with perhaps more than a dozen hominin species identified as existing before 1.5 
million years ago. Recent discoveries have expanded the known time depth of hominin lineage 
to perhaps as much as 6 million years. The fossil finds of Sahelanthropus tchadensis, which is 
currently the oldest identified hominin, was found in the Djurab Desert of northern Chad. This 
fossil included a nearly complete cranium and fragmentary lower jaws (Toth and Schick, 2009) 
and the associated fauna suggested an age of 6-7 million years ago. According to Brunet et. al. 
(2002) it had several derived hominin features and many aspects of the basicranium and face 
that are similar to later hominins, which would therefore indicate that Sahelanthropus belongs 
to a hominin clade. They also pointed out because if its’ combination of primitive and derived 

Figure 1. The hominin family tree 
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characters its’ phylogenetic position as hominin is most likely very close to the last common 
ancestor of humans and chimpanzees. The evidence for its’ the bipedialism is deduced from the 
orientation of the foramen magnum and general basiocranial anatomy. Similar to later hominins 
and unlike in apes, the plane of the foramen magnum opening is almost perpendicular to the 
vertical plane defined by the orbital margins. This is thought to reflect the position of the head 
as it sits on top of the vertebral column instead of anterior to it as it does in quadrupeds (includ-
ing the great apes) (Simpson, 2010). From same time period in Kenya, fossils of Orrorin 
tugenensis, have been found that also been dated to approximately 6 million years. This may 
represent an early upright-walking hominin, although its’ upper body morphology may also 
indicate some degree of arboreal adaptation as well. (Senut et. al., 2001) However, it is unclear 
if this fossil is on the ancestral line to modern humans.  

From East Africa and the middle of the Awash region of Ethiopia new fossils dating 
between 6 and 4 million years have been discovered and designated as early hominins (as they 
have number of hominin features even though they retain some more ape-like characteristics). 
They are represented by an earlier species, Ardipithecus kadabba, between 5.8 and 5.2 million 
years ago and a later form Ardipithecus ramidus, from about 4.4 million years ago, which is 
thought to be a possible descendant of A. kadabba. (Toth and Schick, 2009) A. kadabba was 
originally placed as subspecies of A. ramidus (Haile-Selassie, 2001), but was later on elevated 
to its’ own species (Haile-Selassie et. al., 2004). Dental evidence of A. kadabba supports its’ 
inclusion in the hominin lineage and some even consider them as a stem species of hominins 
lineage, however not all agree with this (e.g. Wood and Harrison, 2011). Haile-Selassie et. al 
(2004) has also suggested that all earlier hominin species: Sahelanthropus, Orrorin and Ardip-
ithecus could be part of one lineage.  

A. ramidus was originally placed in the genus Australopithecus by White et. al 
(1994) because of its’ similarities to A. afarensis and being the first hominoid older than A. 
afarensis to be discovered. However, a year later it was given its own genus by the same re-
searchers (White et. al.,1995). Its’ cranial bones have been reported to indicate more forward 
position of foramen magnum than apes, suggesting it had a bipedal stance. (Toth and Schick, 
2009). However, it still has many primitive features and seems intermediate between later aus-
tralopithecines and apes. (White, et. al., 1994)  

From around 4 million years ago the fossil record becomes much better represented, 
with the appearance of Australopithecines. They constitute a taxonomically and adaptively di-
verse group that are known to have inhabited the African continent between approximately 4.2-
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1.4 million years ago. The postcranial evidence indicates that these hominins were bipedals. 
However, Australopithecines constitute more a paraphyletic group, identified by its unique 
adaptive grade (i.e. small-brained, small-canined, megadont bipedals) among hominins rather 
than natural group (Kimbel, 2007). Often times there is separation of Australopithecines into 
gracile australopithecines which includes Australopithecus anamensis, A. afarensis, A.bah-
relghazali, A. africanus, A. garhi and A. sediba and the robust Australopithecines Paranthropus 
aethiopicus, P. boisei and P. robustus. They were more variable in the skull and dental mor-
phology than in their postcranial form. Often time names ´gracile´ and ´robust´ are used to 
describe the differences in their jaws and skulls which can easily be separated in types: those 
who had very large teeth and robust jaws and those with small teeth and gracile jaws. However, 
the robust Australopithecines are now attributed to their own genus Paranthropus. (Valste, 
2012, Kimbel, 2007).  

A. anamensis, which dates from 4.2-3.9 million years is the earliest Australopithe-
cine and has a mixture of features that are both primitive and Homo-like. (Smithsonia, 
26.3.2016, Leakey et. al., 1995) However, it does represent a distinctive and more ape-like 
anatomy then those of other Australopithecines (Kimbel, 2007). Leakey et. al. (1995) thought 
that it is was a possible ancestor for A. afarensis and it has been proposed that the A. anamensis 
might have been intermediate on the lineage between Ardipithecus and Australopithecus (Simp-
son, 2010).  

A. afarensis is one of the longest-lived and best-known early hominin species to 
have been discovered. It was first described by Johanson et. al. in 1978 and to date more than 
300 individuals’ remains have been uncovered. This species lived between 3.85 and 2.95 mil-
lion years ago in Eastern Africa (Ethiopia, Kenya, Tanzania) and species survived for more than 
900 000 years. Fossils attributed to A. afarensis include a significant and well preserved collec-
tion, with the famous partial skeleton of “Lucy” (A.L. 288-1). Also one of the most exceptional 
A. afarensis remains is the series of hominin footprints impressed into 3.6 million years old 
volcanic tuff from Laetoli, Tanzania, which together with the extensive fossil collection of post-
cranial bones has allowed a reliable reconstruction of bipedal locomotion.  However, it still had 
long strong arms with curved fingers adapted to climbing trees (Smithsonia, 10.3.2016, Simp-
son, 2010). Other fossils from Chad which have been dated to the same time period have also 
been allocated to their own species of A. bahrelghazali (Brunet et. al. 1995). However, because 
only a few remains are known and these could comfortably fall to the known range of variation 
of A. afarensis it might be premature to assign it to its’ own species (Simpson, 2010).  
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Between 3 and 1.8 million years ago the lineages of the gracile australopithecines 
and robust australopithecines Paranthropus seperated. The gracile form was continued in South 
Africa by Australopithecus africanus that lived between 3.2 and 2 million years ago and was 
anatomically similarly to A. afarensis, with a combination of human-like and ape-like features. 
First described by Dart (1925), these species were fully adapted to bipedalism. Anatomically 
the postcranium of A. africanus does resemble that of A. afarensis with more ape-like shoulders 
and hand bones including relatively long arms which indicated that they were also adapted for 
climbing. (Toth and Schick, 2009, Australian museum, 10.3.2016, Simpson, 2010 and Smith-
sonia, 10.3.2016)  

In Ethiopia a few fossils of A. garhi have been found. These date to 2.5 million 
years and are clearly Australopithecines, yet they also possess some characters found in later 
Homo.  However, this is still very undocumented species and more fossils are needed to more 
securely find its’ place in our family tree. It does have similarities to A. africanus indicating it 
could have evolved from it (Simpson, 2010, Australian museum 26.3.2016). In East Africa the 
gracile line is thought to have continued with A. sediba. The fossil has been dated to 1.98 million 
years and was assigned to its’ own species by Berger et. al. (2010). According to them although 
A. sedibas postcranial morphology is similar to that of the other Australopithecines, especially 
A. africanus, it has a number of derived features that align it with later Homo, more so than any 
other Autralopithecines. Therefore, they have suggested that A. sediba is a descendant of A. 
africanus and an immediate ancestor of our genus. However, many researchers disagree with 
this, although they admit that the fossils of A. sediba are of great importance because they shed 
light on the mix and match process by which human evolution was shaped (Luskin, 2013) 

The earliest robust Australopithecines was Paranthoropus aethiopicus and there is 
still very little known about this species, as so few remains have been found. Dating evidence 
suggests it lived between 2.7 and 2.3 million years ago in Eastern Africa. It was first described 
in 1968 by Arambourg and Coppens, but it was the discovery of the 2.5-million-year old cra-
nium (KNM-WT 17000) nicknamed as “the Black Skull” in 1985 which helped to define this 
species as the earliest of the known robust Australopithecines. It had somewhat smaller brain 
and more prognathic face than the later and possible descendant species. It is believed to have 
evolved from A. afarensis and form continues lineage with the other East African species of P. 
boisei (Smithsonia, 10.3.2016, Stringer and Andrews, 2011). 

The next species of the robust Australopithecines we have evidence for is Paran-
thropus boisei, which lived in Eastern Africa between 2.3 and 1.2 million years ago. It was first 
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described by Leakey (1959) and similar to other members of the robust australopithecines, P. 
boisei is characterized by a specialized skull with adaptations for heavy chewing. Many fossils 
of skulls, jaws and teeth are known, but only few postcranial bones have been found which 
means very little is known about the stature and body proportions of this species (Simthsonia, 
10.3.2016, Simpson, 2010).  

Paranthoropus robustus was the first of the robust Australopithecines to be de-
scribed (Broom, 1938). It is the latest of these robust species and lived between 1.8 and 1.5 
million years ago in Southern Africa. Unfortunately, only few undistorted postcranial remains 
are known, which makes it difficult to make assumptions regarding its’ size. However, what 
little is available has indicated that P. robustus had similar body form to A. africanus. The origin 
of this species is still unclear (Simpson, 2010).  

Homo habilis has traditionally seen as the earliest member of genus Homo. Based 
on brain expansion, rounding of the cranial vault and morphology of hands that indicated the 
possibility of tool making. A number of specimens dating 2.3-1.5 million years ago in Eastern 
and Southern Africa, have been attributed to this species. It has also been argued that second 
larger-sized and larger-brained species of H. rudolfensis is also present in taxon. However, since 
it was described by Leakey et. al. (1964) more fossils have been found and it has become clear 
that this species could actually represent multiple different groups, challenging the traditional 
interpretation of H. habilis and H. rudolfensis. However, it has also been suggested that all early 
Homo could be lumped together for one dimorphic species. On the other hand, these discoveries 
have questioned the whole placement of habilis and rudolfensis in genus Homo. Some research-
ers (e.g. Wood and Collard, 1999) have proposed moving both species from genus Homo to 
Australopithecus (Rightmire, 2010, Antón et. al., 2014, Gibbons, 2011).   

The definition of H. erectus includes, in some views, all Early and Middle Pleisto-
cene fossils from Africa, Europe and Asia, where as other views exclude the European fossil 
and still others include only the Asian or portions of Asian fossil records. Reason for this is, 
that these fossils aren’t separated just by time and place but there is also quite large morpho-
logical variation amongst the specimens. Most researchers now think that these morphological 
differences are major enough to place the fossils in more than one species. However, the number 
of the species is still hotly debated. It is thought to have lived between 1.8 million - 25 000 
years ago and they appear to have had smaller brains and lower braincases than modern humans 
(Antón et. al., 2007, Valste, 2012). 



 
 

17 
 

One of these debated species is Homo ergaster, that includes the African specimens. 
Dating evidence suggests lived between 1.9 and 1.5 million and perhaps as late as 600 000 years 
ago. They are the oldest known early humans to have possessed modern human-like body pro-
portions. It was first proposed to be a new species in 1875 by Groves and Mazák. The fossils 
which many now allocate to H. ergaster highlight how placing fossils into this particular genus 
and species has not been easy. Some of the fossils have been thought to belong to Australopith-
ecines, Homo habilis or Homo erectus and many researchers still prefer to use the more general 
term African Homo erectus. However, if accepted as its own species it is believed that H. er-
gaster was common ancestor for two groups of humans. One developing to modern humans 
and the other as H. erectus in Asian.  (Smithsonia, 27.3.2016, Klein, 2009, Australian museum 
27.3.2016) 

Another of these possible own species of Homo erectus was found in Georgia, Cau-
casus and was named as Homo georgicus. Its’ finders described it as among the most primitive 
of H. erectus specimens.  It reminded more H. habilis, and H. ergaster than H. erectus (Gabunia 
et. al. 2000), and they suggested the idea of a shared ancestor for H. ergaster and H. georgicus. 
However, some researchers regard these as an early form of erectus (Stringer and Andrews, 
2011). 

 The actual H. erectus from Asia is dated to live between 1.5 million years ago and 
possible as recently as 25 000 years ago. The first fossil was found in Java in 1891 and was 
described by Dubois in 1894.  It is tough to have evolved in Africa and some researchers believe 
it to be a descendant of H. ergaster that spread out to Asia. The brain size of these individuals 
were clearly bigger than hominins before. They were short and stocky humans, with a robust 
skeleton that was generally similar to those of modern humans. (Klein, 2009, Stringer and An-
drews, 2001, Australian museum, 10.3.2016) 

From about same time period in northern Africa and southern Europe fossils of H. 
antecessor are known. This is also a species which causes much debate about taxonomic clas-
sification. First described by Bermúdez de Castro et. al. (1997), they propose that H. antecessor 
was the predecessor of H. neanderthalis and H. sapiens. Since it has been debated whether it is 
an early H. heidelbergensis, or some researchers see it as an intermediate between H. heidel-
bergensis and H. ergaster (Australian museum, 27.3.2017, Valste, 2012).  

H. heidelbergensis was descripted as early as 1908 by Schoetensack, but has come 
more accepted in end of the 20th century with the discovery of new fossils. It is estimated to 
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have lived between 200 000 and 700 000 year ago. It is commonly acknowledged as predeces-
sor to Neanderthals and modern humans, however some researchers think it was strictly Euro-
pean species that is part of the Neanderthal lineage. It is thought to have evolved from H. er-
gaster and its’ fossils have been found all around Africa, Asia and Europe. It was the earliest 
human species to live in a cold climate. (Mounier et. al. 2009, Klein, 2009, Australian museum, 
26.3.2016, Smithsonia, 10.3.2016) 

Homo neanderthalensis is our closest relative and one of the latest hominids to in-
habit the Earth with us. They lived between 300 000 and 28 000 years ago. The first skull that 
was recognized as an ancient human was found in the Neanderthal Valley in Germany in 1856. 
The first time Neanderthals were proposed as deserving their own species was in 1864 by Pro-
fessor King. Today fossils representing more than 400 Neanderthal individuals have been found 
from over 80 different places.  Neanderthals are recognizably human but have distinctive facial 
features and stockier build. They were generally shorter and had a more robust skeleton than 
modern humans. (Valste, 2012, Smitshonia, 10.3.2016) 

Very interesting challenge was presented to researchers in 2003, when a small hom-
inin skeleton, nicknamed “Hobbit”, was found on the Island of Flores, Indonesia.  It had very 
small brains and stature, about 1 m, which is equal to the smallest known Australopithecines. 
Their wide pelvis and hunched shoulders give it a different body shape to H. sapiens. It also 
has relatively large feet due to their short legs. Because of its’ unique combination of primitive 
and derived features it was assigned to its own species by Brown et. al. (2004). It lived between 
95 000 and 13 000 years ago which makes it the last hominin that shared this planet with us. 
Its’ diminutive stature and small brains have been thought to result from island dwarfism, which 
is an evolutionary process resulting from long-term isolation on a small island with limited food 
resources and a lack of predators. The ancestor population from which it is believed to have 
evolved is still unclear, but it is possible it evolved from H. erctus or early population of H. 
sapiens (Smithsonia, 10.2.2016, Australian museum, 10.2.2016, Stringer and Andrews, 2011, 
Pettitt, 2009). 

Last to arrive on the scene is our own species Homo sapiens which appears to have 
evolved in Africa 300 000 years ago. The term archaic Homo sapiens has sometimes been used 
for African fossils dated between 300 000 and 150 000 years old that are difficult to classify 
due to a mixture of modern and archaic features. The earliest H. sapiens had bodies with short, 
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slender trunks and long limbs. These body proportions were an adaptation for surviving in Af-
rican savannah. More stocky builds evolved when populations spread to cooler regions. (Aus-
tralian museum, 10.2.2016) 

As this short description of hominin evolution shows, evolution has never been one 
straight line and placing the fossils in their correct taxonomic places is never simple. What was 
once our family tree has become more like a family bush and with new fossil discoveries every 
few years, this bush keeps getting bigger and bushier. Even this description of our evolutionary 
tree is missing many species which are more or less established. To help understanding the 
relationships between these species and how they lived body size is very important tool. 
1.3 Structure of the cranium 
1.3.1 Hominoids  
The hominoid cranium is a tightly constrained, functionally and developmentally comprehen-
sive structure that is subject to multiple selective pressures. Modern apes are just surviving 
remnants of a significantly more numerous, geographically more extensive and ecologically 
more diverse group of catarrhine primates (which includes Old world monkeys and apes). This 
very restrictive modern comparative base and its’ uncertain links with the fossil hominins cre-
ates challenges for the adaptive or phylogenetic interpretations of the fossil hominin record 
(Bilsborough and Rae, 2007). 

Cranial form is influenced by many factors. Functionally, the head contains the vis-
ual, olfactory, and auditory organs and also those of vocalization, taste and balance. It contains 
the openings for the respiratory and alimentary tracts and of course it houses and protects the 
brain. It incorporates structures for food acquisition and processing and basicranial morphology 
is also influenced by postural and respiratory factors. Its’ superficial soft tissues may be pat-
terned and convey information to those of the same species about sex and ontogenetic status. 
The interaction of these features and especially the size and structure of those related to food 
processing relative to the neurocranial3 proportions can lead to the formation of external struc-
tures such as crests and tori on the skull which can be recognised in the fossil record. (Bils-
borough and Rae, 2007). 

                                                 
3 The neurocranium is the portion of the skull that encloses and protects the brain. 
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Adult African apes and humans (hominids) share a broadly similar pattern of cor-
related variance in cranial traits, with oral and zygomatic regions primary responsible of inte-
grative influences and with lesser contribution from the nasal region. The craniofacial compo-
nents are therefore primarily associated with mastication (Bilsborough and Rae, 2007). It is 
interesting that African apes and orangutans are more similar to humans when they are young 
than as adults. However, there are differences that are already present at birth, for example 
humans have bigger brains and children’s faces are less prognathic. (Valste, 2012)   
1.3.2 African apes   
African apes share basic similarities in cranial form and are in many aspects scaled variants of 
a common bauplan. Attempts have been made to associate several craniadental features with 
dietary niches with varying success. When compared to orangutans, African apes a display 
longer, narrower neurocranium set at a lower level relative to the facial skeleton. The frontal 
contour is low and retreating, the parietal region is flat, and the occipital region more curved 
than in large-bodied Asian apes. They have a prominent supraorbital torus4 which is usually 
continuous across the glabellar region as well as above each orbit. The orbits are also usually 
wider than higher and interorbital breadth is usually greater than with Asian apes (Bilsborough 
and Rae, 2007). 

The zygomatic bone is limited in both height and breadth in chimpanzees, but in 
gorillas it is deeper and extends further laterally. (See Appendix 4. for guidance on various 
directional terms for human body.) The zygomatic region is an important transverse buttress, 
linking the lateral and medial parts of the face and resisting masticatory forces. In both species, 
the zygomatic temporal process is sharply angled from its malar surface, with zygomatic arches 
orientated slightly differently in gorillas and chimpanzees. This is reflected in the different mid-
facial and bitemporal breadth ratios in the two species. Gorillas have greater facial breadth than 
chimpanzees and the postorbital bar is broadened compared to chimpanzees. In Gorillas the 
facial structures are designed to reinforce palate and face against bending, torsional and shear-
ing forces created during biting by the anterior teeth. Such forces are greatest with large-jawed 
animals such as Gorilla. The palate is long in both gorillas and chimpanzees (Bilsborough and 
Rae, 2007). 

                                                 
4 Supraorbital torus is a ridge on the frontal bone above the eye sockets 
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Markings due to the temporal muscles are clearly visible on the cranium in chim-
panzees and often form raised ridges which in mature males may meet to form a sagittal crest. 
In mature male gorillas a sagittal crest is always present and is thickened at the top. It is highest 
towards the rear of the vault where it unites with the nuchal crest, forming a beaklike posterior 
projection at the back of the skull. The crest improves the power of the cheek teeth by increasing 
the relative length of the muscle insertion axis, and it also serves to increase the effective height 
of the neurocranium, thereby enhancing its resistance to the vertical forces generated during 
mastication. A compound temporo-nuchal (T/N) crest forms laterally in chimpanzees from the 
juxtaposition of the temporal and nuchal muscles, which are marked by lines, slightly raised 
ridges or a simple nuchal crest. In male gorillas, the nuchal muscles produce a compound T/N 
crest that is united with the sagittal crest and results in an extensive, triangular-shaped nuchal 
area (Bilsborough and Rae, 2007). 

In this study I only use specimens from the subspecies Pan troglodytes troglodytes 
(chimpanzee). They have a very broad head combined with relatively narrow snout, a continu-
ous, straight, medially thickened supraorbital torus, more concave facial profile and more grad-
ually sloping occipital than other subspecies. From gorillas also only one subspecies Gorilla 
gorilla gorilla was used. It is the smallest of the subspecies, with fairly broad face, small jaws 
and teeth. It has short palate and a jaw condyle without a cleft (Bilsborough and Rae, 2007). 

 
2. DATA 
2.1 Extant hominoids 
The study is based on a skeletal dataset of 74 extant hominoids which are taken from the doc-
toral study of Juho-Antti Junno (2005). The data set contains specimens from only chimpanzee 
subspecies Pan troglodytes troglodytes and one gorilla subspecies Gorilla gorilla gorilla. Of 
the 37 chimpanzees, 15 are males and 22 are females and of the 37 gorillas there are 17 males 
and 20 females. All specimens are adults with fused long bones epiphyses and fully erupted 
third molars. This data was collected at the Powell-Cotton Museum, the British Museum of 
Natural History and Oxford University. Weights for 1 male chimpanzee, 5 male gorillas and 2 
female gorillas are also available. Most of the specimens of Powell-Cotton Museum are wild 
collected and many have measurements of body dimensions. These measurements were taken 
by Major Powell-Cotton and Fred Merfield (Powell-Cotton Museum, Large Primate Collection 
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Field Notes. Retyped from orginal notes in September 2001). According to Niskanen and Junno 
(2009) who used the same data, comparison of mean long-bone lengths and joint breadths with 
published mean values for Pan t. troglodytes and Gorilla g. gorilla indicate a slightly smaller 
than average body size for male chimpanzees, but average size for female chimpanzees and 
both sexes of gorilla.  

In total 90 postcranial measurements were taken from all postcranial sample. These 
measurements included long bone lengths, articulation surface sizes, muscle insertion sizes and 
measurements associated with skeletal frame (height and breadth measurements). The number 
of cranial measurements varied from 34 to 71 depending on the specimen. The cranial meas-
urements and techniques followed Howells (1973), Niskanen (1994) and Groves (2003) and 
were taken by Juho-Antti Junno (Junno, 2005). 
2.2. Extinct hominins 
The extinct hominins data consist of 15 fossil skull casts from 13 species, so almost all represent 
a different species. (See Table 1.) There are two specimens of Homo heidelbergensis and two 
early Homo sapiens. For 11 specimiens, the sex is also determined.  The number of fossils and  
Table 1. List of fossil casts used, giving the species, specimen and sex if known 

the species used were determined by 
those available in the collection of 
the fossil cranium casts in the Zoo-
logical Museum of the University of 
Oulu. Even though the collection 
represents the mostly well-known 
species it is not complete representa-
tion of the modern idea of human 
evolutionary tree.  In particular, it is 
missing casts of the most recently 
found fossils. However, it is still a 
good sample to test how the size es-
timations will work in variety of dif-

ferent hominins with different body morphology and representing a long time span in human 
evolution. 

Species Fossil Sex 
Sahelanthropus tchadensis 

TM 266-01-
0606-1  

Australopithecus africanus STS5 male 
Australopithecus afarensis reconstruction  
Paranthropus robustus SK-480 male 
Paranthropus aethiopicus KNM-WT17000 male 
Paranthropus boisei KNM-ER 406 male 
Homo habilis  female 
Homo ergaster  female 
Homo erectus  female 
Homo heidelbergensis Broken Hill 1 male 
Homo heidelbergensis Atapurca 5 female 
Homo neanderthalensis  female 
Homo floresiensis 

Flores Skull LB 
1 female 

Homo sapiens  male 
Homo sapiens Skull 5 male 
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In the following section I provide descriptions of the fossil species used in this re-
search. These are average description of each species skulls and not necessary description of 
the skull used in this research. (See Appendix 4. for guidance on various terms and planes of 
the human body.) 
Sahelanthropus tchadensis 
The type specimen (TM266-01-060-1) is deformed but has a nearly complete ape-sized cra-
nium, with a brain volume of 320-380 cm3, which is on average just slightly smaller than a 
modern chimpanzees’ brain. Its’ skull shows a low degree of facial prognathism and it has 
reduced size and apical wear of the canine teeth and intermediate enamel thickness. It also has 
very large brow ridges that are even thicker than extant apes’ and any other hominins’, and the 
mid-face is short supero-inferiorly. (Simpson, 2010 and Toth and Schick, 2009, Australian mu-
seum 27.3.2016).   
Australopithecus afarensis 
It had ape-like facial features such as a prognathic face, flat nose, large brow ridges, a sagittal 
crest in males and a U-shaped dental arcade. Its’ cheek bones were high and broad, flaring 
widely beyond the orbits. The orbits are closer together resulting in a slim upper nose bridge. 
The face was quite large, but braincase small with brain size of only average of 430 cm3, which 
is about 1/3 of the size of the modern human brain. It had a post canine tooth crown enlargement 
with thick enamel and possessed enlarged anterior teeth, but with canine reduction (Simpson, 
2010, Smithsonia, 10.2.2016, Toth and Schick, 2009).  
Australopithecus africanus 
A. africanus was anatomically similarly to A. afarensis, but when compared, the A. africanus 
skull showed a slightly more human-like features such as a rounder cranium with a slightly 
larger brain average of 480 cm3, smaller brow ridge and slightly arched forehead area and par-
abolic dental arcade. It had larger molars and premolars, but smaller canines. It also had some 
ape-like features in the skull including a strongly sloping face that juts out from underneath the 
braincase with a pronounced jaw, but no sagittal cresting (Smithsonia 10.2.2016, Simpson, 
2010, Australian museum, 10.2.2016 and Toth and Schick, 2009).  
Paranthoropus aethiopicus 
P. aethiopicus has quite a large face that is flat and broad with a strongly protruding lower mid-
face. It has large megadont teeth with very thick enamel and a powerful jaw. A well-developed 
sagittal crest sats on top of the skull, indicating huge chewing muscles, with a particular em-
phasis on the muscles that attached toward the back of the crest to create strong chewing force. 



 
 

24 
 

The brain size is modest 410 cm3 which is on average little smaller than gorillas, but approxi-
mately same size as chimpanzees (Smithsonia, 10.2.2016, Simpson, 2010 and Toth and Schick, 
2009). 
Paranthropus boisei 
Similar to other members of the robust Australopithecines, P. boisei is characterized by a spe-
cialized skull with adaptations for heavy chewing. It had strong sagittal crest and on the back 
of the skull prominent nuchal crest. It did have some of the largest hominin post-canine teeth 
known (four times the size of modern human’s) that sat on already more human like parabolic 
dental arcade. Its anteriorly positioned and laterally flaring zygomatic arches gave P. boisei a 
very wide and dish-shaped face. Its lower mid-face was tall but not prognathic. It had a flatter, 
bigger-brained (530 cm3) skull than P. aethiopicus (Smitshonia 10.2.2016, Simpson, 2010 and 
Toth and Schick, 2009, E-fossil, 27.3.2016).  
Paranthropus robustus 
This species had a parabolic dental arcade and very large megadont postcanine teeth. However, 
its canines and incisors were reduced in size, which resulted in a flatter and less prognathic face. 
Large zygomatic arches allowed passage of large chewing muscles through to the jaw and gave 
P. robustus their characteristically wide, dish-shaped face. A large sagittal crest sat on top of 
the skull and it had small cranial vault only approximately 520 cm3 (Toth and Schick, 2009, 
Smithsonia, 10.2.2016, Simpson, 2010, Australian museum 30.3.2016). 
Homo habilis 
This species had a slightly larger braincase and smaller face and teeth than Australopithecines 
or preceding hominin species. Mean endocranial capacity is about 610 cm3 with thin vault 
bones. It can be characterized as having a relatively narrow mid-face with a near-vertical malar 
region, an overall reduction of tooth size and smaller size of the masticatory components (zy-
gomaxillary region and the mandible) in comparison to Australopithecines. It had a moderate 
brow ridge, no sagittal cresting and less strong post-orbital constriction5 than Australopithe-
cines, which therefore left more space for bigger brains. However, it still retains some ape-like 
features such as a moderately prognathic face (Rightmire, 2010, Smithsonia, 10.2.2016, Toth 
and Schick, 2009). 
 
                                                 
5 Post-orbital constriction is a norrowing of the skull just behind the eye sockets in primates. Especially noticeably 
in non-human primates. 
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Homo ergaster 
The average brain size was approximately 860 cm3. The skull had developed a more human-
like shape with a higher, more domed cranium of light build and with thinner cranial walls. 
Unlike modern humans the cranium had moderate post-orbital constriction. The face was pro-
jected outwards but to a smaller degree than earlier hominins. They had distinct double-arched 
brow ridges and relatively distinct groove was located between the brow ridges and forehead. 
This was the earliest species to have a human-like nose projecting outwards. The jaw was 
shorter and more gracile than those of earlier species, resulting in a flatter, shorter face. The 
canine teeth were modern in form and the post-canine teeth were smaller and more human-like 
(Australian museum, 10.2.2016 and Klein, 2009). 
Homo erectus 
This species had distinctive skull shape and large brow ridges that were quite different from 
modern humans. The skull was broad, low and long with sharp angles at the rear. This is unlike 
the curve found in modern humans, with its maximum breath near the base. Bones of the skull 
were very thick and formed a small central ridge (midline keel) along the top of the skull. The 
face was short, wide and massive. It was mounted in front of the braincase with low, sloping 
forehead, a massive brow ridge and broad, flat nose. Jaws were large and thick. Brain size was 
larger than those of earlier hominins and averaged about 1050 cm3. The structure of the brain 
appears to have been similar to that of modern humans (Australian museum, 10.2.2016 and 
Klein, 2009). 
Homo heidelbergensis 
Homo heidelbergensis tends to have features that are intermediate between Homo ergaster and 
either Homo neanderthalensis or Homo sapiens. They had a large brain, averaging approxi-
mately 1250 cm3 and the shape of the crania was more rounded at the rear than H. erectus with 
outward expansion of the sides and thick walls. The skull had slight post-orbital constriction 
behind the eye sockets and a moderate, double arched brow ridge. The face was mounted in 
front of the braincase with a short, sloping forehead, which resembled more closely those of 
earlier species than modern humans. The brow ridge was more arched than earlier species. Their 
nasal opening was relatively wide. Jaws were shorter than earlier species, resulting in a face 
with only a slight prognathism. Teeth were smaller than those of earlier species but larger than 
modern humans (Australian museum, 10.2.2016 and Klein, 2009). 
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Homo neanderthalensis 
This species’ brain size was larger than the average modern human’s, with average value of 
averaged 1500 cm3. Skull shape was long and low, with a rounded braincase which had a ten-
dency to bulge outwards from the sides. The brow ridge was thick but rounded and lay under a 
relatively flat and receding forehead. They had a large mid-face region that displayed a charac-
teristic forward projection and angled cheek bones. The nose was broad and very large. They 
had larger and more robust jaws than modern humans and also larger teeth (Australian museum, 
10.2.2016, Smithsonia 10.2.2016 and Klein, 2009). 
Homo floresiensis 
This species’ skull housed very small brains averaging 426 cm3 which is about the size of a 
chimpanzee. Cranial shape is rounded, long and low with thick walls closer to H. erectus than 
H. sapiens. It has receding, small forehead, flat face, brow ridges over each eye that do not form 
continuous brow ridge as in H. erectus and a narrow nose. It had a relatively large jaw and teeth 
resembling H. erectus but with more primitive features (Australian museum, 10.2.2016, Kubo 
et. al., 2013).  
Homo sapiens 
Modern humans have very large brains which vary in size between geographical populations 
and between sexes, but the average size is approximately 1350 cm3. Early H. sapiens however 
had slightly larger brains at nearly 1500 cm3. H. sapiens skulls have a distinctive shape that 
separates them from earlier hominins. The braincase is short and high with thin walls and short 
base. The skull is broadest at the top. The fuller braincase also results in almost no post-orbital 
constriction. The back of the skull is rounded and indicates reduced neck muscles. They have 
tall foreheads and the brow ridges are relative small and non-projecting. The face that is rela-
tively small with a projecting nasal bone and is not prognathic. Jaws are short and less heavily 
developed with smaller teeth. The lower jaw has a protruding bony chin for added strength and 
this is distinct character in Homo sapiens (Smithsonia, 10.2.2016, Australian museum, 
10.2.2016 and Klein, 2009). 
 
3. METHOD 
In the next section I will explain what methods were used in this research. Then discuss the 
methods usually used to estimate body size and what linear regressions typically are used in 
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size estimations. Then I outline the particular measurements used in this study, why these meas-
urements were chosen and how the particular measurement of facial size and the size indicator 
SFS were calculated. I will also elaborate on using the SFS as size indicator and its relationship 
to true body mass. Then I will outline how I analysed the results and tools that were used. 
Finally, I will reflect on the possible problems arising in this study and potential errors in the 
results. 
3.1 Methods used in this research 
The data was analysed using IBM SPSS Statistics (Statistical Package for Social Science, ver-
sion 22). First, Pearson´s correlation test was performed to determine the strongest relationships 
between the craniofacial measurements and SFS. In addition to the main correlation that was 
done to the pooled whole sample, eight other correlations were done to see how the sexes, 
different species and sexes within species correlated differently. After this least square regres-
sion (LSR) analysis were performed on those measurements with the strongest correlations. 
Linear regression was performed in order to sudy the linear relationship between variables and 
to get predicted body sizes for the apes. LSR regression was chosen because it is the most 
widely used regression model and has relatively low associated error of estimation (Auerbach 
and Ruff, 2004). Also Reduced major axis (RMA) was calculated to see if they produced better 
size estimations. All analyses were carried out on raw measurements, with no logarithmic trans-
formation. Log based analysis were tested but they seemed to reduce the relationship between 
the measurements and SFS and are therefore not included here.  

These measurements and the regression equations were then used to provide new 
size estimations for the collection of fossil cranium casts. Fossils sizes were estimated using all 
formulas from the tree samples. The pooled sample equations were first used to calculate body 
size for all fossils and then males and females with their own formulas. In the case of two fossils 
S. tchadensis and A. afarensis the sex was unknown and in A. africanus, the sex of the STS 5 
is debated (e.g. Grine et. al., 2012, Potze and Thackeray, 2010) so in this study I decided to 
perform them size estimates with both male and female formulas. These size estimations were 
then compared to previous size estimations for these species, to evaluate how well these size 
estimation equations work. What measurements provide the best results and could they be used 
in research to provide size estimations for fossil hominins.  
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3.2 Body size estimation 
Even though estimating body size from fragmented skeletal remains will always have some 
degree of error it will always be important tool in palaeoanthropology (Ruff, 2003). Both stature 
and body mass estimations are important, but historically stature estimations have received 
more interest than body mass estimations and a variety of techniques are now available. For 
stature estimations the methods are basically divided in two categories: mathematical and ana-
tomical. In mathematical regression formulae based on lengths of skeletal elements (usually 
long bones) are used to calculate stature, and anatomical in which the length of the individual 
skeletal elements are summed to provide a direct stature estimation. (Ruff et. al., 2012)  

The modern method of using statistical regression was developed initially 1899 by 
Carl Pearson (Moore and Ross, 2013) and has remained the standard method for estimating 
stature from skeletal material in palaeoanthropology (Porter, 2002). The advantage of the math-
ematical approach is that it only needs a single skeletal element to calculate stature estimation. 
The disadvantage, however, is that it is dependent on having an appropriate reference sample 
that should be closely related to the target sample in some way (Ruff et. al., 2012).  

The anatomical approach to stature estimations has the advantage of having body 
proportions included in the measurements. However, its disadvantage is that it requires a mostly 
complete skeleton, which is not usually found in an archaeological context. Therefore, the use 
of this method limits the number of specimens available for study (Ruff et. al., 2012). Even if 
estimating the stature from reconstructions of the skeleton might initially seem the most reliable 
approach if the fossil is reasonably complete, there are other problems with this method. These 
include the use of arbitrary adjustments for the spinal curvatures, for inclination of the pelvis, 
for missing bones and for the depth of soft tissues such as inter-vertebral discs, knee menisci 
and heel pads. (Porter, 2002)  

In this study I calculated partial skeletal height using the anatomical method. This 
was possible as all the bones required are available and the partials skletal height was used to 
calculate the proxy of the body size: SFS. Therefore, the actual stature does not need to be as 
precise and no worry was carried of the earlier mentioned problems.  

Estimations of stature can be computed also using proportionality to long bone 
length (“ratio method”) which also has a long history. However, it has been claimed the method 
to is inadmissible on any statistical criterion (Porter, 2002) and Hens et al. (1998) pointed that 
it assumed an isometric relation bot within the reference population and isolated long bone. In 
addition, there are usually problems because it is derived from modern humans and applied to 
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early hominins. This makes the assumption that hominins were allometrically scaled modern 
humans. In general, despite the antiquity of this method it has received only limited attention 
in paleoanthropological research (Porter, 2002). 

Body mass estimations from skeletal remains have been less studied than stature 
estimations, but a number of methods have recently been proposed. Most of them use postcra-
nial elements and they can be divided in two approaches: mechanical methods and morphomet-
ric methods. Mechanical methods rely on the theoretical and empirical relationship between 
body mass and skeletal elements that mechanically support the body mass. Morphometric meth-
ods attempt to reconstruct the body size and/or shape from bone elements. Mechanical methods 
can be further subdivided into those that use articular surface dimensions and those that employ 
diaphyseal breadths or cross-sectional dimensions. However, articular dimensions have ad-
vantage of being less influenced by differences in activity levels or muscular loadings during 
lifetime than diaphyseal dimensions (Ruff et. al., 2012).  

Femoral head diameter is especially useful in this regard since femoral heads are 
often better preserved in archaeological and paleontological specimens than other postcranial 
elements. Femoral head diameter is also easily taken and so is a highly reproducible measure-
ment. It is often included in studies of modern human with known body mass and there are 
already three sets of body mass estimations formulas (Auerbach and Ruff, 2004). However, 
allometric effects have been reported between femoral head diameter and body mass, which 
has led to recommendation to use different formulae for different size ranges (Ruff et. al., 
2012). 

Morphometric methods of estimating body mass by stature reconstruction alone 
have also been developed. These however often do not take into account the great variation in 
body shape for example body breadth relative to body length. A morphometric method of com-
bining stature and body breadths (bi-illiac or maximum pelvic) based on worldwide sampling 
of modern humans with wide variety of body shapes has shown to produce relatively accurate 
estimations in both athletic and “normal” modern humans (Auerbach and Ruff, 2004). The main 
advantage of this method is that it does not assume a mechanical relationship between body 
mass and articular size. The disadvantage of this method is that like anatomical stature recon-
struction it requires more skeletal elements, especially a complete or reconstructed pelvis. 
Though it does make less assumptions, it is also applicable to fewer species.  (Ruff et. al., 2012)  

Craniofacial and dental elements have also been used to estimate body mass. They 
usually rely on a more mathematical approach using regression analysis to create regression 
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models that predict body mass using the skeletal elements (Ruff, 2003). This is also the method 
used in this research to estimate the body sizes of the African apes and fossil casts. These meth-
ods are used despite their weaker correlation with body size since they are usually the most 
preserved elements of the skeleton (Ruff, 2003). In particular, teeth tend to survive very well.  
3.3 Regression models 
There are two types of regression models: Model I and Model II, that are frequently used to 
study body size and stature (Hens et. al., 2000). Most researches attempt to reconstruct body 
mass from fossil long bones using Model I types regression models. These include the least 
square regression, which is also sometimes referred to as inverse calibration. The reason for 
this is that it is the regression body size (x) to organ size (y) and therefore is inverted from how 
allometry is usually thought (Hens et. al., 1998) and represents the idea that a long bone length 
or organ size could in part explain the stature or body size. (Hens et. al., 2000) The second type 
of Model I regression uses the regression of organ size on body size. This therefore represents 
more classical calibration as it follows the classical view of allometry, where local size is de-
pendent on global size. In classical regression errors are assumed to exist only in the long bone 
or organ size, not in the stature or body size. The potential drawbacks to these Model I regres-
sions are the dependence and independence of the variables which makes it possible for either 
one to explain the other. So long bone length can explain the stature but stature can also explain 
the long bone length depending which regression is used. (Hens et. al., 1998)  

Since more fossil specimens have been recovered in sizes and shapes outside of the 
range of modern human reference sample, i.e. with their own distinct body proportions, this has 
complicated the estimation of stature and body mass. To solve these problems researchers have 
tried to use different reference populations that would be closer in body size to the fossil spec-
imens (eg. gorillas, human pygmies) and have applied Model II regression models. These mod-
els are known as major axis (MA) and reduced major axis (RMA) regressions and they do not 
appoint either variable as a dependent variable (Hens et. al., 2000). These models assume that 
one variable can as easily estimate the second as the second to estimate the first. They also 
presume that the error is present in in both dependent and independent variables. These models 
are usually preferred when determining the central tendency and estimating functional relation-
ship (Hens et. al., 1998). 

In this study I will use the Model I least square regression (inverse calibration), 
because I assume that craniofacial dimensions can partly explain body size. I also assume that 
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the specimens whose size I am estimating have same body size and body proportions as the 
reference material and so follow the same allometry. In such situations least square regression 
is recommended (Hens et. al., 1998). Least square regression is also widely used which makes 
the results comparable to those of other researchers. However, since many researches (e.g. 
Spocter and Manger, 2007) have included the RMA regression, it will be tested here also, to 
see if it provides better results. 
3.4 Craniofacial measurements 
Craniofacial measurements were chosen so that all dimensions and parts of the face and cranium 
were represented. Some measurements were also included because of their good performance 
when used in earlier research. For example, orbital area (ORBA) and orbital height (OBH) were 
seen as of the best predictors or as one of the best predictors for body mass in previous studies 
(e.g. Aiello and Wood, 1994, Kappelman, 1996, Spocter and Manger, 2007).  In total 18 meas-
urements were chosen and in addition to those, two further measures were calculated from these 
measurements; ORBA and facial size. All the measurements were taken with spread and sliding 
callipers. 

As mentioned, ORBA was included because previous results suggested it could be 
good indicator for body mass. Facial size was included to see how overall facial size rather than 
just one measurement is linked to the body size in African apes. Table 2. presents all the meas-
urements used in this study and gives descriptions of where they have been taken from. Figure 
2. shows the positions of the landmarks which were used for taking the measurements on gorilla 
skull. 

 
Figure 2. Position of the landmarks used on the gorilla skull.  
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Table 2. List of used measurements and their descriptions (ANTH 6- Forensic Anthropology: Measuring Adult Human Remains, 
Christensen, 2014) 

Measurement   Landmarks Description 

braincase length  BCL   
The distance between of a point behind the supraorbital to-
rus where the braincase starts to point between the opis-
thocranion inion. 

glabella-inion length  GIL  g-i The distance between glabella and inion. 
braincase breadth  BCB   Maximum breadth of the braincase. 

maximum cranial breadth  XCB eu-eu 
The maximum width of skull perpendicular to midsagittal 
plane wherever it is located, with the exception of the infe-
rior temporal lines and the area immediately surrounding 
them. 

zygomatic breadth ZYB zy-zy The direct distance between the most lateral points of zygo-
matic arches. 

basion-bregma height BBH ba-b The direct distance from the lowest point on the anterior 
margin of foramen magnum (ba), to bregma (b). 

orbit breadth OBB d-ec The laterally sloping distance from dacryon (d) to ectocon-
chion (ec).  

orbit height OBH   The distance between the superior and inferior orbital mar-
gins. 

nasal breadth NLB al-al The maximum breadth of the nasal aperture (al-al). 

nasal height NLH n-ns 
The distance from nasion (n) to the midpoint of a line con-
necting the lowest points of the inferior margin of the nasal 
notches (ns). 

maxillo-alveolar breadth MAB ecm-ecm 
The maximum breadth across the alveolar borders of the 
maxilla measured on the lateral surfaces at the location of 
the second maxillary molars (ecm). 

maxillo-alveolar length MAL pr-alv The distance from prosthion (pr) to alveolon (alv). 
mandibular breadth MANB   The maximum breadth of mandibular below the teeth. 

mandibular length MANL   
The distance of the anterior margin of the chin from a cen-
ter point on the protected straight line placed along the pos-
terior border of the two mandibular angles. 

orbit area OBRA   Orbital area was calculated by orbit height times orbit 
breadth. 

facial size     
This was calculated as volume of cylinder, with first using 
BPL, NPH and NBL to calculate area of triangle using 
Heron’s formula and then area of triangle was multiplied 
with ZYB to get the volume of facial area. 

basion-prosthion length BPL ba-pr The distance from basion (ba) to prosthion (pr). 
upperfacial height NPH n-pr The distance from nasion (n) to prosthion (pr). 
cranialbase length NBL ba-n The distance from nasion (n) to basion (ba). 
inoin-opisthion length IOL i-o The distance from inion (i) to opisthion (o). 
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3.5 Skeletal frame size 
As a size indicator it was decided to use skeletal frame size (SFS) which was computed from 
partial skeletal height and bi-illiac breadth (BIB) using the equation for computing the volume 
of a cylinder (Niskanen and Junno, 2009). Partial skeletal height was calculated by adding to-
gether spine length, sacrum height and the physiological length of femur and tibia. SFS was 
then calculated using the equation: partial skeletal height x ((bib/2)2 x π). 

Skeletal frame size had a 
strong relationship with the known weight 
(total sample r=0.930, N=9).  Figure 3. 
shows a scatterplot of the SFS plotted 
against the true weight, which shows a 
good fit to the regression line, with having 
r2=0.865. Weight was known for 1 male 
chimpanzee, 6 male gorillas and 2 female 
gorillas. SFS was then transformed to 
body mass by dividing SFS with the mean 
of the SFS/true weight, giving us the mass. 
The mean partial skeletal heights, bi-illiac 

breadths and SFS (volume) and estimated body mass values are listed in Table 3. The results 
of SFS body mass estimates appear quite accurate, giving mean weight for male and female 
chimpanzees as 46 kg, male gorillas as 157 kg and female gorillas as 80 kg.  

This equation seems to underestimate the mass of chimpanzees, but unfortunately 
the sample did not include true weight for female chimpanzees and only one male specimen 
had the true weight. This was 55 kg, which is little smaller than average, so this could have 
affected the estimations. Overall, females had a lower ratio between SFS and weight but the 
difference was not significant since the p-value is 0.086. (Note that there are only 7 males and 
2 females, which all were gorillas.)  

I acknowledge that although skeletal frame size and body mass are very well cor-
related they are not equivalent. It is therefore most likely given that results received from anal-
ysis in this research are different than if true body masses or average masses would have  
been used. Also comparison of the body size estimations derived from the cranial variables and 
morphometric body size is not really a test of predictive accuracy of the cranial variables equa-
tions because morphometric body size is also an estimation. However, the morphometric 

Figure 3. Shows the skeletal frame size plotted against the 
true weight. (●) male chimpanzee, (▲) male gorilla and (∆) 
female gorilla. 
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method has been shown out to be relatively non-biased in known-mass samples. This means 
that if both the cranial variable equations and the morphometric method give similar results this 
can further support the use of new equations (Squyres and Ruff, 2015). 
Table 3. Mean, standard deviation (in parentheses) and range of partial skeletal height, Bi-illiac breadth, skeletal frame volume 
and estimated body masses 

  N Partial skeletal height 
(cm) 

Bi-illac breadth 
(cm) 

Skeletal frame 
volume (l) 

SFS Predicted body 
mass (kg) 

Pan male 15 115.3 (8.6) 24.5 (2.6) 55.7 (15.0) 45.9 (12.3) 
  97.7-132.8 20.2-29.5 31.6-90.8 26.1-74.9 

Pan fe-
male 22 111.0 (5.0) 25.1 (1.5) 55.3 (7.9) 45.6 (6.6) 

  102.4-121.7 21.5-27.8 40.1-73.9 33.1-60.9 
Gorilla 
male 17 148.2 (10.3) 40.3 (2.4) 190.6 (34.8) 157.2 (28.7) 

  134.6-170.4 36.4-44.0 145.4-252.1 119.9-207.9 
Gorilla 
female 20 120.3 (12.1) 31.6 (3.9) 97.1 (25.7) 80.1 (21.2) 

  86.8-135.5 21.5-35.9 31.5-129.2 26.0-106.6 
 
3.6 Assessment of the cranial variable size estimation 
The suitability of these cranial variables to be used as size estimation predictors are assessed 
here on the basis of the R value, R2 value, the standard error of estimation (SEE), the percent 
prediction error (PPE), mean absolute percent prediction error (MAPE) and p-value.  
To explain these terms: 

 R-value is the correlation efficient and closer this value is to 1.0 the better the correlation 
between the size indicator and cranial variable. The higher the R-square value, the better 
the model fits the data. 

 Adjusted R-square takes into account how many variables are included in the model. 
This is good to take into consider, because R-square has the tendency to get higher the 
more variables are added, even if variables themselves do not better the correlation.  

 Standard error reflects the deviation from the mean. A low standard error of estimate 
reflects the fact that there is good correlation between the variables and size indicator.  

 The percentage prediction error (PPE) is calculated as (observed-predicted)/predicted x 
100 (Kappelman, 1996, Niskanen and Junno, 2009). It is a measure of directional bias, 
with positive values indicating that estimation was smaller than the true size and vice 
versa.  
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 The mean absolute percentage prediction error (MAPE) is the average of the absolute 
values of the PPEs for the variable under consideration. In this study absolute value of 
PEE is calculated for each specimens and then their mean (MAPE) is computed.  

 P-value indicate the level of statistical significance i.e. the probability that result has not 
occurred by chance. The smaller the P-value the greater the level of statistical signifi-
cance.  

3.7 Possible problems/errors 
Possible errors in this study will arise from both the reference material and size indicators. 
There is the possibility of errors measurements (both apes and fossils) and problems with the 
chosen regression model. As mentioned earlier, a method that uses a single skeletal element to 
calculate the size of the specimens relies on the use of appropriate reference material. Since the 
reference material used here consists of different species to the fossils whose size is being esti-
mated, there is an increased risk of estimation errors. The size estimation equation created will 
assume that the fossils would scale similar to the African ape specimens used here as reference 
material. However, in case of the fossil hominids the closest related reference material is the 
extant hominoids. Therefore, if any size estimations are to be done we have to accept the margin 
of error that using hominoids gives. They are always estimations and therefore indicators of 
specimens’ size not exact measures.  

Within the group Hominidea, members vary substantially in body proportions. 
Many researchers have also included other primates and modern humans in their research and 
the decision here to use only gorillas and chimpanzees could affect the results more positively 
or negatively. A particular issue with using chimpanzees and gorillas is that they represent the 
larger end of range of hominoids and this could cause errors in size estimations for the smaller 
specimens such as H. floresiensis. 

The decision to use the morphometric body size indicator SFS could cause errors 
as it is not the same as true body size. It is after all just an estimation of specimen size based on 
different skeletal parts than the ones studied here. Using it in the regression analysis and creat-
ing the formulas based on it could distort the results. However, its’ strong correlation with true 
body mass indicates a close relationship between them. This means that the differences should 
not affect results significantly.  
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 There is also possibility of errors in measurements. Measurement errors in both 
ape data and fossil data are possible. Both calculations and human errors can affect the meas-
urements and therefore the estimations. In particular, it should be noted that I am inexperienced 
in taking craniofacial measurements and this may have an effect on the accuracy.  

Choosing to use the least square regression model, can also cause problems. For 
example, it assumes that the skeletal part used as an independent variable (in this case the facio-
cranial measurements) partly explains the size, which is the reverse of typical allometry. It is 
now widely recognized that a LSR fit to the straight line representing the pattern of association 
between two continuous variables sometimes is not always appropriate. This is especially prob-
lematic where there is a possible error in X (Smith, 2009). There are problems even when spec-
imens fall within the size range. It tends to create biased results near to the extremes of size 
distributions, underestimating large individuals and overestimating small individuals (Ruff et. 
al., 2012).  

 
4. RESULTS 
4.1 Correlations 
Overall results from the correlations between the craniofacial measurements and SFS body 
mass displayed very strong correlations (See the Appendix 1), but when compared between sex, 
species and sex within species level correlations showed great variety. My aim here was to find 
what measurements would correlate strongly on whole sample, for separate male and female 
sample and also for the different species. Overall, the whole sample had stronger correlation 
(over half of the measurements had correlation coefficients over 0.9 and only few having under 
0.8) when compared to gorilla or chimpanzee samples (where only gorilla had few correlation 
coefficients over 0.9), but male sample received even slightly stronger correlations than whole 
sample. Females on the other hand showed weaker correlations (with only 4 measurements 
having r>0.9) compared the whole sample. In general correlations using gorilla data were sim-
ilar to those achieved using the whole sample, but chimpanzee correlations were much weaker. 
This was especially so for female chimpanzees where there were no correlations that would 
have been significant at the level p< 0.01. Figure 4. shows some examples of the correlations 
as linear scatterplots for the whole sample. The closer the dots sit to the line the better the 
correlation. 
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Figure 4. Facial size, GIL, IOL and BPL plotted against SFS body mass in the whole sample. They show correlations of 
r=0.951-0.943. (●) male chimpanzee, (○) female chimpanzee, (▲) male gorilla and (∆) female gorilla.  

The results showed all and all quite high correlation between SFS body mass and 
many of the measurements in the whole sample, with most having r>0.8. Only BCB and OBH 
received r<0.8. The best correlation for the whole sample was found for facial size (r=0.951) 
and GIL (r=0.951), but other variables like IOL, BPL, BNL, ZYB, MANL and MAL were not 
far behind (r=0.943-0.930). Figure 4. shows scatterplots of the linear relationship between SFS 
body mass and facial size, GIL, IOL and BPL. In male sample the strongest correlations were 
found in GIL (r=0.958) and BNL (r=0.949), but was closely followed by IOL, MAL and facial 
size with r=0.947-0.946. For females the best correlations were found in ZYB (r=0.913), facial 
size (r=0.908), MANL (r=0.907), and BPL (r=0.900). 

When compared between species gorillas correlated stronger than chimpanzees. 
Within gorillas, females correlated more strongly than males, whereas in chimpanzee males 
correlated more strongly than females and overall the strongest correlations were found in fe-
male gorillas and the weakest in female chimpanzees. In gorillas the strongest correlation was 
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found with BNL (r=0.923) and GIL (r=0.920). The next strongest correlations were found in 
BPL, facial size and ZYB (r=0.918-0.903). In male gorillas the strongest correlation was found 
with GIL, BNL and facial size (r=0.692-0.613) and after that weaker, but still significant cor-
relations were found with IOL, BPL, MAB, MANB and MAL with r=0.587-0.536. In females 
the strongest correlation was found with BPL, MANL and ZYB (r=0.873-0.859) followed 
closely by facial size, MANB and MAL (r=0.837-0.821). In chimpanzees the strongest corre-
lations were found with NLB (r=0.616), MAL (r=0.610), and facial size (r=0.610). In male 
chimpanzees the best correlations were found with NLB (r=0.846) and then facial size, NPH, 
NLH and MAL (r= 0.754-0.701). In females the strongest correlations were found with BNL 
(r=0.575) and MAL (r=0.527) followed by BBH, Facial size and GIL (r=0.477-0.408).  

Chimpanzees seem to show the most variation in results when compared to the other 
samples. It is interesting that correlation using both female gorillas and male chimpanzees are 
better than the male gorillas and female chimpanzees, indicating that correlations are not only 
connected to one sex. Looking at all the different groups of correlations only one measurement 
seems to show strong correlation in all of them and that is facial size. Though it is only strongest 
(shared with GIL) in whole sample, it is mostly in the top few measurements showing the 
strongest correlations for the other samples. Only in female chimpanzees it is not significant 
even at the p-level 0.5 (mean that there is more than 5 % chance that the result is statistical 
coincidence). 

The weakest relationships between measurements and SFS body mass in the whole 
sample were found for BCB (r=0.612) and OBH (r=0.688). BCB was also weakest in the male 
and female samples, but when considered at the level of both species and sex, the results are 
more mixed. However, both BCB and OBH had the tendency always being one of the weakest 
to correlate with SFS body mass. Females also tended to have weaker correlations with OBH 
than males.  

Based on these results it was decided that the best craniofacial measurements to use 
in linear regression and body size estimations would be facial size, GIL, IOL, BPL, BNL, ZYB, 
MANL and MAL. It was also decided that it could be beneficial to test producing size estima-
tions for different sexes. For this several of the strongest correlates were chosen for each sex. 
For males GIL, IOL, BNL MAL and facial size were chosen. For females, ZYB, facial size, 
MANL and BPL were chosen.  
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4.2 Linear regression and the ape size estimations 
Linear regression analysis was performed using the SFS body mass as the dependant variable 
(y). Since it showed very high correlations with many of the measurements in the whole sample, 
8 measurements that had R values over 0.9 were chosen as the independent variable (x). These 
were facial size, GIL, IOL, BNL, BPL, ZYB, MANL and MAL. The mean, standard deviation 
and range of the measurements used in LSR regression are shown in Appendix 2. and Table 4 
shows the whole sample skeletal frame size based LSR regression result statistics and slope and 
intercept for RMA. 
Table 4. The whole sample skeletal frame size based LSR regression statistics for cranial variables and slope and intercept for 
RMA 
 LSR  RMA 

Traits Slope Inter-
cept R R-

square SEE %SEE MAPE 
% 

within 
20 % 

 Slope Inter-
cept 

Facial size 0.122 -15.992 0.951 0.905 14.98 19 % 13 % 70 %  0.128 -20.446 
glabella-inion length 1.703 -178.904 0.951 0.904 14.03 17 % 18 % 70 %  1.791 -192.343 
inion-opisthion length 2.009 -38.981 0.942 0.888 16.20 20 % 17 % 65 %  2.133 -46.355 
basion-prosthion 
length 1.658 -172.211 0.943 0.888 16.19 20 % 22 % 69 %  1.758 -187.471 
basion-nasion length 2.891 -244.514 0.942 0.887 16.28 20 % 21 % 66 %  3.069 -264.514 
zygomatic breadth 1.939 -195.966 0.937 0.878 16.92 21 % 18 % 66 %  2.069 -214.477 
mandibular length 1.804 -155.198 0.935 0.874 17.18 21 % 18 % 62 %  1.929 -171.528 
maxillo-alveolar 
length 2.750 -156.829 0.930 0.865 17.80 21 % 24 % 59 %  2.957 -174.674 

 
Table 5. The mean aboslute percent prediction error for sexes with species 

  
facial size 
MAPE 

GIL 
MAPE 

IOL 
MAPE 

BPL 
MAPE 

BNL 
MAPE 

ZYB 
MAPE 

MANL 
MAPE 

MAL 
MAPE 

Male chimpanzee 14 % 20 % 19 % 42 % 32 % 18 % 20 % 49 % 
Female chimpanzee 14 % 23 % 15 % 20 % 25 % 26 % 24 % 21 % 
Male gorilla 13 % 11 % 13 % 13 % 12 % 15 % 15 % 15 % 
Female gorilla 12 % 17 % 20 % 15 % 15 % 12 % 13 % 17 %  

The results indicated a very strong linear relationship between SFS body mass and all of the 
used measurements. Even the R square values stayed high (>0.88) and for facial size and GIL, 
they were above 0.9. Adjusted R square did not differ from R square more than 0.002-0.003 
which would indicate that the data fitted the model well. The regression standardized residuals 
histogram showed in most of the cases a nice linear curvature form, but scatterplots between 
unstandardized residuals and SFS body mass did not always show very good results. Most of 
the scatterplots showed little or clear fanning out of the plots. This is caused because the differ-
ence between the size estimation and SFS body mass expands when the size they are estimating 
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gets larger. This could indicate that the regression model might not work as well as hoped. The 
clearest fanning out of the residual plots was found for facial size and least clear in GIL. Other 
measurement did not show clear fanning out, but rather it seemed that in their scatterplots few 
male gorilla residuals tended to fan out in other corner as seen in Figure 5. for BNL and ZYB. 
The fanning out is usually clearest in male gorilla residuals.  

  

  Figure 5. Scatterplots showing example of the very clear fanning out of the facial size and ZYB residual plots and slightly 
less clear one for GIL and BNL residual plots. (●) male chimpanzee, (○) female chimpanzee, (▲) male gorilla and (∆) fe-
male gorilla. 

In the size estimations using the whole sample (see Table 6. for the mean, standard 
deviation and range of the predicted ape body masses), the best results were achieved using 
facial size and GIL. Facial size did not have the smallest SEE and SEE%, but it did have the 
smallest MAPE of 13 % and shared the highest 70 % of size estimations falling within 20% 
of SFS body mass with GIL. GIL on the other hand had the smallest SEE and %SEE of 17 %, 
but had a slightly higher MAPE than IOL. MAL clearly provided the worst results, with the 
highest SEE, %SEE of 21 %, MAPE of 24 % and only 59 % of size estimations fall within 20 
% of the SFS body mass. However, if MAPE is looked at sex and species level (see Table 5.) 
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it shows that most stable MAPE across all the sexes is found in facial size. It also shows that 
gorillas have the lowest MAPE in all the measurements. Male gorillas provided perhaps little 
lower MAPEs overall than female gorillas, but females did have the lowest MAPE in facial 
size, ZYB and MANL. They show also very clearly that the error of prediction is larger in 
chimpanzees than gorillas, only in facial size and IOL this isn’t as clear.  
Table 6. Mean, standard deviation (in parentheses) and range of the predicted body masses the whole sample 
  Predicted body masses  
  N Facial size (kg) GIL 

(kg) 
IOL 
(kg) 

BPL 
(kg) 

BNL 
(kg) 

ZYB 
(kg) 

MANL 
(kg) 

MAL 
(kg) 

Pan male 15 51,2 (13,0) 51.1 
(10.3) 

49.7 
(8.0) 

46.6 
(18.3) 

48.3 
(17.9) 

55.9 
(16.9) 

46.1 
(12.5) 

41.9 
(17.2) 

  31,4-76,0 35.7-
67.7 

41.0-
65.9 

10.2-
76.5 

12.8-
76.4 

22.8-
82.7 

23.4-
73.9 

6.0-
68.8 

Pan female 22 44,8 (8,5) 43.0 
(10.0) 

45.8 
(4.6) 

46.3 
(12.5) 

47.8 
(15.1) 

40.2 
(9.5) 

43.1 
(10.1) 

46.7 
(13.9) 

  30,9-65,0 15.2-
59.0 

38.9-
569 

28.4-
73.2 

15.7-
73.5 

27.2-
59.8 

25.2-
66.7 

22.4-
76.3 

Gorilla male 17 152,4 (28,5) 154.3 
(23.0) 

154.2 
(23.9) 

151.6 
(12.8) 

151.9 
(19.8) 

150.2 
(18.4) 

149.3 
(10.8) 

146.5 
(14.0) 

  109,2-210,1 125.9-
205.9 

107.5-
195.9 

134.5-
179.3 

111.1-
197.8 

104.6-
176.4 

129.8-
164.1 

123.2-
168.6 

Gorilla female 20 81,1 (19,6) 81.5 
(15.1) 

79.6 
(18.9) 

83.6 
(23.7) 

80.5 
(21.4) 

84.4 
(22.5) 

89.4 
(24.4) 

91.1 
(24.4) 

  33,9-11,5 44.2-
102.1 

50.4-
126.7 

15.1-
111.3 

21.5-
111.1 

30.7-
110.4 

23.4-
124.4 

23.6-
124.8  

In addition, the RMA size estimations were calculated to test if they provided better 
results. However, it came clear that RMA does not work as well as LSR regression in ape size 
estimations. Only better result was received using facial size that produced estimations from 
which 72 % fall within ±20% of SFS body mass. This is only a slightly better result than LSR’s. 
In the other hand MAPE was higher with all the measurements (between 14%-108 %), includ-
ing facial size (MAPE 14 %). It also seemed that RMA produced some really high individual 
PPEs that of course raised the MAPEs. For example, almost all measurements produced at least 
one PPE>100 and highest using MAL was 6261 %. Because the RMA regression did not im-
prove the size estimations it was not tested in male and female sample. 

Figure 6. shows a boxplot comparison of LSR PPEs for whole sample in which 
facial size clearly has overall smaller PPEs than other measurements overall. A comparison 
between the species does not show huge differences, but it would seem that gorillas might be 
slightly more accurate in some of the size estimations. For example, ZYB and MANL show a 
much bigger scale of PPEs in chimpanzees than in gorillas, though the mean is quite close to 
zero in both. Between the sexes there was no great difference, but there seems to be a trend that 
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equations slightly overestimated females’ and underestimate males’ sizes. This was most ap-
parent for MAL. See Figure 7. which shows the distribution of PPEs between species and sex 
in facial size and GIL. When looking at boxplots of both species and sex, it becomes clear that 
chimpanzees vary more, with males having a tendency to underestimated sizes and females 
overestimated sizes. Estimations for gorilla data instead are more consistently accurate, alt-
hough female gorillas also tend to get underestimated sizes with some equations. 

 
Figure 6. Box plots of LSR percent prediction error (PPE) between SFS body mass and estimated body mass. One specimen 
(not same one) from each GIL, BPL, MANL and MAL PPEs was excluded in this graph because they were clear outliers with 
very high PPEs (>100) to improve the informative value of the graph. 

  Figure 7. Shows the distribution of facial size and GIL PPE’s in species and sex. (1) male chimpanzee, (2) female chimpan-
zee, (3) male gorilla and (4) female gorilla. One specimen was removed from male GIL because of its’ very high PPE 
(>100). 
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Linear regressions were also performed on male and female specimens separately. 
Since males also showed high correlations mostly with the same measurements as the pooled 
sample, 5 measurements were chosen as independent variables: GIL, BNL, IOL, MAL and 
facial size. Table 7. shows the regressions statistics for the male sample. R values indicated a 
good linear relationship (R=0.958-0.946) in all cases, even the R square value is over 0.9 for 
GIL and BNL and lowest is only 0.895 for facial size. Adjusted R square do not differ greatly, 
only 0.003-0.005, which would suggest that the model fits the data well. In most cases, the 
histograms of regression standardized residuals fit reasonably well to a linear curvature. The 
scatterplots plotting unstandardized residuals against SFS body mass showed clear fanning out 
of the residual plots on almost all measurements. Clearest this was for facial size and least 
fanning out was found in BNL. 
Table 7. Male skeletal frame size based LSR regression statistics for cranial variables.  
 LSR 

Traits Slope 
Inter-
cept R 

R-
square SEE %SEE MAPE 

% 
within 
20 % 

glabella-inion length 1.788 -194.148 0.958 0.918 17.60 18 % 16 % 66 % 
basion-nasion length 2.981 -253.682 0.949 0.900 19.46 19 % 22 % 63 % 
inion-opisthion length 2.061 -42.880 0.947 0.898 19.71 19 % 17 % 72 % 
maxillo-alveolar 
length 2.860 -159.335 0.947 0.897 19.76 19 % 20 % 69 % 
facial size 0.125 -18.918 0.946 0.895 19.99 21 % 14 % 72 % 

 
Table 8. Mean, standard deviation (in parentheses) and range of the predicted body masses for male sample. 
  Predicted body masses 

  N GIL (kg) BNL (kg) IOL (kg) MAL (kg) facial size 
(kg) 

Pan male 15 47.4 (10.8) 48.2 (18.5) 48.0 (8.2) 47.2 (17.9) 49.9 (13.3) 
  31.2-64.8 11.7-77.2 39.2-64.7 10.0-75.2 29.6-75.4 

Gorilla male 17 155.8 (24.1) 155.1 (20.4) 155.3 (24.6) 156.0 (14.6) 153.6 (29.2) 
  125.9-210.0 113.0-202.5 107.4-198.1 131.9-179.0 109.4-212.7 

 
In the sample for female only regression, 4 measurements were used: ZYB, Facial 

size, MANL and BPL. The statistics for these regression results are presented in Table 9. The 
R values indicate quite a strong linear relationship (r>0.9) in all cases, but not as high as for 
males. The R square values were all under 0.9 (highest being 0.833 and lowest 0.809). Adjusted 
R square values were only 0.003-0.005 lower than R-square values. The histograms of regres-
sion standardized residuals did fit quite well in most cases with linear curvature. The scatter-
plots plotting unstandardized residuals against SFS body mass showed much less fanning out 
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that was found in male ones. None of them can be said showing fan out, but scattering of the 
plots does seem to show that in some cases female chimpanzees tended to have more negative 
residuals and female gorillas more positive ones. 
Table 9. Female skeletal frame size based regression statistics for cranial variables. 
 LSR 

Traits Slope 
Inter-
cept R 

R-
square SEE %SEE MAPE 

% 
within 
20 % 

zygomatic breadth 1.464 -132.144 0.913 0.833 9.54 15 % 13 % 76 % 
facial size 0.109 -7.568 0.908 0.824 9.80 15 % 12 % 74 % 
mandibular length 1.276 -93.814 0.907 0.823 9.82 15 % 13 % 76 % 
basion-prosthion 
length 1.303 -123.682 0.900 0.809 10.21 16 % 14 % 74 % 

 
Table 10. The mean aboslute percent prediction error (MAPE) for the species in male and female samples 

Males 
GIL 
MAPE 

BNL 
MAPE 

IOL 
MAPE 

MAL 
MAPE 

facial size 
MAPE  Females 

ZYB 
MAPE 

facial size 
MAPE 

MANL 
MAPE 

BPL 
MAPE 

Chimpanzee 23 % 34 % 20 % 29 % 14 %  Chimpanzee 14 % 12 % 15 % 16 % 
Gorilla 11 % 12 % 14 % 13 % 13 %  Gorilla 12 % 13 % 12 % 12 %  

In size estimations females did better when compared to males and the whole sam-
ple. Males did have better results when you considered estimations within ±20 % of the SFS 
body mass when compared to the whole sample but for other indicators results were not as 
clear. In females the results are fairly similar for all variables so it is difficult to determine which 
equation did the best. If using the percentage within ±20 % of the SFS body mass, the highest 
results were found using ZYB and MANL, but the lowest MAPE was found using facial size. 
In males, the best results were achieved using facial size and IOL if the percentage within ±20 
% of SFS body mass was used. Facial size, on the other hand, had the lowest MAPE whereas 
GIL had the lowest %SEE and a smaller MAPE than IOL, but the second smallest percentage 
within ±20 % of SFS body mass. However, of noteworthy is that all the differences in results 
between the equations (especially the best results) are small i.e. usually 1-2%. Due to the small 
sample size in males and females the percentages tend to magnify the differences. 

When looking the MAPEs in species level (See Table 10.) with females the differ-
ences between species are not as clear as in males, where gorillas clearly had lower MAPEs 
with all measurements except for facial size when compared to chimpanzees. Facial size is the 
only measurements having lower MAPE for female chimpanzee than female gorilla and also it 
has the smallest difference between male chimpanzee and male gorillas. Tables 8. and 11. show 



 
 

45 
 

the mean, standard deviation and range of the predicted body masses for male and female sam-
ples. 
Table 11. Mean, standard deviation (in parentheses) and range of the SFS body masses for female sample 
  Predicted body masses 

  N ZYB (kg) Facial size 
(kg) 

MANL 
(kg) BPL (kg) 

Pan female 22 46.2 (7.2) 46.6 (7.6) 46.4 (7.1) 48.1 (9.9) 
  36.3-60.9 34.2-64.7 33.8-63.1 34.0-69.2 

Gorilla female 20 79.5 (17.0) 79.0 (17.4) 79.2 (17.3) 77.4 (18.6) 
  38.9-99.2 37.0-109.4 32.5-104.0 23.6-99.2 

 
In both male and female PPEs boxplots can be seen to have the same trend as for 

the whole sample. Gorillas tend to have more consistent accuracy, with more PPEs closer to 
zero than chimpanzees. Boxplots also show that females PPEs tend to be more accurate than 
males with the median usually almost zero. Figure 8. shows boxplots of all the PPEs in male 
and female samples, which shows that females PPEs tend to be more similar compared to male 
sample which have more variation in their PPEs. However, in both samples PPEs of facial size 
show less deviation compared to the other measurements.  

  Figure 8. Boxplots showing male and female PPEs.One male specimen was removed from BNL and MAL because their high 
PPEs (>100), to make the graph more informative. 

To test the effect of species and sex on the directional bias of estimate an ANOVA 
was performed. When the effect of sex on PPE was analysed, male chimpanzees and male go-
rillas formed a group whereas female chimpanzees and female gorillas formed another. Results 
shown in Table 12. indicate that sex has more effect on PPEs than species. There is no signifi-
cant effect on the PPEs at level p<0.01. However, at the level p<0.05 it would seem that for 
MAL there is significant effect between species and for ZYB and MAL there is a significant 
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effect between sexes. This could therefore indicate a directional bias in the estimations made 
using these measurements. Even though there were no other statistically significant results, 
overall it looks that the majority of the measurements show a higher significance levels between 
species than between the sexes indicating the sex has a greater effect on the PPEs than species.   
Table 12. ANOVA: testing for effects of species and sex on the PPEs of the variables used to estimate body mass 

    Species       Sex     

    
Mean 

Square F Sig.   
Mean 

Square F Sig. 
Facial size         
Between Groups  56.624 .181 .671  200.780 .642 .426 
Within Groups 312.167    312.977   
GIL         
Between Groups  618.524 .716 .400  1548.506 1.806 .183 
Within Groups 864.453    857.213   
IOL         
Between Groups  177.046 .415 .521  143.552 .327 .569 
Within Groups 426.300    439.363   
BNL         
Between Groups  257.028 .253 .616  82.695 .081 .776 
Within Groups 1014.955    1017.376   
BPL         
Between Groups  2214.872 .828 .366  2241.102 .850 .360 
Within Groups 2673.824    2636.630   
ZYB         
Between Groups  410.715 .698 .406  2278.325 4.099 .047 
Within Groups 588.067    555.883   
MANL         
Between Groups  2012.808 3.590 .062  120.646 .208 .650 
Within Groups 560.725    580.292   
MAL         
Between Groups  2035.969 3.360 .071  9659.115 4.854 .031 
Within Groups 605.962    1990.013   

 
Size estimations were also compared to true weight for the 12 specimens (this in-

clude 3 extra specimens since their predicted SFS body mass could be computed) where weight 
was known. The results indicate that the equations are good estimating body mass, especially 
those based on facial size. It had MAPE of 10 % for the whole sample and of 8 % for the male 
sample. It was also able to provide estimates within 20 % of true mass for 10 out of 12 speci-
mens and for all 10 of the male specimens. (Females could not be tested since weight was only 
known for two female specimens.) Other good results were received using MANL which pro-
vided within 20 % of true mass for 9 out of 12 specimens. However, with facial size equation, 
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it seemed clear when compared to true weight the estimations tended to underestimated the 
weight, especially for male chimpanzees and female gorillas. However as seen in Figure 9. the 
boxplots indicate that this was typical for other equations too, but perhaps less pronounced.        

 Figure 9. Boxplots of PPEs between SFS body mass and the true body mass (N=12) 
4.3 The fossils casts size estimations 
For fossil size estimation, it was clear that most of the measurements would not work as size 
estimators. As seen in Table 13. many measurements either over- or underestimated the body 
masses and some of them provided both over- and underestimations depending on the fossil. 
The assumption that these might have worked or at least worked better with early hominins was 
also proven not to be the case. There were few cases where the specimens obtained similar 
results from more than one equation, for example A. afarensis from facial size, IOL and MANL, 
but mostly there was no species which would have clearly obtained consistently similar or ac-
curate results, instead the size estimations varied greatly for all species according to the dimen-
sion used as predictor. Appendix 3. shows the fossil measurements used in the size estimations. 

For the whole sample, the best results were obtained using facial size, which gave 
very similar body masses to those reported by, for example by McHenry (1992, 1988 in 
Grabowski et. al.2015), Grabowski et. al. (2015) and Squyres and Ruff (2015). The only ex-
ception was H. floresiensis which it underestimated greatly. A few of the size estimations are 
bordering on the upper range of the estimations for the species, for example, A. afarensis and 
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male H. heidelbergensis. On the other hand, some of the size estimations were a little low, for 
example H. habilis and the other H. sapiens specimens. Apart from facial size, there really is 
no other dimension that could be said did better than others. However, there were some inter-
esting observations, for example IOL did reasonably well for earlier hominins. It even produced 
almost the same results as when using facial size for A. afarensis and P. boisei. Also MANL 
produced nearly identical size estimations for A. afarensis as when using facial size and IOL. 
From the results it is also clear that most of dimensions had problems with smaller specimens 
like H. floresiensis and H. habilis, indicating that there might be problem with the reference 
material.  
Table 13. The fossil cast size estimations using the whole sample equations 

Species 
Facial 

size (kg) 
GIL 
(kg) 

IOL 
(kg) 

BPL 
(kg) 

BNL 
(kg) 

ZYB 
(kg) 

MANL 
(kg) 

MAL 
(kg) 

Sahelanthropus tchadensis  81.66 37.36 26.58 56.15   -61.95 
Australopithecus africanus 31.76 73.14 42.38 21.94 26.08 39.43  32.92 
Australopithecus afarensis 55.76 60.37 55.44 39.52 34.76 87.13 55.87 43.92 
Paranthropus robustus 36.29   21.61 8.74 90.04 16.18 -5.58 
Paranthropus aethiopicus 43.78 78.25  74.67 33.60 89.07  43.92 
Paranthropus boisei 38.82 100.39 39.37 40.34 -20.75 128.82  16.42 
Homo habilis 28.68 68.03 61.47 -8.23 9.60 55.13  -0.08 
Homo ergaster 51.73 122.53 82.56 13.65 50.08 64.83  5.42 
Homo erectus  185.54 83.57 27.91 107.90    
Homo heidelbergensis 69.56 151.48 95.62 17.46 61.64 96.63  29.07 
Homo heidelbergensis 50.12 111.46 61.47 24.59 63.67 58.04 23.40 -8.33 
Homo neanderthalensis 50.89 139.56 99.64 13.98 48.06 61.92 25.20 10.92 
Homo floresiensis 9.23 35.67 34.35 -33.93 -18.44 -5.94 -28.92 -16.58 
Homo sapiens 54.43 163.4 113.70 6.19 58.75 95.85 17.99 19.17 
Homo sapiens 38.28 141.26 73.52 8.35 24.06 67.74 3.55 21.92 

 
The worst results were received using GIL, which overestimated the size of all fos-

sils and using MAL which instead underestimated almost all the fossil sizes. ZYB also seemed 
to produce mainly overestimations, but underestimated the size of H. floresiensis, giving it neg-
ative result. The rest of the variables gave very mixed results, with some fossil being overesti-
mated and others underestimated in size. One consistent feature was the clear underestimation 
of H. floresiensis, that was observable with almost all of the variables. Five variables even 
produced negative weights for this species.  

Although RMA regression did worse than LSR in ape size estimations, it was tested 
with the fossil casts, especially because the negative results received from some of the LSR size 
estimations. There wasn’t huge difference between the LSR and RMA size estimations. RMA 
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mostly seemed to lower the size estimations which did not help in the case of the negative size 
estimations. The RMA size estimations produced just even more negative size estimations for 
the same individuals. Because it obviously did not help to improve the results, it was not tested 
in male and females sample.  

In the male sample the best results were once again obtained using facial size as 
seen in Table 14. The results are very similar to those of the whole sample, but all size estima-
tions were lowered by a couple of kg, except MAL which raised size estimations by a few kg. 
Using GIL, IOL and BNL as predictors for size, mainly reduced size estimations by a few kg 
when compared to the whole sample, expect in genus Homo for which the opposite was true. 
Overall, the results did not change much when compared to those for the whole sample. GIL 
still overestimated size for all specimens. BNL and MAL gave very mixed results and IOL 
overestimated the later hominins.  
Table 14. The fossil cast size estimation using male equations 

Species 
GIL 
(kg) 

BNL 
(kg) 

IOL 
(kg) 

MAL 
(kg) 

Facial 
size (kg) 

Sahelanthropus tchadensis 79.42 56.34 35.44 -60.67  
Australopithecus africanus 70.48 25.34 40.59 38.00 30.01 
Australopithecus afarensis 57.07 34.28 53.99 49.44 54.60 
Paranthropus robustus  7.45  -2.04 34.65 
Paranthropus aethiopicus 75.84 33.09  49.44 42.33 
Paranthropus boisei 99.08 -22.95 37.50 20.84 37.24 
Homo heidelbergensis 152.72 62.01 95.21 34.00 68.74 
Homo sapiens 165.24 59.02 113.76 23.70 53.24 
Homo sapiens 142.00 23.25 72.54 26.56 36.69  

In contrast, for females overall, size estimations were increased by couple of kg. Otherwise 
results were very similar to the whole and male samples. (See Table 15.) However, whereas 
males size estimations lowered just a few kg, with females some size estimations increased 
more than that. This was especially noticeably for H. floresiensis which size estimations in-
creased even 10-20 kg. Overall the female sample seemed to produce more reasonable results 
when compared to both the whole sample and male sample. In particular, the small sized spec-
imens seemed to benefit from estimations using the female sample. There were no huge over-
estimations such as obtained using the male and the whole samples (which is likely a conse-
quence of the omission of the measurements that yielded the highest overestimations in the 
whole sample and also of the male specimens that tended to receive higher sizes when compared 
to the female specimens). However, the same underestimation of H. floresiensis continued in 
female sample as for the whole sample. 



 
 

50 
 

Table 15. The fossil cast size estimations using female equations 

Species 
Facial size 

(kg) 
ZYB 
(kg) 

MANL 
(kg) 

BPL 
(kg) 

Sahelanthropus tchadensis    32.55 
Australopithecus africanus 35.10 45.59  28.90 
Australopithecus afarensis 56.54 81.60 55.48 42.71 
Homo habilis 32.35 57.44  5.18 
Homo ergaster 52.94 64.76  22.38 
Homo erectus    33.59 
Homo heidelbergensis 51.50 59.64 32.51 30.98 
Homo neanderthalensis 52.19 62.57 33.79 22.64 
Homo floresiensis 14.97 11.33 -4.49 -15.01  

5. DISCUSSION 
5.1 Correlations 
The results received from correlations show a very strong relationship between many craniofa-
cial measurements and body mass. However, even the strongest correlations that were found 
for facial size and GIL (r=0.951) are less strong than the best results from Aiello and Wood 
(1994), Kappelman (1996) and Spocter and Manger (2007) which ranged from 0.990 to 0.980.   
It is interesting that they obtained higher correlations than in this study although they used much 
larger scale of species. Even in hominoid only samples there were more species included which 
should have meant more variation among the specimens. What could have affected the results 
is that in this study estimations were compared to the actual individual SFS body masses 
whereas previous studies either calculated mean body masses or took them form the literature. 
It could be that average masses correlate better with craniofacial measurements than individu-
als’ sizes. It is possible that just the fact that SFS size estimation was used as proxy for real 
body mass could influence the results. 

Second factor most likely was the sample size. Especially since in this study the 
sample size is rather small (under 100 specimens) compared to the others researches (>100 
specimens). After all, correlations are usually clearer in larger samples. It also plausible that 
even though the correlations are high at the broader level in hominoids that when you get closer 
to the level of individual species these correlations are not as clear, as the correlation differences 
between chimpanzee and gorillas indicated. However, whatever the reason the correlations 
were still very high, all being significant at level of p<0.01. 

As mentioned previously the best results were obtained using facial size, which had 
one of the strongest correlations across all samples. This is not too surprising as the head and 
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facial size are usually proportional to body size within a species and we do not typically have 
individuals within a same species that would differ hugely in their head to body proportion if 
not affected by some kind of developmental disorder. Ackermann (2002) studied patterns of 
covariation in the hominoid craniofacial skeleton and found that while hominoids share a sim-
ilar pattern of facial variation overall, the patterns do diverge and when they do the variation is 
unique for each species. This is not really surprise when you consider their own long unique 
historical trajectory experiencing different selection pressures over a few million years. This 
variation could also be seen in the different correlation results for all the measurements when 
comparing species. However, her results seem to also suggest that there maybe particular char-
acteristics of within-species variation in the face that unite all of the hominoids and that there 
are similar patterns of allometry among species, particular in mid-face region. This could sup-
port and explain the correlation results received from facial size. It could also indicate that facial 
size could work as a size predictor across species in hominoids (including fossil hominins).  

 It could be that facial area as a broad indicator is a good way to get an overall 
picture of the facial relationship to body size rather than just individual measurement of height 
or breadth. After all there are different facial shapes which can vary but overall facial size usu-
ally stays quite stable with the proportioned to body within species. This could indicate that 
facial size might be more conservative feature which is more proportionally related to body 
size. This would make it a good candidate for an indicator for body size.  

However, the strong correlation between the facial size and body size could also be 
connected to the mostly strong correlations found between SFS body mass and the measure-
ments used to calculate facial size. BNL, BPL and ZYB all did very well on the correlations 
and only NPH had r<0.9. Facial size also correlates reasonably well with other measurements, 
including MANL which correlated surprisingly well (r=0.947). Therefore, it is not really sur-
prising that other feature to correlate strongly in most of the samples was the jaw length. Both 
MANL and MAL did get high correlations for the whole sample, with MAL fairing a little 
better in the male sample and MANL in the female sample and the whole sample. At the species 
level samples MAL did well for chimpanzees, whereas MANL was not one of the strongest 
correlations. On the other hand, MANL obtained a slightly higher correlation for female goril-
las, compared to MAL, but for males and the whole sample neither MANL or MAL was not 
one of the strongest correlates.  

The question is raised what connection does this have to diet? After all masticatory 
elements must naturally have some connection to diet since their function is to process it. The 
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dietary studies on gorillas and chimpanzees feeding ecology have shown that there are differ-
ences in the types of foods consumed and how they are processed, both within and between 
species. However, even when there are clear differences in diets of subspecies, for example G. 
g. gorilla has a considerable more diverse diet showing preference for ripe, fleshy fruits than 
G. g. beringei, gorillas as a group are more folivorous than chimpanzees. While there seems to 
be overlap in most of their fruit consumption, there is very small overlap in herbaceous foods 
(Taylor, 2002).  

In contrast, the diet of chimpanzees is dominated by fruits and they maintain this 
even through times of fruit scarcity. Like gorillas, they do have local variation in foraging and 
dietary habits. Nevertheless, all this would indicate that the gorillas who eat more fibrous veg-
etation need more strength and work more to masticate their food (Taylor 2002). Taylor (2002) 
studied masticatory form and function in the African apes. According to her there were some 
features of the jaw complex that are suggestive of improved masticatory efficiency. However, 
chimpanzees and gorillas did not vary consistently in all features and some cases differences 
ran counter to those predicted (which was that resistant food requires larger average bite force 
so mechanical demands placed on the masticatory system are expected to be greater in folivores 
primates). Therefore, he concluded that while some of the features may be linked to the different 
diets between the African apes, diet alone could not explain all the variance in morphology.  

Also in Taylor et. al. (2008) they studied the relationship between food material 
properties and mandibular load resistance abilities in large bodied hominoids. Their results 
showed that their predictions (which was that more folivorous taxa were hypothesized to exhibit 
features that improved load-resistance capabilities and increase force production) seemed to 
hold only for case of the toughest food material and for other tissues and material properties the 
results were contrary to the predictions. According to them the changes in food material 
changed the entire ratio of the relative load resistance of the jaw, making it harder to predict 
and requiring more study on estimating the relative bite force for different food material. It 
would therefore seem like there is not a direct relationship between the jaw size or at least it is 
not as straight forward as that. So should we rule out the diet as the cause?  

Some indicators support that there are differences between the species. If you com-
pare the results for chimpanzees and gorillas it would seem like jaw size is more correlated with 
gorillas’ body size than chimpanzees’ body size which could point to dietary differences affect-
ing the morphology of the jaws. As Taylor (2002) pointed out, a number of structural features 
have been hypothesized to confer a mechanical advantage and improve masticatory efficiency. 
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One of interest in this study would be the possible anterior-posterior shortening and vertical 
deepening of the face and more anteriorly positioned masticatory muscles which should confer 
a mechanical advantage by positioning this musculature closer to the bite point and reducing 
the bending moments in the face (Taylor, 2002). As bite force is inversely proportional to jaw 
length, relative shortening of the jaw should provide increased muscle force which can be con-
verted to bite force.  

Therefore, it could be that the length of the jaw is connected to body size because 
its’ importance to jaw strength for mastication of food. It could thus correlate better in gorillas 
than chimpanzees due to their tougher food diet and not due to an actual relationship between 
jaw size and body size. Tough, if you look at the sex division between species it is interesting 
is that the female gorillas have the strongest correlation with MAL and MANL (r=0.821-0.868) 
followed by male chimpanzees (r=0.701-0.598) then male gorillas (r=0.536-0.393) and finally 
with female chimpanzee (r=0.527-0.134). (See Appendix 1.) However, even though the female 
chimpanzees have the lowest correlation coefficient of all, it is interesting is that MAL is the 
second strongest correlate in female chimpanzees. Also of noteworth is that only in female 
gorillas and pooled gorillas do both MAL and MANL correlate to a similar degree, but in all 
other groups they do not. In chimpanzees it appears that only MAL correlates strongly with 
size, whereas for MANL its’ relationship to body size is much weaker. This is a little confusing 
since it would seem reasonable to assume that the length of the upper and lower jaw would be 
linked to one other and would therefore correlate in a similar manner with body size. However, 
since this not the case, it does raise up the possibility that these measurements might not be the 
best for indicators of body size regardless of their connection to diet.  

GIL and IOL were also very well correlated for the whole sample and the male 
sample. Also in female sample there was still relatively strong correlations (0.847-0.827), how-
ever their relationship to body size was less strong. The strength the correlations for GIL and 
IOL are heavily influenced by the male sample which had an even stronger correlation than for 
the whole sample. It is noteworthy that whereas in male gorillas GIL is very strongly correlated 
with SFS body mass, in male chimpanzee it is not. The correlation for GIL and IOL is stronger 
for male chimpanzees than female chimpanzees, but in gorillas’ females have stronger correla-
tion for IOL than males. It seems evident that especially for GIL the strength of the correlation 
stems from male gorillas, but with IOL relationship is more equally divided.  

It is interesting that the BCL, which is used as measure of skull size and is known 
to scale isometrically with body weight within African ape species (Taylor, 2002), does have 
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relatively strong correlation (r=0.916) in this study, but overall it does not have the strongest 
correlation with SFS body mass. It is also striking that ORBA and OBH, which both Aiello and 
Wood (1994) and Kappelman (1996) found to be good predictors of body mass were not 
amongst the strongest to correlations in this study. ORBA did not fair badly, especially with 
regards to correlation for the whole sample (r=0.830) but OBH had one of the weakest to cor-
relations (r=0.688) with the SFS body mass. OBB, on the other hand, had an even stronger 
correlation (r=0.843) than ORBA. Where Kappelman’s (1996) and Aiello and Wood’s (1994) 
data showed a very strong correlation for ORBA and body mass (r=0.98-0.99), the strongest 
correlation found in this study for the whole sample was r=0.830. For male sample ORBA 
correlated a slightly better (r=0.874). Also males seemed to correlate a slightly better for all 
orbital dimensions than females or the whole sample. One explanation for this clear difference 
from the previous studies could be the specimens used; Kappelman’s specimens included 18 
species and subspecies of diurnal cercopithecoids and hominoids and a variety of fossil homi-
nids and Aiello and Wood’s sample consist of 23 species of simian primates. However, both 
Kappelman (1996) and Aiello and Wood (1994) also had hominoids only samples that still 
included more species and subspecies than used here. These also supported the ORBA as good 
indicator of body size. Aiello and Wood (1994) did point out that ORBA scaled differently for 
hominins than for other hominoids and tended to overestimate larger body-sized hominins. This 
could indicate that even if ORBA correlates very well on a broad scale in primates, its’ connec-
tion to body size on a smaller scale is not as strong. It is of noteworthy that Aiello and Wood 
(1994) found that for hominins OBH produces the most similar results with postcranial estima-
tions, whereas, in this study OBH correlated worse than ORBA. Interestingly, Plavcan (2003) 
also found OBH to be one of the worst predictors of body size dimorphism in primates.  

When looking at the overall results of these correlations we can find very high cor-
relations for many measurements. However, if you divide the results at a species level, it is 
clear that gorillas’ craniofacial measurements correlate much better with size than chimpanzees. 
It is interesting since there also seems to be poor correlation in humans between craniofacial 
dimensions and body size. So might these be linked? Does our branch of the family tree differ 
from that of the rest of the hominoids in having a facial and cranium size that is only weakly 
related to the overall size of our body? If that is the case, it does not look very promising since 
it is the fossil hominins whose body size we want to estimate.   
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5.2 Linear regression and the ape size estimations 
The results from linear regression seem encouraging and support that craniofacial measure-
ments could be used as predictors for body size. All samples received high R and R-square 
values (with many measurement receiving r>0.9). However, it was clear from other criteria that 
female sample did better than both the whole sample and the male sample. In all samples facial 
size seemed to be the best predictor of body mass. 

Overall the results from linear regression do not look too bad. One potential issue 
is the fanning out of the residual plots perhaps indicating that these equations do not work quite 
as they should. It seems that increase in body size also increases the value of the residual plots, 
so when the size increases the prediction error grows. Scatterplots show that this is especially 
clear for male gorillas. This of course partly originates from that they have the largest weights, 
but could also indicate that perhaps they do not fit very well in this model since they are more 
extreme especially in size wise than other specimens (including female gorillas). 

It is also important to assess the validity of these predictive equations which lies in 
their ability to estimate the size with reasonable accuracy. This means there has to be a cut-off 
as to what is considered an acceptable error since no size estimation is going to give us 100 
percent accuracy. To investigate this, a good tool is the mean absolute percentage predicted 
error (MAPE), but first of all it needs to be established what is the acceptable error. In the case 
of body mass estimations, it seems that there is little consensus what this is in previous studies.  
For example, in case of Eocene primates Dagosto and Terranova (1992) considered percentage 
difference of 15-30 % between the estimated body size and known body size too large to be 
accurate (in Elliot et. al., 2014). In contrast Aiello and Wood (1994) considered an error of 15-
19 % acceptable for three variables to be predictors of body mass. Spocter and Manger (2007) 
accepted a MAPE of 10-16%. Elliott et. al. (2014) using the previous studies (including those 
previously mentioned) as a reference chose to be lenient and accept absolute prediction errors 
of 19% or less. In light of the previous studies and their variability, it would seem that the size 
estimations in this study did really reasonably well. 

If we take a very strict line and consider that a MAPE greater than 15% is unac-
ceptable, then only the facial size equation fills that requirement for the whole sample (MAPE 
13 %) and the male sample (MAPE 14%). Instead for the female sample all the equations had 
a MAPE under 15%. The highest was 14% for BPL and smallest 12% for facial size. Therefore, 
it seems clear that Facial size is the best predictor in all samples. It is rather surprising that 
females do so much better than the whole sample and the male sample considering that the 
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correlations were not as strong.  This could be connected to the fact that females are perhaps 
closer to the common bauplan of apes whereas males have bigger variation amongst species. It 
is well-documented that sexual dimorphism tends to be relatively greatest in facial dimension. 
Ontogenetic studies have shown that craniofacial dimorphism is generated by males’ craniofa-
cial dimensions following same pathway as females but by continuing to grow for a longer 
period (Plavcan, 2003). It is therefore possible that some facial dimensions can exaggerate size 
estimations, especially with males. 

When looking the MAPEs at sex and species level it was clear that gorillas tended 
to have lower MAPE values than chimpazees, which is not that surprising when keeping mind 
that this was also case in the correlations. What is interesting is the clear difference in the facial 
size MAPE compared to other measurements’ and this is in all samples. Facial size seems to 
smooth the differences between species. Also with chimpanzees it reduced the gap between 
sexes. Interestingly in female sample chimpanzees received the only lower MAPE compared to 
gorillas in all samples with facial size (although the difference is just 1 %). These results like-
wise support using facial as a size predictor.  

Second tool which can be used to judge the validity of the equations is to decide 
what percentage of the individuals should fall within a certain % of the known mass. Once again 
there is some debate on how strict this criterion should be.  Ruff et. al. (2005) considered pre-
dictors to be reliable when they estimated majority of the individuals within ±10-15 % of their 
known mass using postcranial material. On the other hand, Barrickman (2008) argued that the 
equation only needs estimate 60%-70% of the individuals within ±20% of their known mass to 
be considered reliable (in Elliot et. al, 2014). Aiello and Wood (1994) accepted even lower 
limits, accepting equations that predict 50 % of the specimens within ±20 % of the known mass. 
Elliott et. al. (2014) were lenient and used the criterion that 50 % of the specimens were esti-
mated within ±20 % of known mass. Kappelman (1996) accepted an equation that predicted 
78% of specimens within ±20% of known mass. Considering these, if using the strictest crite-
rion, that majority (over 50 %) should fall within ±10% of the SFS body mass, for the whole 
sample and female sample only facial size could be said to fill it with 53% and 60% individuals 
falling within it. Whereas for males no equations filled this criterion.  

However, if we use the criterion of that majority fall within  20% of the SFS body 
mass as used in most previous studies, then for all equations in all samples have over 50% of 
specimens fit this criterion. The best results from the whole sample were obtained using facial 
size and GIL, which predicted 70% of the specimens within 20% of the SFS body mass. In 
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males, the highest results predicted over 70% within and they were obtained using IOL and 
facial size. For the female sample all equations predicted over 70% of specimens within 20% 
of the SFS body mass with best the results from surprisingly using ZYB and MANL. Consid-
ering the previous studies these are comparatively good results. We do however need to con-
sider that unlike the previous studies the sample sizes here are small and consist only of two 
species, which could make it easier for the equations to work. There are no huge differences 
between the species of African apes when compared to samples that also include other homi-
noids. However, these species are closer to those whose size is being estimated which can work 
for their benefit when estimating size for the fossil hominins. Also the small number of speci-
mens in sample means that slight differences in results can look larger in percentage, raising 
and lowering it easily. 

The results of ANOVA showed that for facial size, species has the least effect on 
PPEs, less than sex. Instead sex is least likely to affect MANL and IOL PPEs, but for MANL 
PPEs it shows that there is significant effect from species. This supports the correlation analysis 
results that showed that there was a difference between species in MANL with the correlations 
for gorillas being stronger than those for chimpanzee. For MAL PPEs results showed significant 
effect between species which is rather expected since results for MANL, but it interestingly it 
also shows significant effect between sexes. This could be why MAL received the worst results 
from apes’ size estimations.  

Comparison of the estimated SFS body masses to the few known masses indicates 
that these size estimations seem to work reasonably well. Especially for facial size PPEs are not 
too large, around ±20% for all (although the specimen number is small, n=12). As mentioned 
previously, since we cannot expect to obtain completely accurate sizes and taking consideration 
the possible seasonal fluctuation in weight, estimating the body mass within ±20% of the true 
weight is a pretty good result. If nothing else it gives us picture of the overall species size, rather 
than an individual’s size which is highly influenced by environment and developmental stage.   
5.3 The fossil casts size estimations 
Size estimations for the fossil casts were done using the measurements that were used in the 
linear regressions, although the results of some of them, for example MAL, were not expected 
necessary to be very accurate. This was done as a comparison to see how the different cranio-
facial dimensions estimated the size. Nevertheless, it was still rather surprising how poorly most 
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of the measurements did in fossil size estimations, especially since they had more than encour-
aging results not only from correlation, but also from the ape size estimations. Unsurprisingly, 
the best results were again obtained using facial size. It seemed to give results which were very 
comparable with those of other researchers’ and size estimations provided by the postcranial 
material.  

Although similar, some of the size estimations were a little over or under the typical 
size range for some species, for example A. afarensis and male H. heidelbergensis could be a 
little overestimated depending whose size estimations they are compared to. According to the 
Toth and Schick (2009) A. afarensis size ranges between 30-45 kg, whereas Squyry and Ruff 
(2015) obtained weights ranging from 28-62 and McHenry (1992, 1988 in Grabowski et. al., 
2015) received weight between 37-51kg. The Smithsonian Institution’s Origin of Human site 
(10.3.2016) provides the size estimate of 62 kg for male H. heidelbergensis. Instead H. habilis 
and the other specimen of H. sapiens are likely slightly underestimated, especially the modern 
human. H. habilis’ size estimations range between 30-42 kg (Klein 2009,  McHenry 1988, 1992 
in Grabowski et. al., 2015). The only clear underestimation was found for H. floresiensis, which 
has a size estimation between 28-30 kg (Smithsonian Institute of Human origin, 10.3.2016, 
Grabowski et. al., 2015). It was obviously underestimated in almost all equations and only GIL 
and IOL gave it more accurate size estimations. However, this was likely caused by the overall 
overestimation of these equations that raised all size estimations.    

It was interesting to note that although the measurements used to calculate facial 
size did well on correlations and received fairly good results from ape size estimations, they 
were not as good at estimating the fossil hominins’ body sizes. This could indicate that even 
though single measurements appear to have a strong relationship to size in African apes this 
relationship is not shared for hominoids overall or at least not in the same manner. It could be 
that as single measurements their relationship proportionally to body size differs, but the overall 
size of the face stays proportionally more or less stable. BNL and BPL both seem either to 
produce quite accurate results or underestimate body size and only BNL greatly overestimates 
H. erectus, whereas ZYB appeared to overestimate most body sizes. Singh et. al. (2012) results 
indicated that African apes and humans have a similar pattern of integration in the face and 
basicranium and that changes in in the face lead to changes in the basicranium in all taxa. This 
could indicate that although the facial and cranial measurements change, they have a similar 
effect in other parts of cranium, perhaps even keeping the overall facial size proportionally 
similar to body size and other parts of the cranium.  
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It is noticeably that GIL and IOL did not do as well as was expected from the results 
of correlation and linear regression. For GIL this is perhaps not too surprising considering that 
this is length of the whole cranium, which is in itself influenced by the growing size of the brain 
in hominins. This is also clear from results that seem to mostly increase towards modern hu-
mans. Interesting however, is that the largest size estimation was found for H. erectus and not 
for modern humans. This could be caused by the unique skull shapes of this species. According 
to Baab (2016) H. erectus was consistently and widely separated from both modern humans 
and early Homo in neurocranial shape. Compared to modern humans they had relatively long 
and vaulted parietal bones, narrower occipital bone and antero-inferiorly angled occipital plane. 
Compared to early Homo they had a relatively longer antero-posteriorly, vertically shorter cra-
nial vault and greater posterior projection of inion. So it would seem that H. erectus had a longer 
cranium shape compared to modern humans and early Homo which would directly influence 
the results of size estimations. Baab (2016) also pointed out that previous studies had noted the 
evolution of longer cranium in H. erectus and modern human relative to early Homo. Therefore, 
it would look like this longer cranium shape was shared in both H. erectus and modern humans 
which most likely explains the higher overestimations for most of the later Homo species. 

In case of IOL, this measurement did give quite similar results to facial size in early 
Homo, but started to overestimate the members of genus Homo. So could it be more useful in 
estimating size for earlier hominins? There are not many researchers that have studied the oc-
cipital differences or similarities in extant hominids. So it is not very well established what 
relationship occipital bone morphology has with the weight of individuals between or within 
species. However, Balzeau et. al. (2011) did show that the exo- and endocranial anatomy of the 
occipital bone differs between hominins and great apes (except in case of P. boisei). Chimpan-
zees and Bonobos are characterized by a relative high position of the inion and it is also located 
in a more anterior position than hominins’. This would not appear to support the use of IOL as 
a size estimator. However, it was interesting to note that in MAPEs along with facial size, IOL 
was only one that did not show greatly higher MAPEs for chimpanzees compared to gorillas, 
indicating that there was not as clear difference between species as was in other measurements, 
which could partly explain the very good results with earlier hominins. The results also seem 
to point to a similarity between earlier hominins and African apes in this feature when compared 
to the genus Homo due to the more accurate size estimations.  

Jaw size clearly appeared to underestimate body size in fossil hominins. This was 
not really unexpected. MAL was the worst performer in ape size estimations and MANL did 
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not do much better. It has already been discussed earlier that diet might affect the size of the 
jaw, but there is also some concern how the traits related to heavy chewing appear particular 
prone to homoplasy (Collard and Wood, 2001). However, Collard and Wood (2001) reported 
that regions dominated by masticatory characters are no more reliably susceptible to homoplasy 
than other parts of the face. Which suggests that diet should not be held accountable alone for 
jaw size differences. Interesting is that altough both MANL and MAL produced very clear un-
derestimations for most of the species, there were some in the earlier hominins (e.g. A. afarensis 
and A. africanus) that got quite accurate estimations. Of noteworth is especially that P. aethio-
picus, that has very robustic jaw which is believed to be connected to their diet, received sur-
prisingly accurate result, but on the other hand other members of Paranthropus were underes-
timated. 

It is observable that jaw size seems to have a strong relationship to both body size 
and facial size with apes, but unlike facial size it does not appear to share the same relationship 
with body size in species wider manner. Its’ strong relationship to facial size is rather self-
explanatory since the size of masticatory apparatus directly affects the overall size of the face. 
It is therefore fairly surprising that they clearly performed so differently in fossil size estima-
tions. So unlike facial size it appears that jaw size is not that related to the size of the individual 
or at least not across species.  

It was also observed that female size equations seemed to provide more realistic 
results than the other two samples. This could be partly due to omission of the specimens and 
equations that produced most of the highest overestimations. However, it is also likely that this 
partly caused by the influence of male gorillas in the reference material in other size estimations. 
Already in the residual plots from ape size estimations showed that females tended to show less 
fanning out of the plots. Whereas the male gorillas’ residual plots tended to create fanning out 
in the whole sample and male sample scatterplots which indicating that as body size grew so 
did the error between the estimation and SFS body mass. Male gorillas also clearly differ from 
female gorillas and both of the chimpanzee in their body size. Female gorillas and both male 
and female chimpanzees overlap in the range of estimated body masses but male gorillas did 
not overlap even with female gorillas.  

The big size difference between reference material and the fossil species, could 
render the equations unusable, especially with the small-sized species. For example, Kurki et. 
al. (2010) found it problematic to estimate body size for small-bodied humans using the formu-
las that have been generated from reference samples that do not include many small bodied 
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populations or those of different body proportions. They tested formulae from femoral head 
body mass estimation of McHenry (1992) and Ruff et. al. (1991) and both seemed to provide 
higher size estimations than the bi-illiac breadth/stature estimation that was used as a compari-
son. This could support the possibility of the problematic influence of male gorillas in reference 
material that is used to provide size estimations for much smaller fossil hominins, especially 
since the reference material does not include very small specimens. Interestingly, the only ex-
ception to these overestimations in Kurki et. al. (2010) was found for females using McHenry’s 
formula, which gave similar results with Bi-iliac breadth/stature estimations. Since the female 
sample appeared to provide more accurate estimations in this research too, it could indicate that 
there is something in female morphology that is more neutral to differences between species or 
just be related to the smaller-sized specimens in the used reference sample.  

Male gorillas also provide the larger end of size range in extant hominoids which 
might not be very useful since fossil hominins do not reach those sizes, at least not in weight. 
It is clear from the results of the size estimations that some of the equations just do not work 
for smaller individuals. Especially H. floresiensis seems to fall outside of the linear regression 
line of the African apes which means that most of the size estimations are negative. Even facial 
size which gave all the other species very accurate results clearly underestimated it.  

Although the size estimations using female equations in apes showed much better 
results than when using the whole sample or male sample, the differences in sizes or the accu-
racy in fossil size estimations did not differ greatly. Only ones that seemed to clearly benefit 
from this were the small sized H. floresiensis and H. habilis which could have more to do with 
closer sized reference sample than just sex differences. So according to the results received here 
using different equations for males and females do not seem to make great difference. Instead 
it would seem that the whole sample provides more average sizes therefore it could be more 
useful to use the pooled sample equations. However, these are not also clear enough results to 
discourage using different equations for males and females. 

The reason why the equations do not seem to work with the other craniofacial meas-
urements could be connected to both used regression model and the reference material. It looks 
that the Model I (inverse calibration) regression creates too sharply declining linear line that 
the smaller specimens easily tend to fall to negative. However, this could perhaps be corrected 
or improved by using smaller sized specimens in reference material. On the other hand, the 
tested RMA regression did not do any better on the fossil size estimations. It actually made the 
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already negative size estimations even worse. Indicating that when compared the LSR regres-
sion seems to provide more accurate results at least for the smaller specimens. Interestingly 
Elliot et. al. (2014) also found the RMA regression tended to produce higher MAPEs and esti-
mating fewer individuals within ±20% of their known mass than the LSR-based equation. This 
could indicate that for size estimations that use craniofacial measurements as size predictors 
LSR regression might be more proper, especially if using more size varied reference material. 
Therefore, it could be recommended to create new size estimation equations using LSR regres-
sion with these measurements again or at least with the facial size, but using different sample, 
which excluded male gorillas, and perhaps included pygmy humans or other smaller sized spec-
imens.  

It does appear that while the studied measurements seem to work reasonably well 
as predictors for size estimation in apes, this is not case in extinct hominins. Especially the 
single measurements do not seem to work which could be linked to Ackerman’s (2002) obser-
vation that although hominoids share similar overall facial variation the patterns differ very 
uniquely for each species. So it could be that although single craniofacial dimensions might be 
connected to size within species the pattern for this might not be same for other species. How-
ever, Ackermans results do seem to support that the overall facial size could work as size pre-
dictor across species. After all, as it was already pointed out African apes do share basic simi-
larities of cranial form and many dimension are scaled versions of common bauplan (Bils-
borough and Rae, 2007) which could explain why facial size seems to work quite well. There-
fore, it is could be suggested that although the different craniofacial dimensions vary between 
species the common size of the face stays connected proportionally to the individuals’ size even 
across species in hominoids.  

However, although the results look very promising for the facial size there may be 
potential problems. Especially the sexual dimorphism between face and body size could create 
problems. For example, Plavcan (2003) pointed out that while in monkeys’ facial sexual dimor-
phism becomes proportionally greater when levels of body mass sexual dimorphism increases, 
in hominoids that becomes proportionally less so. It has also been reported that early hominins 
might have had very sexually dimorphic faces, but only modestly sexual dimorphic postcra-
nium. This could make using size estimations equation, that use facial dimensions, problematic. 
It possible that it would cause overestimation of male body sizes and underestimation of female 
body sizes.  
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The final results from this study appear to support the use of facial size as a predic-
tor of body size. It does show lower correlations coefficient than previous studies have found 
with some dimension, e.g. ORBA and OBH (Aiello and Wood, 1994, Kappelmann, 1996). 
However, in other assessments, e.g. MAPE and within ±20% of the SFS body mass, it did as 
well if not some cases even better. It is clear, though, that because of the limited and quite large-
sized reference material, this equation does not work for small specimens such as H. floresiensis 
and therefore further research is needed with reference material that includes smaller speci-
mens, such as modern pygmy humans. Instead, the other cranial measurements did not look as 
promising as size predictors. IOL looks promising for use to predict body sizes of early hom-
inins, but this too would require further study.   
 
CONCLUSION 
Size estimation is one of the most important tools in palaeoanthropology as the size of a species 
is closely linked to the energetic, ecological and physical properties of the organism. Due to the 
fragmented hominin fossil skeletons many of the size estimations tend to rely on skeletal ele-
ments, especially the postcranial elements that are known to be affected by the mechanical 
weight bearing of the bones. However, there are features that reduce the utility of these esti-
mates. This has resulted in a search for size estimations which employ alternative skeletal di-
mensions. This includes craniofacial dimensions. These dimensions are very attractive to use 
in size estimations because cranium often survive when other parts of the fossil hominid skele-
ton do not and are also usually used to determine the species.  

Results from the correlations in this study show a very strong relationship between 
craniofacial measurements and SFS body mass. The highest correlations of facial size and GIL 
(r=0.951) were lower than what was received from previous studies. This could be result of 
either different and smaller sample size that included fewer species or be connected to chosen 
proxy for the size that measurements were correlated to. Nevertheless, the results from the cor-
relations were so strong that there is obvious a relationship between the measurements and body 
size. The linear regressions and ape size estimations also looked very promising, with the small-
est MAPE of facial size between 12-14% in all samples and all samples having at least a few 
equations which produced predictions where 70 % of specimens fall within ±20% of the SFS 
body mass. Although clearly the best results were received using facial size, overall most of the 
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results were comparable to those of previous studies.  It was also evident that female sample 
equations did better in ape size estimation than the whole sample and male sample.  

However, when the fossil cast size estimations were done it became apparent that 
majority of the craniofacial measurements would not work as a size predictor. Results included 
many over- and underestimations and did not differ much amongts the pooled, male or female 
equations. Only Facial size was able to produce fairly accurate estimations and its sole problem 
seemed to be the very small-sized H. floresiensis. The reasons behind this most like stem from 
the size range of the reference material. Especially male gorillas really are more massive than 
any of the fossil hominins and even the smallest of chimpanzees do not seem to scale small 
enough for the smallest hominin.  

Therefore, the result of this study is that there is obvious promise in using facial 
size as a size predictor which probably is related to the fact that it represented the overall size 
of the face instead of just one dimension. Hominoids are documented to share a similar pattern 
of facial variation overall (Ackermann 2002) which could indicate that this trait can be found 
in other hominoids and in hominins too. However, the use of facial size as body size predictor 
requires more research. Of particular importance would be to test this with reference material 
that includes smaller individuals to obtain better equations which can be used with smaller 
hominins. 
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APPENDIX 1.  
Table 16. Correlation between SFS body mass and  whole pooled sample, male and female samples. 

 
Whole sam-
ple  Males  Females  

 

Body mass Body mass Body mass 
Pearson Correla-
tion 

Sig. (2-
tailed) 

Pearson 
Correlation 

Sig. (2-
tailed) 

Pearson 
Correlation 

Sig. (2-
tailed) 

BCL .916** .000 .918** .000 .837** .000 
GIL .951** .000 .958** .000 .847** .000 
BCB .612** .000 .531** .002 .550** .000 
XCB .910** .000 .909** .000 .846** .000 
ZYB .937** .000 .937** .000 .913** .000 
BBH .826** .000 .853** .000 .726** .000 
BNL .942** .000 .949** .000 .841** .000 
BPL .943** .000 .942** .000 .900** .000 
IOL .942** .000 .947** .000 .827** .000 
OBB .843** .000 .874** .000 .720** .000 
OBH .688** .000 .779** .000 .680** .000 
NLB .778** .000 .770** .000 .711** .000 
NLH .871** .000 .863** .000 .825** .000 
NPH .860** .000 .863** .000 .820** .000 
MAB .833** .000 .880** .000 .749** .000 
MAL .930** .000 .947** .000 .894** .000 

MANL .935** .000 .941** .000 .907** .000 
MANB .910** .000 .917** .000 .845** .000 

OBBxOBH .830** .000 .874** .000 .760** .000 
Facial size .951** .000 .946** .000 .908** .000 

**. Correlation is significant at the 0.01 level (2-tailed).   
*. Correlation is significant at the 0.05 level (2-tailed).    

Table 17. Correlations between SFS body mass and chimpnazee pooled sample, male and female sample. 
Chimpanzee      

 

Whole sample Males Females 
Pearson 
Correlation 

Sig. (2-
tailed) 

Pearson 
Correlation 

Sig. (2-
tailed) 

Pearson 
Correlation 

Sig. (2-
tailed) 

BCL .347* .035 .390 .150 .366 .094 
GIL .390* .017 .453 .090 .408 .060 
BCB .295 .077 .341 .214 .383 .078 
XCB .326* .049 .521* .046 .147 .515 
ZYB .491** .002 .681** .005 .311 .158 
BBH .113 .506 -.156 .578 .477* .025 
BNL .462** .004 .405 .134 .575** .005 
BPL .457** .004 .496 .060 .393 .070 
IOL .161 .342 .390 .151 -.331 .133 



 
 

 

OBB .437** .007 .689** .005 .067 .769 
OBH .167 .323 .424 .116 -.234 .295 
NLB .616** .000 .846** .000 .286 .197 
NLH .484** .002 .703** .003 .265 .233 
NPH .520** .001 .714** .003 .190 .396 
MAB .404* .013 .674** .006 .222 .321 
MAL .610** .000 .701** .004 .527* .012 

MANL .406* .013 .598* .019 .134 .552 
MANB .453** .005 .605* .017 .212 .344 

OBBxOBH .369* .025 .660** .007 -.083 .715 
Facial size .610** .000 .754** .001 .412 .057 
**. Correlation is significant at the 0.01 level (2-tailed).  
*. Correlation is significant at the 0.05 level (2-tailed).    

Table 18. Correlations between SFS body mass and gorilla pooled sample and male and female samples. 
Gorilla       

 

Whole sample Males Females 
Pearson 
Correlation 

Sig. (2-
tailed) 

Pearson 
Correlation 

Sig. (2-
tailed) 

Pearson 
Correlation 

Sig. (2-
tailed) 

BCL .859** .000 .445 .074 .696** .001 
GIL .920** .000 .692** .002 .677** .001 
BCB .534** .001 .256 .322 .264 .260 
XCB .870** .000 .376 .137 .724** .000 
ZYB .903** .000 .474 .054 .859** .000 
BBH .736** .000 .366 .148 .398 .082 
BNL .923** .000 .691** .002 .760** .000 
BPL .918** .000 .574* .016 .873** .000 
IOL .898** .000 .587* .013 .649** .002 
OBB .793** .000 .300 .242 .513* .021 
OBH .323 .051 .320 .210 .278 .236 
NLB .672** .000 -.160 .539 .634** .003 
NLH .764** .000 .198 .447 .722** .000 
NPH .763** .000 .344 .177 .727** .000 
MAB .752** .000 .563* .019 .744** .000 
MAL .890** .000 .536* .027 .821** .000 

MANL .892** .000 .393 .118 .868** .000 
MANB .888** .000 .561* .019 .831** .000 

OBBxOBH .705** .000 .374 .139 .542* .014 
Facial size .911** .000 .613** .009 .837** .000 
**. Correlation is significant at the 0.01 level (2-tailed).  
*. Correlation is significant at the 0.05 level (2-tailed).    



 
 

 

APPENDIX 2.  
 
Table 19. Mean, standard deviation (in parentheses) and range of the apes’ measurements used in LSR regressions 

  N facial size 
(cm3) GIL (mm) IOL (mm) BPL (mm) BNL (mm) ZYB (mm) MANL (mm) MAL (mm) 

Pan male 15 549.0 (106.2) 135.1 (6.1) 44.1 (4.0) 132.0 (11.0) 101.3 (6.2) 129.9 (8.7) 111.6 (6.9) 72.2 (6.3) 
  387.2-752.1 126.0-144.8 39.8-52.2 110.0-150.0 89.0-111.0 112.8-143.7 99.0-127.0 59.2-82.0 

Pan female 22 496.5 (69.3) 130.3 (5.9) 42.2 (2.3) 131.7 (7.6) 101.1 (5.2) 121.8 (4.9) 109.9 (5.6) 74.0 (5.1) 
  383.1-662.2 114.0-139.7 38.8-47.7 121.0-148.0 90.0-110.0 115.1-131.9 100.0-123.0 65.2-84.8 

Gorilla male 17 1376.3 (233.2) 195.7 (13.5) 96.1 (11.9) 195.3 (7.7) 137.1 (6.9) 178.5 (9.5) 168.8 (6.0) 110.3 (5.1) 
  1023.5-1847.7 179.0-226.0 72.9-116.9 185.0-212.0 123.0-153.0 155.0-192.0 158.0-177.0 101.8-118.3 

Gorilla female 20 793.8 (159.8) 152.9 (8.9) 59.0 (9.4) 154.3 (14.3) 112.4 (7.4) 144.6 (11.6) 135.6 (13.5) 90.1 (8.9) 
  408.1-1072.2 131.0-165.0 44.5-82.5 113.0-171.0 92.0-123.0 116.9-158.0 99.0-155.0 65.6-102.4 

   



 
 

 

APPENDIX 3.  
Table 20. Fossil skull casts' facio-cranial measurements 

Species Fossil Sex 
GIL 
(mm) 

ZYB 
(mm) 

BPL 
(mm) 

NPH 
(mm) 

BNL 
(mm) 

IOL 
(mm) 

MAL 
(mm) 

MANL 
(mm) 

Facial size 
(cm3) 

Sahelanthropus tchadensis TM 266-01-0606-1   153.0   119.9 49.9 104.0 38.0 34.5     
Australopithecus africanus STS5 male 148.0 121.4 117.1 68.9 93.6 40.5 69.0   391.41 
Australopithecus afarensis     140.5 146.0 127.7 83.4 96.6 47.0 73.0 117.0 588.12 
Paranthropus robustus SK-480 male   147.5 116.9 66.9 87.6   55.0 95.0 428.58 
Paranthopus aethiopicus KNM-WT17000 male 151.0 147.0 148.9 77.9 96.2   73.0   489.95 
Paranthropus boisei KNM-ER 406 male 164.0 167.5 128.2 75.7 77.4 39.0 63.0   449.25 
Homo habilis   female 145.0 129.5 98.9 65.6 87.9 50.0 57.0   366.20 
Homo ergaster   female 177.0 134.5 112.1 84.6 101.9 60.5 59.0   555.09 
Homo erectus   female 214.0   120.7 70.6 121.9 61.0       
Homo heidelbergensis Broken Hill 1 male 194.0 150.9 114.4 93.6 105.9 67.0 67.6   701.28 
Homo heidelbergensis Atapurca 5 female 170.5 131.0 118.7 79.4 106.6 50.0 54.0 99.0 541.87 
Homo neanderthalensis   female 187.0 133.0 112.3 84.9 101.2 69.0 61.0 100.0 548.25 
Homo floresiensis Flores Skull LB 1 female 126.0 98.0 83.4 55.9 78.2 36.5 51.0 70.0 206.76 
Homo sapiens   male 201.0 150.5 107.6 77.6 104.9 76.0 64.0 96.0 577.24 
Homo sapiens Skull 5 male 188.0 136.0 108.9 71.1 92.9 56.0 65.0 88.0 444.84 
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Figure 10. Picture showing the directional terms and planes for human body. 


