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Abstract 

Understanding the evolution of mandibular morphology provides key insights into the interplay between diet, technology, 

and oral health. When human populations made the subsistence transition from hunter-gathering to agriculture, the diet 

softened, and mandibles became more gracile. In this study, we compare the mandibular morphology of agricultural 

populations from ancient Sudan (350 BCE-350 CE) to contemporary Floridian populations to explore how jaw shape differs 

across geographic and temporal ranges beyond the agricultural revolution. We hypothesized that contemporary Floridian 

mandibles would differ significantly in shape from those of ancient agricultural populations, reflecting a continued trend of 

mandibular gracilization. Specifically, we predicted that the ancient mandibles would be more robust, with wider rami, 

shorter vertical height, and more acute body-ramus angles consistent with greater masticatory muscle use. To test this 

hypothesis, 39 contemporary mandibles were 3D surface scanned and compared to 38 ancient mandibles using 3D geometric 

morphometric quantitative methods, including a Procrustes ANOVA. Our predictions were met, and our hypothesis was 

supported (p = 0.001). Contemporary mandibles are characterized as being more gracile with taller and narrower rami and 

more obtuse gonial angles. This is likely due to the softness of the contemporary diet, perhaps driven by the recent rise in 

ultra-processed foods. Our findings demonstrate that mandibular shape can undergo significant change over a 2,000-year 

span, even between geographically distinct populations, and that contemporary gracilization parallels the morphological 

shifts associated with the earlier transition from hunter-gathering to agriculture. 
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Introduction 
In comparison to other primates, the hominin 
lineage has undergone extremely rapid 
mandibular shape change (1). The australopiths 
are characterized by robust mandibles with thick 
cortical bone and large postcanine teeth for 
processing tough plant diets. Within Homo, 
mandibular gracilization occurred from the Early 
to Late Pleistocene, marked by reduced 
prognathism, smaller teeth, and thinner 
symphyses (2,3). In the Late Pleistocene, Homo 
sapiens fossils varied in their mosaic of ancestral 
and derived traits and were variable in overall 
size (4). During the Holocene, the human 
mandible experienced a major morphological 
shift alongside the rise of agriculture, becoming 
even more gracile due to reduced mechanical 
loading associated with agrarian diets (5–7). 
Agricultural diets, typically softer and processed, 
reduce the need for strong masticatory muscles, 
leading to less robust mandibles and anatomical 
restructuring. For example, Galland et al. (6) 
examined changes in mandibular shape from 
13,000 to 2,000 years ago in Lower Nubia 
(modern Egypt and Sudan) as they underwent 
the dietary transition from hunter-gathering to 
agriculture, finding that hunter-gatherer 
mandibles had a shorter, wider, and more upright 
ramus and coronoid process, a longer condylar 
process, and a deeper, wider, and more upright 
corpus. Similarly, in Upper Nubia (modern 
Sudan), Brown (8) found that the transition from 
hunter-gathering to agriculture was marked by 
size decreases in the mandible, particularly in 
overall length, body height in the molar region, 
and width of the ramus. This anatomical transition 
accompanying the agricultural transition has 
been documented worldwide (9), including in 
Africa (6,8,10), and the Levant (7). Contemporary 
mandibles show considerable shape variation, 
explained largely by height and width proportions, 
mandibular angle, coronoid process height, and 
inclination of the symphysis (11). 
The muscles of mastication include the masseter, 
temporalis, and the medial and lateral pterygoid 
muscles. The temporalis muscle inserts on the 
coronoid process and anterior aspect of the 
mandibular ramus, while the masseter muscle 
inserts on the mandibular angle and lateral 
aspect of the ramus (12). The masseter muscle’s 
size is correlated to the mandibular angle (or 
gonial angle) of the mandible. Thicker, and 
therefore larger, masseter muscles are 
associated with lower (more acute) gonial angles 
(13). Across mammals, the relative size of the 
temporalis muscle dictates the relative size of its 

attachment, the coronoid process (14). In human 
samples, larger masticatory muscles were found 
to correlate with specific mandibular shapes. 
Larger temporalis and masseter muscles are 
associated with a wider ramus, more massive 
coronoid, and a more rectangular body (14,15). 
Larger masticatory muscles are associated with 
the tougher diet of hunter-gatherers, so that the 
transition to agriculture is accompanied by a 
decrease in muscle size and corresponding 
changes in mandibular shape.  
The transition from hunter-gathering to full 
reliance on agriculture likely took thousands of 
years (16). In a recent study by De Angelis et al. 
(3), mandible shape was compared over a 2,000-
year time frame from the Roman Imperial Age to 
the present day in Italy. They found a significant 
reduction in robusticity through time and 
significant differences in the mandibular angle, 
which they attribute to dietary and cultural shifts. 
Changes in the mandible have been shown to 
occur on a shorter timescale in relatively recent 
populations as well. Mandibular shape 
differences have been documented in 
populations separated by as little as 300 years, 
with changes attributed to the softening of diets 
that accompanied major cultural changes, like the 
Industrial Revolution (17,18). Other cultural 
changes, like territorial invasion, can result in 
morphological fluctuations in the mandible for a 
limited period of time. For example, the Roman 
occupation of Britain is associated with significant 
changes in British male mandibular shape (19). 
While these studies assessed populations from 
the same geographical area, a recent 
comparison of cortical bone cross-section 
morphology found significant shape differences 
in populations from geographically disparate 
Sudan (3600-3500 BP) and France (3915-3865 
BP) separated by several hundred years (20). In 
the United States, a comparison of populations 
between the beginning and end of the 20th 
century found significant shape changes in the 
mandible, characterized by decreased bicondylar 
and bigonial breadth, as well as increases in body 
length (21). In other words, the American 
mandible has become narrower, longer, and 
more gracile in just the past century. As such, 
morphological changes have been documented 
both over thousands of years and in recent 
populations over relatively short time spans, but 
regional variation and comparisons are 
understudied.  
Comparative morphological studies are essential 
to help refine the timeline, mechanisms, and 
variability of gracilization. It has been established 
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that global patterns of archaeological mandibular 
morphology strongly reflect dietary differences 
along the hunter-gatherer/agriculture dichotomy 
rather than climate or geography (9). In 
contemporary global samples, linear 
measurements have shown clear distinctions 
between European and Asian populations, and 
Asian and African populations (22). Geographic 
differences between modern populations’ 
mandibular morphology are upheld when using 
3D measurements as well (23). Very few 
comparative studies focus on geographic 
comparisons, and even fewer examine 3D 
morphology through time (though see (20)). 
None, to our best knowledge, compare ancient 
agricultural populations in Africa to contemporary 
groups within the United States. This limits our 
ability to generalize patterns and rates of 
mandibular change in different ecological and 
cultural contexts. 
This study aims to address this gap and establish 
a benchmark to connect work focused on 
differences through time and work focused on 
differences in geography. Here, we compare 3D 
mandibular morphology between two temporally 
and geographically distinct populations: ~2ka 
agriculturalists from Sudan and contemporary 
Floridians. We test whether these two groups 
differ in their overall mandibular shape and 
whether these differences align with patterns of 
gracilization established across major cultural 
transitions, like hunter-gathering to agriculture. 
We hypothesize that the mandibular shape of 
contemporary Floridian mandibles will exhibit 
significant differences in comparison to ancient 
agricultural populations, following a continuum of 
shape gracilization that mirrors the transition from 
hunter-gathering to agriculture and decreased 
masticatory muscle size. We predict that 
agriculturalist populations will have more robust 
mandibles characterized by wider rami 
(anteroposteriorly), shorter overall height, and 
more acute body-ramus angles due to the 
presence of stronger jaw muscles like the 
temporalis and masseter required for chewing 
tougher food (15). Through this work, we aim to 
contribute important data to a well-established 
body of research while exploring the variability of 
mandibular evolution and morphology in 
underrepresented contexts.  
 
Materials and Methods 
This study included 77 mandibles: 38 ancient 
Nubian mandibles downloaded from 
Morphosource.org (Project ID: 000776197) and 
39 contemporary Floridian mandibles from the 

USF Donated Skeletal Collection, Florida 
Institute of Forensic Anthropology and Applied 
Science at the University of South Florida (USF). 
The ancient mandibles were originally buried in a 
cemetery at Semna South, in what was once 
Ancient Nubia and what is now Sudan. These 
individuals were irrigation agriculturalists from the 
Meroitic period (350 BCE-350 CE). The Meroitic 
subsistence economy relied on floodplain 
cultivation, which restricted crops to wheat, 
barley, sorghum, and millet (8). Meroitic wealth 
was tied to iron and copper-alloy industries and 
their funerary traditions included wooden coffins 
and burial pyramids (8). Archaeological remains 
from Sudan are particularly well studied, as they 
capture the transition of subsistence strategy 
from hunter-gathering to transitional hunting-
gathering-agricultural, to fully agricultural. 
Gracilization occurred over the course of 10,000 
years alongside the adoption of agriculture, with 
the masticatory apparatus moving 
inferoposteriorly relative to the cranial vault, the 
cranial vault becoming more globular, and the 
teeth reducing in overall size (6,8,10,19). The 
Meroitic period sample from Semna South 
represents agriculturalists with the most gracile 
morphology of the Ancient Nubia populations. 
Compared to the Neolithic (~4500 BCE), Kerma 
Ancien (2500-2050 BCE), and Kerma Classique 
(c. 1750-1500 BCE), the Meroitic period is 
characterized by the lowest rates of dental caries, 
the smallest percentage of teeth with severe 
calculus, and the smallest percentage of teeth 
with linear enamel hypoplasia banding (8). 
Because this group’s morphology is known, it 
serves as our baseline or control. In the sample 
presented here, nineteen of the 38 ancient 
individuals are female, 18 are male, and one 
individual is of unknown sex. All individuals have 
either erupted third molars or a fused 
sphenoccipital suture. The contemporary 
Floridian mandibles are from a collection of 
skeletons donated between 2016-2022. Our 
subsample includes 19 females and 20 males, 
ranging in age from 44 to 101 years old. All 
individuals self-reported as Caucasian, with the 
exception of one individual reporting as Mixed 
White. Mandibles were selected based on 
completeness, with evidence of breaks or 
fractures precluding inclusion. Individuals 
averaged ~7 caries. While dental shape was 
beyond the scope of this project, mandibles with 
complete dentition and limited bony decay were 
prioritized. No edentulous mandibles were 
included in the sample.  
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While the ancient mandibles in this study were 
sourced from Morphosource.org in 3D format, the 
contemporary mandibles were 3D scanned with 
a Transcan-C structured light scanner (Shining 
3D), resulting in PLY format files. Using the 
proprietary EXscan software, scan resolution 
was set to “medium” with Turntable mode 
enabled and set to 14 steps per scan. After 
scanning, watertight mesh models were exported 
as PLY files. All digitized mandibles were then 
landmarked for 3D geometric morphometric 
analysis (Figure 1).  
Geometric morphometrics is a toolkit that allows 
for the comparison of biological shape variation, 
or the information left over after location, rotation, 
and position are removed from an object (24–29). 
Twenty-four Type 2 (30) fixed 3D landmarks were 
placed on each mandible in the software 
Checkpoint (Stratovan Corp.), generally following 
the landmarks outlined in Bosman et al. (18) 
(Table 1 and Fig. 1). A limited number of 
landmarks were chosen to maximize statistical 
power of comparative analyses (31). The 
limitations of using only 24 landmarks include the 
possibility of not capturing the full extent of shape 
differences between groups, particularly related 
to robusticity. All landmarks were placed by a 
single individual (CM) to eliminate interobserver 
error. The first ten mandibles that were 
landmarked were deleted and re-landmarked at 
the end of the process to reduce intraobserver 
error. Landmark data were exported and collated 
into a Morphologika format text file and imported 
into R v4.4.2 (32) for analysis.  
The packages geomorph (33,34) and ggplot2 
(35) were used for analysis and graphing, 
respectively. Within geomorph, a general 
Procrustes alignment was performed (36) using 
the gpagen function and eight outliers were 
identified using the plotOutliers command and 
removed. Six of the outliers were ancient: 3 
males and 3 females with no other remarkable 
grouping element. Two of the outliers were 
contemporary: 1 male (age 79) and 1 female (age 
72) with no other distinguishing or unifying traits. 
Although not included in any analyses, it is 
possible that the removed outliers represent the 
extreme ends of the morphological spectrum 
separating the ancient and contemporary 
samples, as abnormal taphonomic alteration and 
digitization errors were not noted. After outliers 
were removed, a subsample of 69 individuals (32 
ancient [17 Female, 14 Male, 1 Unknown sex] 
and 37 contemporary [18 Female, 19 Male]) 
remained. With this subsample, a general 
Procrustes alignment was performed using the 

gpagen function, and a principal component 
analysis (PCA) was generated using the 
pg.prcomp command in geomorph to visualize 
group differences (Figure 2). Next, Goodall’s F-
test (37), or Procrustes ANOVA, was carried out 
using the procD.lm function to test for significant 
group differences in shape (ancient versus 
contemporary). Shape differences were 
visualized throughout the PCA morphospace by 
warping the most average mandible mesh into 
the landmark configurations of the PC axes’ 
minima and maxima using the plotRefToTarget 
function in geomorph (Fig. 2).   
 
Results 
The plot of the sample in shape space is shown 
in Figure 2. The first two principal components 
(PC) describe 24.67% of the shape variance, with 
PC1 accounting for 12.46% and PC2 accounting 
for 12.21%. PC1 describes the symphysis height 
(superoinferiorly), and ramus width 
(anteroposteriorly). PC2 describes the ramus 
width (anteroposteriorly) and height, body length 
(anteroposteriorly) and height, and gonial angle. 
The two populations, ancient and contemporary, 
showed similar spread along PC1, but showed 
slight distinction along PC2. Ancient mandibles 
are characterized by shorter overall height, wider 
rami, slightly larger coronoid processes, more 
acute gonial angles, and greater anteroposterior 
length, primarily driven by differences between 
ancient and contemporary females. In contrast, 
contemporary mandibles are characterized by 
taller overall height and chins, shorter 
anteroposterior length, and more obtuse gonial 
angles, primarily driven by differences between 
ancient and contemporary males. The Procrustes 
ANOVA indicated significant differences in shape 
between the ancient and contemporary 
mandibles (p<0.05) (Table 2). Our predictions of 
ancient mandibles having wider (anteroposterior) 
rami, shorter overall height, and more acute 
gonial angles were supported. Though not 
addressed directly in our hypotheses or 
predictions, males and females also differed 
significantly in shape space (p<0.05) (Table 3), 
as demonstrated in several previous studies 
(11,18,38,39). 
 
Discussion 
The contemporary mandibles in this study 
conform to an anatomical pattern of gracilization 
(6,8) in comparison to the ancient agricultural 
mandibles, supporting our hypothesis. This was 
shown in the areas of the mandible associated 
with masticatory muscle use, including the ramus 
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and gonial angle, in line with work by Anthwal et 
al. (14) and Sella-Tunis et al. (15). By comparing 
populations separated by only ~2,000 years, this 
study also supports work documenting significant 
morphological change in the mandible over a 
relatively short amount of time (17,18,20).  
Though not included in our predictions, other 
morphological trends that characterize the 
gracilization from hunter-gatherers to 
agriculturalists were seen here. For example, 
hunter-gatherer populations and groups with 
larger masticatory muscles have been noted to 
have a more upright symphysis, creating an 
overall rectangular body shape in comparison to 
agriculturalists or those with small muscles 
(6,13,18). Here, the larger-muscled 
agriculturalists were distinguished by a more 
upright, versus inferiorly tilted, symphysis in 
comparison to the contemporary sample, as 
reflected along PC2. Interestingly, the greater 
PC2 values that pull the ancient sample from the 
contemporary group are largely female 
mandibles. The distinctly robust ancient females 
may indicate stronger sexual dimorphism in 
ancient populations. 
That being said, our results conflict with some 
morphological patterns seen in contemporary 
mandibles around the world. For example, late 
20th-century American mandibles were shown to 
be narrower than early 20th-century mandibles 
(21). Our contemporary Floridian sample did not 
stand out as narrower than our ancient 
population, and, in fact, there were several very 
narrow agricultural mandibles. That this pattern 
was not replicated in our study may stem from the 
difference in time periods being compared. While 
the 20th-century comparison study is able to 
extract subtle differences in shape, those 
differences may become muted when compared 
to mandibles from thousands of years ago. In the 
Netherlands, contemporary mandibles are 
characterized by being short overall and 
mediolaterally wide in comparison to 
archaeological remains (18). In contrast, our 
analysis showed contemporary mandibles as 
being relatively tall. This difference in findings 
may be attributed to the limited differences 
between contemporary and archaeological 
populations in the Netherlands due to shared 
population history, cultural/dietary differences 
between the United States and the Netherlands, 
or methodological differences in landmark 
choice. Additional contemporary global 
comparisons are needed to further explore this 
difference. 

The likely driver of the mandibular shape 
differences between our two populations is a 
change in diet, which impacts masticatory muscle 
use, which then impacts bone resorption and 
remodelling (40,41). American diet quality has 
changed significantly post-World War II, which 
accelerated the creation and distribution of shelf-
stable foods (42).  By the 1980s, the term ‘ultra-
processed food’ (UPF) was introduced, referring 
to the plethora of products whose ingredient lists 
were often indecipherable with enhancers, 
additives, and emulsifiers (42,43). Examples of 
these foods include carbonated soft drinks, 
‘energy’ food items, ‘instant’ food products, mass-
produced bread products, and packaged snacks. 
The manufacturing of the processed ingredients 
in UPF often relies on breaking down the innate 
structure of an ingredient, which typically results 
in softer textures and smaller particles in the final 
food product (44). In the United States, the 
average American’s caloric intake is made up of 
more than 50% UPF (45), with over 70% of the 
US food supply categorized as UPF (46). Diets 
with a higher caloric share of UPF are 
significantly cheaper, which means that UPFs 
tend to be selected by groups with lower 
socioeconomic status (47,48). The health 
consequences of a diet high in UPF have been 
extensively studied globally in the last decade. 
Positive associations have been made between 
UPF and obesity, cardiovascular disease, breast 
cancer, depression, irritable bowel syndrome, 
and mortality (see (43) for review). In relation to 
the skeletal system, diets high in UPF may 
negatively impact bone development, resulting in 
more porous long bones with lower bone mineral 
density (49). This extreme softening of the 
American diet in the last ~80 years is 
documented in the mandibles of this study and 
likely contributes to the shape differences shown 
here.  
Another contributing factor to the more gracile 
shape of contemporary mandibles may be 
changes in medical care. This aspect is a 
limitation of the current study. Medical records 
with detailed dental history were not available for 
our contemporary Floridian sample, so we were 
unable to screen or analyze our data by 
orthodontic history, medical procedure, or other 
dental categories. Though we were able to 
assess caries rates in the contemporary Floridian 
sample, taphonomic processes and 3D model 
quality limited our ability to probe the impact of 
caries, periodontal disease, or attrition. For 
example, several ancient individuals are missing 
their incisors, however, it is unclear if the teeth 
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were lost due to disease or taphonomic 
processes. Having only surface models of the 
ancient sample also precluded comparison of 
internal structures, like cortical bone distribution 
analysis. A further limitation is a lack of dietary 
information. While agricultural populations two 
thousand years ago had a diet dictated by factors 
like environment and climate patterns, 
contemporary Floridians are able to choose their 
diet based on preference (though see above 
concerning the socioeconomic predictors of diet 
and health). We did not have information 
concerning dietary choices for our contemporary 
population, so we were not able to screen the 
sample accordingly. That being said, the majority 
of contemporary Americans have a very soft diet, 
as discussed above. Beyond dental health and 
environmental factors, differences in behavior or 
overall lifestyle may influence mandibular shape. 
We have no ethnographic accounts of the 
Ancient Nubian lifestyle in the context of the 
mandible (e.g., chewing smokeless tobacco) and 
can only assume what the behaviors were of the 
contemporary Floridian sample. These limitations 
impact the range of conclusions available to us.  
As we gain more understanding concerning 
contemporary mandibular shape and how it has 
changed since the advent of agriculture, future 
work expanding the sample to include other sites 
in the United States would be useful to 
corroborate the patterns found here. This study 
compared populations that differ in both time and 
place, so comparing populations that are more 
environmentally similar would help reduce the 
many limitations of this study. Future work should 
also focus on filling the time gaps between the 
introduction of agriculture and contemporary 
populations with the goal of fully illustrating global 
trends in mandibular shape in the last ~twelve 
thousand years. Doing so will put recent dietary 
changes, like a reliance on UPF, into evolutionary 
context and inform our understanding of modern 
oral health trends and medical treatment. Though 
not in the scope of this research group, future 
anatomical work would benefit from additional 
inquiry into the impact of UPF on skeletal 
formation and adult bone shape. Lastly, collecting 
dietary isotopes from both the ancient and 
contemporary samples in this study would allow 
for a more direct comparison of diet to mandibular 
shape in the future.  
 
Conclusion 
The work presented here identified mandibular 
shape differences in geographically and 
temporally disparate groups: ancient Nubian 

agriculturalists from ~2ka and a contemporary 
Floridian population. The contemporary Floridian 
mandibles were distinguished as being taller, 
thinner, and more gracile, likely due to the 
softness of the contemporary Floridian diet. This 
study confirms that mandible shape can change 
significantly over the course of two thousand 
years, and that this change may be seen globally 
or across geographic groups, not just when 
comparing mandibles from the same region. The 
findings also demonstrate that the process of 
contemporary gracilization mirrors the 
mandibular changes that occurred during the 
transition from hunter-gathering to agriculture.  
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Table 1. Landmark definitions and Bookstein type (30). 10 landmarks are bilateral, while 4 are in midline (9-12).  

 
 
Table 2. Procrustes ANOVA results testing the effect of time period on 3D shape using Goodall’s F test (1,000 permutations). 
Significant value (p<0.05) in bold. 

 df Sum of Squares Mean Square F p-value 

Ancient v. Contemporary 1 0.3248 0.32476 5.4337 0.001 

Residuals 67 0.40044 0.005977   

Total 68 0.43292    

 
 
Table 3. Procrustes ANOVA results testing the effect of sex on 3D shape using Goodall’s F test (1,000 permutations). 
Significant value (p<0.05) in bold. 

  df Sum of Squares Mean Square F p-value 

Sex 2 0.2497 0.0124831 2.0196 0.005 

Residuals 66 0.40795 0.0061811   

Total 68 0.43292       

 
  

Number 
Bookstein 

Type 
Description 

1 (L), 15 (R) 2 Most superior point of the coronoid process from lateral view 

2 (L), 16 (R) 2 
Point of maximum curvature on the posterior-inferior border where the posterior ramus 
and the corpus meet 

3 (L), 17 (R) 2 Most inferior point on the mandibular notch 

4 (L), 18 (R) 2 Most posterior point on the ascending ramus in line with the alveolus 

5 (L), 19 (R) 2 Most anterior point on the ascending ramus in line with the alveolus 

6 (L), 20 (R) 2 Most anterior point on the margin of the mental foramen 

7 (R), 21 (L) 2 Most superior point of the lingula 

8 (R), 22 (L) 2 The point directly inferior to the M2 midline along the mylohyoid line 

9 2 Most posterior point of the alveolar process along the anterior midline 

10 2 Most anterior midline point on the mental protuberance 

11 2 
Most posterior point of the lingual cortical plate along the midline, superior to the 

mental spines 

12 2 Most superior point of the digastric fossa along the midline 

13 (L), 23 (R) 2 Most medial projection of the condylar head 

14 (L), 24 (R) 2 Most lateral projection of the condylar head 
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Figure 1. Landmark placement from left (left), posterior (center), and anterior (right) views. 
 

 
 
Figure 2. Principal component analysis comparing ancient (orange) and contemporary (pink) mandibles. Shape space 
extremes are visualized as green mandibles for PC1 minimum (min) and maximum (max) and PC 2 minimum (min) and 
maximum (max). 
 
 



    R a g n i  e t  a l .                                              O R I G I N A L  S C I E N T I F I C  P A P E R  

 

 

 
    Bull Int Assoc Paleodont. Volume 20, Issue 1, 2026 

    www.paleodontology.com  
9 

 
 Bulletin of the International Association for Paleodontology 

NO-FEE OPEN ACCESS JOURNAL indexed in Scopus 

 

References 

1. Raia P, Boggioni M, Carotenuto F, Castiglione S, Di 
Febbraro M, Di Vincenzo F, Melchionna M, 
Mondanaro A, Papini A, Profico A, et al. 
Unexpectedly rapid evolution of mandibular shape 
in hominins. Sci Rep. 2018;8:7340. doi: 
10.1038/s41598-018-25309-8. Cited in PMID: 
29743608. 

2. Bergmann I, Hublin JJ, Ben-Ncer A, Sbihi-Alaoui FZ, 
Gunz P, Freidline SE. The relevance of late MSA 
mandibles on the emergence of modern 
morphology in Northern Africa. Sci Rep. 
2022;12:8841. doi: 10.1038/s41598-022-12607-5. 
Cited in PMID: 35614148. 

3. De Angelis F, Russo A, Nappo A, Cataldo G, 
Alessandrella M, Iorio S, Gazzaniga V, Rossi PF, De 
Luca A, Menditti D, et al. Human Mandible: 
Anatomical Variation and Adaptations over the Last 
2000 Years. Anatomia. 2025;4:18. doi: 
10.3390/anatomia4040018. 

4. Bergmann I, Hublin JJ, Gunz P, Freidline SE. How did 
modern morphology evolve in the human 
mandible? The relationship between static adult 
allometry and mandibular variability in Homo 
sapiens. J Hum Evol [Internet]. 2021 [cited 2026 Jan 
23];157:103026. doi: 
10.1016/J.JHEVOL.2021.103026. Cited in PMID: 
34214909. 

5. Katz DC, Grote MN, Weaver TD. Changes in human 
skull morphology across the agricultural transition 
are consistent with softer diets in preindustrial 
farming groups. Proc Natl Acad Sci U S A. 
2017;114:9050–9055. doi: 10.1073/pnas.1702586114. 
Cited in PMID: 28739900. 

6. Galland M, Van Gerven DP, Von Cramon-Taubadel 
N, Pinhasi R. 11,000 years of craniofacial and 
mandibular variation in Lower Nubia. Sci Rep. 
2016;6:31040. doi: 10.1038/srep31040. Cited in 
PMID: 27503560. 

7. Pokhojaev A, Avni H, Sella-Tunis T, Sarig R, May H. 
Changes in human mandibular shape during the 
Terminal Pleistocene-Holocene Levant. Sci Rep. 
2019;9:8799. doi: 10.1038/s41598-019-45279-9. 
Cited in PMID: 31217474. 

8. Brown ML. The Agricultural Transition in Upper 
Nubia: An Analysis of Mandibular Morphology and 
Oral Health [PhD Dissertation]. [Cambridge]: 
University of Cambridge; 2020. 

9. von Cramon-Taubadel N. Global human mandibular 
variation reflects differences in agricultural and 
hunter-gatherer subsistence strategies. Proc Natl 
Acad Sci U S A. 2011;108:19546–19551. doi: 
10.1073/pnas.1113050108. Cited in PMID: 22106280. 

10. Carlson DS, Van Gerven DP. Masticatory Function 
and Post-Pleistocene Evolution in Nubia. Am J Phys 
Anthropol. 1977;46:495–508. 

11. Chalazoniti A, Lattanzi W, Halazonetis DJ. Shape 
variation and sex differences of the adult human 
mandible evaluated by geometric morphometrics. 
Sci Rep. 2024;14:8546. doi: 10.1038/s41598-024-
57617-7. Cited in PMID: 38609399. 

12. Basit H, Eovaldi BJ, Siccardi MA. Anatomy, Head 
and Neck, Mastication Muscles. StatPearls 
[Internet]. Treasure Island, FL: StatPearls 
Publishing; 2023 [cited 2025 Jul 17]. p. 
https://www.ncbi.nlm.nih.gov/books/NBK541027/. 
Available from: 
https://www.ncbi.nlm.nih.gov/books/NBK541027/. 

13. Soyoye OA, Otuyemi OD, Kolawole KA, Ayoola OO. 
Relationship between masseter muscle thickness 
and maxillofacial morphology in pre-orthodontic 
treatment patients. Int Orthod [Internet]. 2018 
[cited 2025 Jul 17];16:698–711. doi: 
10.1016/J.ORTHO.2018.09.015. Cited in PMID: 
30348502. 

14. Anthwal N, Peters H, Tucker AS. Species-specific 
modifications of mandible shape reveal 
independent mechanisms for growth and initiation 
of the coronoid. Evodevo [Internet]. 2015 [cited 
2025 Jul 17];6:35. doi: 10.1186/S13227-015-0030-6. 
Cited in PMID: 26568815. 

15. Sella-Tunis T, Pokhojaev A, Sarig R, O’Higgins P, 
May H. Human mandibular shape is associated with 
masticatory muscle force. Sci Rep. 2018;8:6042. doi: 
10.1038/s41598-018-24293-3. Cited in PMID: 
29662127. 

16. Smith BD. Low-Level Food Production. Journal of 
Archaeological Research. 2001;9:1–43. 

17. Rando C, Hillson S, Antoine D. Changes in 
mandibular dimensions during the mediaeval to 
post-mediaeval transition in London: A possible 
response to decreased masticatory load. Arch Oral 
Biol. 2014;59:73–81. doi: 
10.1016/j.archoralbio.2013.10.001. Cited in PMID: 
24169153. 

18. Bosman AM, Moisik SR, Dediu D, Waters-Rist A. 
Talking heads: Morphological variation in the 
human mandible over the last 500 years in the 
Netherlands. HOMO- Journal of Comparative 
Human Biology. 2017;68:329–342. doi: 
10.1016/j.jchb.2017.08.002. Cited in PMID: 
28987534. 

19. Hirst CS. How has the morphology of the human 
mandible varied in response to the dietary changes 
that have occurred in Britain between the Neolithic 
and Post-Medieval periods? [PhD Dissertation]. 
[London]: University College London; 2019. 



    R a g n i  e t  a l .                                              O R I G I N A L  S C I E N T I F I C  P A P E R  

 

 

 
    Bull Int Assoc Paleodont. Volume 20, Issue 1, 2026 

    www.paleodontology.com  
10 

 
 Bulletin of the International Association for Paleodontology 

NO-FEE OPEN ACCESS JOURNAL indexed in Scopus 

20. Decaup PH, Garot E, Vanderesse N, Couture C. How 
geographical origin and dietary habits interact with 
the shape of cortical mandibular sections? A 
geometric morphometrics study in an 
archaeological context. Arch Oral Biol. 2024;161. 
doi: 10.1016/j.archoralbio.2024.105938. Cited in 
PMID: 38430644. 

21. Martin DC, Danforth ME. An analysis of secular 
change in the human mandible over the last 
century. American Journal of Human Biology 
[Internet]. 2009 [cited 2025 Jul 20];21:704–706. doi: 
10.1002/AJHB.20866,. Cited in PMID: 19603489. 

22. Puişoru M, Forna N, Fǎtu AM, Fǎtu R, Fǎtu C. 
Analysis of mandibular variability in humans of 
different geographic areas. Annals of Anatomy. 
2006;188:547–554. doi: 
10.1016/j.aanat.2006.05.015. Cited in PMID: 
17140148. 

23. Nicholson E, Harvati K. Quantitative analysis of 
human mandibular shape using three-dimensional 
geometric morphometrics. Am J Phys Anthropol. 
2006;131:368–383. doi: 10.1002/ajpa.20425. Cited in 
PMID: 16617436. 

24. Adams DC, Rohlf FJ, Slice DE. A field comes of age: 
Geometric morphometrics in the 21st century. 
Hystrix, the Italian Journal of Mammalogy. 
2013;24:7–14. doi: 10.4404/hystrix-24.1-6283. 

25. Rohlf FJ, Marcus LF. A Revolution in 
Morphometrics. Trends Ecol Evol. 1993;8:129–132. 

26. O’Higgins P. The study of morphological variation in 
the hominid fossil record : biology, landmarks and 
geometry. J Anat. 2000;197:103–120. 

27. Adams DC, Rohlf FJ, Slice DE. Geometric 
morphometrics: Ten years of progress following the 
‘revolution.’ Italian Journal of Zoology. 2004;71:5–
16. doi: 10.1080/11250000409356545. 

28. Slice DE. Modern Morphometrics in Physical 
Anthropology. Modern Morphometrics in Physical 
Anthropology. Kluwer, New York: 
Academic/Plenum Publishers; 2005. 

29. Cooke SB, Terhune CE. Form, Function, and 
Geometric Morphometrics. Anatomical Record. 
2015;298:5–28. doi: 10.1002/ar.23065. 

30. Bookstein FL. Morphometric Tools for Landmark 
Data: Geometry and Biology [Internet]. 
Morphometric Tools for Landmark Data. 
Cambridge University Press; 1991 [cited 2026 Jan 
24]. Available from: 
https://www.cambridge.org/core/books/morphom
etric-tools-for-landmark-
data/A18AD895945610BAD6396E76CEB512CD. 

31. Watanabe A. How many landmarks are enough to 
characterize shape and size variation? PLoS One. 
2018;13:e0198341. doi: 
10.1371/journal.pone.0198341. Cited in PMID: 
29864151. 

32. R Core Team. R: A Language and Environment for 
Statistical Computing. Vienna, Austria: R 
Foundation for Statistical Computing; 2024. 

33. Adams D, Collyer M, Kaliontzopoulou A, Baken E. 
Geomorph: Software for geometric morphometric 
analyses. R package version 4.0.10. 2025. 

34. Baken E, Collyer M, Kaliontzopoulou A, Adams D. 
Geomorph v4.0 and gmShiny: Enhanced analytics 
and a new graphical interface for a comprehensive 
morphometric experience. Methods Ecol Evol. 
2021;12:2355–2363. 

35. Wickham H. ggplot2: Elegant Graphics for Data 
Analysis. New York: Springer-Verlag; 2016. 

36. Rohlf FJ, Slice D. Extensions of the Procrustes 
Method for the Optimal Superimposition of 
Landmarks. Syst Zool. 1990;39:40–59. 

37. Goodall C. Procrustes Methods in the Statistical 
Analysis of Shape. Journal of the Royal Statistical 
Society B [Internet]. 1991;53:285–339. 

38. Toneva DH, Nikolova SY, Fileva NF, Zlatareva DK. 
Size and shape of human mandible: Sex differences 
and influence of age on sex estimation accuracy. 
Leg Med. 2023;65:102322. doi: 
10.1016/j.legalmed.2023.102322. Cited in PMID: 
37722156. 

39. Nadal L, Lahr MM. Patterns of sexual variation in 
hominoid mandibular morphology: a framework for 
interpreting the hominin fossil record. 2022; doi: 
10.1101/2022.06.15.496279. 

40. Wolff J. The law of bone transformation. Berlin: 
Hirschwald; 1892. 

41. Ruff C, Holt B, Trinkaus E. Who’s afraid of the big 
bad Wolff?: “Wolff’s law” and bone functional 
adaptation. Am. J. Phys. Anthropol. 2006. p. 484–
498. 

42. Logan AC, D’Adamo CR, Pizzorno JE, Prescott SL. 
“Food faddists and pseudoscientists!”: Reflections 
on the history of resistance to ultra-processed 
foods. Explore. 2024;20:470–476. doi: 
10.1016/j.explore.2023.12.014. Cited in PMID: 
38176973. 

43. Monteiro CA, Cannon G, Lawrence M, Laura Da 
Costa Louzada M, Machado PP. Ultra-processed 
foods, diet quality, and health using the NOVA 
classification system [Internet]. Rome; 2019. 
Available from: 
http://www.wipo.int/amc/en/mediation/rules. 

44. Forde CG, Mars M, De Graaf K. Ultra-Processing or 
Oral Processing? A Role for Energy Density and 
Eating Rate in Moderating Energy Intake from 
Processed Foods. Curr Dev Nutr [Internet]. 
2020;4:nzaa019. 

45. Marino M, Puppo F, Del Bo’ C, Vinelli V, Riso P, 
Porrini M, Martini D. A systematic review of 
worldwide consumption of ultra-processed foods: 



    R a g n i  e t  a l .                                              O R I G I N A L  S C I E N T I F I C  P A P E R  

 

 

 
    Bull Int Assoc Paleodont. Volume 20, Issue 1, 2026 

    www.paleodontology.com  
11 

 
 Bulletin of the International Association for Paleodontology 

NO-FEE OPEN ACCESS JOURNAL indexed in Scopus 

Findings and criticisms. Nutrients. 2021;13:2778. 
doi: 10.3390/nu13082778. Cited in PMID: 34444936. 

46. Menichetti G, Ravandi B, Mozaffarian D, Barabási 
AL. Machine learning prediction of the degree of 
food processing. Nat Commun. 2023;14. doi: 
10.1038/s41467-023-37457-1. Cited in PMID: 
37085506. 

47. Darmon N, Drewnowski A. Contribution of food 
prices and diet cost to socioeconomic disparities in 
diet quality and health: A systematic review and 
analysis. Nutr Rev. 2015;73:643–660. doi: 
10.1093/nutrit/nuv027. Cited in PMID: 26307238. 

48. Vandevijvere S, Pedroni C, De Ridder K, Castetbon 
K. The Cost of Diets According to Their Caloric Share 

of Ultraprocessed and Minimally Processed Foods in 
Belgium. Nutrients [Internet]. 2020 [cited 2026 Jan 
24];12:2787. doi: 10.3390/NU12092787. Cited in 
PMID: 32933051. 

49. Zaretsky J, Griess-Fishheimer S, Carmi A, Travinsky 
Shmul T, Ofer L, Sinai T, Penn S, Shahar R, 
Monsonego-Ornan E. Ultra-processed food targets 
bone quality via endochondral ossification. Bone 
Res. 2021;9:14. doi: 10.1038/s41413-020-00127-9. 
 
 
 

 
 

 
 


