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ABSTRACT:

Quarto, L.F. and Antczak, M. 2024. Morphometrics of the mandible of Metoposaurus krasiejowensis Sulej, 
2002 and its ecological implications. Acta Geologica Polonica, 74 (3), e18.

Amphibians, due to their ecological plasticity, are some of the best environmental indicators among vertebrates 
nowadays and in the fossil record. One such example is the extinct family Metoposauridae Watson, 1919. 
Metoposaurids were abundant amphibians in Late Triassic Pangea. The remains of the genus Metoposaurus 
Lydekker, 1890 have been found in Germany, Poland and Portugal with three species, respectively Metoposaurus 
diagnosticus (Meyer, 1842), Metoposaurus krasiejowensis Sulej, 2002 and Metoposaurus algarvensis Brusatte, 
Butler, Mateus and Steyer, 2015. Since the majority of studies concern the skull and the pectoral girdle, in this 
work M. krasiejowensis has been analysed through a morphometric study of the mandible. This was made pos-
sible by the high abundance of fossils found in Krasiejów (SW Poland) in the last 20 years. The characteristics 
considered are the morphology of the mandible corpus and its most relevant bones, the adaptation to stress 
during biting and the dermal ornamentation. The results reveal that not only do these characters have great 
intraspecific variability, but that at least two groups of a single population of M. krasiejowensis probably had 
different lifestyles, one more aquatic and the other more terrestrial.

Key words:	 Temnospondyli;  Metoposaurids;  Mandible;  Morphometrics;  Dermal bone orna-
mentation; Palaeoecology.

INTRODUCTION

In the Late Triassic, metoposaurids (Yates and 
Warren 2000) were common and diversified amphib-
ians, among the most abundant non-marine verte-
brates. In Europe the genus Metoposaurus Lydekker, 
1890 has been found in Germany (Meyer 1842; Fraas 
1889; Lydekker 1890; Milner and Schoch 2004), 
Poland (Sulej 2002, 2007), and Portugal (Witzmann 
and Gassner 2008; Brusatte et al. 2015). The German 
material was the first to be described as Metopias dia
gnosticus Meyer, 1842 (Meyer 1842; Fraas 1889) and 
later as Metoposaurus diagnosticus (Lydekker 1890). 
After the finding of new specimens in Poland and 

Portugal, the presence of some different characters, 
mainly concerning the skull or the pectoral girdle, 
i.e., the location of the lacrimal and ornamentation 
of clavicles and interclavicles (Sulej 2007), led to the 
identification of two different species: Metoposaurus 
krasiejowensis Sulej, 2002 and Metoposaurus algar-
vensis Brusatte, Butler, Mateus and Steyer, 2015.

The abundance and the diversity of bones in 
Krasiejów (SW Poland) have, in the last 20 years, made 
M. krasiejowensis an interesting case for biochrono-
logical, osteological and histological studies (Sulej 
2002, 2007; Barycka 2007; Konietzko-Meier and 
Wawro 2007; Lucas et al. 2007; Konietzko-Meier and 
Sander 2013; Antczak and Bodzioch 2018; Konietzko-
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Meier et al. 2018; Teschner et al. 2018; Gruntmejer et 
al. 2019a, b, 2021; Lucas 2020; Kalita et al. 2022).

Several studies have indicated the possibility of 
distinguishing two groups inside the population of 
M. krasiejowensis, with osteological differences due 
to ecology or sexual dimorphism. The majority of 
these studies concerned the skull, the pectoral gir-
dle and long bones. In this work, instead, we verify 
if this variation can be found also in the lower jaw 
through two approaches. With the aim of seeing if the 
morphometrical differences are real and consistent 
among the specimens, numerous dimensions have 
been measured, and accurate descriptions made of 
the symphysial region, the openings, the pits and the 
dermal bone ornamentation. On the other hand, we 
have tested their possible impact on the adaptation 
to stress during biting, with the mandibular force 
profile method. The data were also compared with 
ones of another temnospondyl found in Krasiejów, 
Cyclotosaurus intermedius Sulej and Majer, 2005, 
whom mandible is almost identical to that of M. kra-
siejowensis, except for its having a more prominent 
hamate process and a major general size. We provide 
an explanation about these morphological differences 
based, above all, on the analysis of the dermal bone 
ornamentation.

THE MANDIBLE OF METOPOSAURUS

Anatomy of the mandible

The lower jaw of M. krasiejowensis (Text-fig. 1) 
has a narrow, tubular structure with the dentary in 
anterodorsal and labial position, three coronoids 
and the prearticular on the lingual side, splenial and 
postsplenial on the ventrolingual side and angular 
and surangular in the posterolingual position. The 
lingual side presents a large Meckelian window and 
other accessorial openings (henceforth the inter-
meckelian foramen, the anterior Meckelian window, 
and other accessory foramina and pits are indicated 
as accessory openings) while the adductor fossa is on 
the dorsal side, between the coronoid and the hamate 
processes. The teeth lie only on the dentary, except 
for the tusk on the symphysial plate and the para-
symphysial teeth on its lingual margin (Sulej 2002, 
2007). This structure is common among all the stem 
tetrapods and tetrapodomorph fishes (Ahlberg and 
Clack 1998; Anderson et al. 2013), with some ex-
ceptions, e.g., species with teeth on coronoids, spe-
cies with less numerous coronoids and species with 
a small Meckelian window (Clack et al. 2012). These 

small variations are diagnostic for recognition of the 
species, and sometimes mandibles are the only re-
mains of primitive tetrapods (Ruta and Bolt 2008). 
Nevertheless, the overall shape of all these mandi-
bles with numerous bones, elongated shape, low and 
backward processes and a large symphysial tusk can 
be simplified in order to analyse the mechanical be-
haviour of tetrapods mandible.

A simple, hypothetical model made by Olson 
(1961) considers only the mandible bones and two 
muscular groups, the adductor mandibuli muscle and 
the pterygoideus muscle, and distinguishes two sys-
tems. The early tetrapods, as far as the temnospon-
dyls, which are generally characterised by a large, 
flat skull close to the girdle, belong to the kinetic 
inertial system. Here the muscular groups form a right 
angle with the mandibular corpus when the mouth is 
open and at this time the muscles exert their maxi-
mum force to instantly close the mouth and impale 
the prey with tusks, through a snapping movement. 
In basal amniotes instead, which have a smaller and 
narrower skull than primitive tetrapods, the tusk is re-
duced or lost, coronoid teeth disappear, the coronoids 
themselves are reduced or lost and the muscle groups 
form a right angle when the mouth is almost closed, 
to exert the highest force to hold the prey tightly, 
with a squeezing action. This model is called a static 
pressure system. In this study, a model that works as 
in the kinetic inertial system is used to perform the 
mandible force profile method, based on beam theory.

Beam theory and biomechanical model  
of the mandible

According to beam theory, if a cantilevered beam 
undergoes a bending load, the bending results in ten-
sile stress on the side on which the load is applied and 
compressive stress on the opposite side (Biewener 
1992; Text-fig. 2B). Along the neutral axis that passes 
through the centroids of the sections of the mandible 
there is no stress. The mandible can be modelled as 
a cantilevered beam that undergoes bending loads 
during biting, depending on the position and force 
of the muscular group. The bite force applied at any 
point on the mandible reflects its external dimensions 
in each location. Then, the variation of these dimen-
sions indicates the ability of the mandible to resist 
different loads, which reflects the feeding behaviour 
(Therrien 2005a, b; Therrien et al. 2005, 2016).

This model is based on the assumption that the 
mandible section is perfectly elliptical and solid. Each 
section has its shape and can present hollows on the 
surface, such as the Meckelian window or the abduc-
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tor fossa, and, above all, inside. Therefore, besides 
beam theory (Biknevicius and Ruff 1992; Therrien 
2005a, b; Therrien et al. 2005, 2016; Organ et al. 
2006), other biomechanical approaches have been 
developed, such as jaw musculature reconstruction 
(Christiansen and Adolfssen 2005; Christiansen and 
Wroe 2007; Wroe et al. 2007) and finite element 
analysis (FEA) (McHenry et al. 2007; Rayfield 2007; 
Fry et al. 2009; Slater et al. 2009, 2010; Tseng and 
Binder 2010; Tseng and Wang 2010; Tseng et al. 2011; 
Fortuny et al. 2012; Tseng 2013; Figueirido et al. 2014; 
Konietzko-Meier et al. 2018; Rowe and Snively 2022). 
However, the mandibular force profile method, based 
on beam theory, remains the simplest, because it does 
not require computer tomography (CT) or scanners; 
its results are quite similar to the ones of FEA and 
it can be used to substitute or integrate other tech-
niques as well (Metzger et al. 2005; Walmsley et al. 
2013; Therrien et al. 2016; Rowe and Snively 2022). 

The mandibular force profile method is mainly used 
with crocodilians (Busbey 1995; Metzger et al. 2005; 
McHenry et al. 2006; Walmsley et al. 2013) and thero-
pods (Therrien et al. 2005; Snively et al. 2006; Cuff 
and Rayfield 2013) to examine the adaptation of the 
skull and mandible to stress in biting, shaking and 
twisting. In this work we do not investigate the pos-
sibility of Metoposaurus performing lateral or rota-
tional movements; we just apply the method to biting 
to verify if it can be useful to understand the differ-
ences among specimens or add information about the 
general functioning of the mandible.

Dermal bone ornamentation

Many vertebrates, including arandaspids (Young 
2009), heterostracans and osteostracans (Märss 
2006), placoderms (Giles et al. 2013), actinoptery-
gians (Lundberg and Aguilera 2003), and basal tet-

Text-fig. 1. Schematic representation of the bones of the mandible of Metoposaurus krasiejowensis Sulej, 2002, without the ornamentation, on 
A – labial side; B – dorsal side; C – lingual side; and D – ventral side. The mandible has a narrow, tubular structure with the dentary in antero-
dorsal and labial position, three coronoids, without teeth, and the prearticular on the lingual side, splenial and postsplenial on the ventrolingual 
side, angular and surangular in the posterolingual position. The lingual side presents a large Meckelian window and other accessorial openings, 

while the adductor fossa is on the dorsal side, between the coronoid and the hamate processes.
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rapods, such as Eusthenopteron Whiteaves, 1881 
(Zylberberg et al. 2010), Panderichthys Gross, 1941 
(Vorobyeva and Schultze 1991), Elpistostege Westoll, 
1938 (Schultze and Arsenault 1985), Tiktaalik 
Daeschler, Schubin and Jenkins, 2006, temnospon-
dyls (Meyer 1858; Credner 1881; Fraas 1889; Fritsch 
1889; Zittel 1911; Bystrow 1935, 1947; Romer 1947; 
Cosgriff and Zawiskie 1979; Boy and Sues 2000; 
Schoch 2001; Dias and Richter 2002; Witzmann et 
al. 2010; Witzmann and Soler-Gijón 2010; Rinehart 
and Lucas 2013a; Antczak and Bodzioch 2018), but 
also crocodilians (De Buffrénil 1982; Clarac et al. 
2015; De Buffrénil et al. 2015; Pochat‐Cottilloux et 
al. 2023), squamates (De Buffrénil et al. 2011) and 
turtles (Scheyer et al. 2007), present a dermal bone 
ornamentation. The ornamentation, or sculpture, is 
composed of pits, ridges, tubercles and furrows, and 
covers the outer surface of the bones in the skull 
roof, lateral side of the mandible, pectoral girdle and 
osteoderms, forming repetitive, non-random geomet-
rical patterns. Despite the fact that this character is 
widespread and has been recognised since the 19th 
century (Credner 1881), its functional significance 
remains poorly understood.

Bystrow (1935) distinguished between a polyg-
onal ornamentation that first forms ontogenetically 
in the ossification centre and a radial ornamenta-
tion that follows the direction of growth of the bone. 
He also interpreted the pores within the pits as a 
capillary network used for cutaneous respiration by 

aquatic stem tetrapods (Bystrow 1947). Following 
the approach of Credner (1881) and Bystrow (1935), 
the ornamentation has been used to distinguish the 
different ontogenetic phases in temnospondyls (Boy 
and Sues 2000), but several other hypotheses have 
been proposed: increasing the mechanical resistance 
of the skull by distributing the stress during feed-
ing (Coldiron 1974; Rinehart and Lucas 2013a); re-
duction of water loss by evaporation (Seibert et al. 
1974); augmenting the skin anchorage and strength-
ening and surface area (Romer 1947; Cosgriff and 
Zawiskie 1979; Schoch 2001; Dias and Richter 2002; 
Witzmann and Soler-Gijón 2010); increasing basking 
efficiency (Seidel 1979); and contributing to acidosis 
buffering and lactic acid build-up due to anaerobic 
activity (Janis et al. 2012).

In tetrapods and, in particular, in temnospondyls, 
two types of ornamentation are prevalent (Witzmann 
et al. 2010; Rinehart and Lucas 2013a). The former, 
called polygonal or reticulate, is composed of cells 
with four, five or six sides or rounded shapes. Each 
cell has a concave, approximately flat-bottomed area, 
the pit, enclosed by ridges. The bottom of each cell 
contains at least one vascular opening. The points of 
intersection of the ridges are called nodal points and 
if they are higher and broader than the ridges, they 
are designated as tubercles. Sometimes this is called 
‘honeycomb-’ or ‘waffle-iron-like’ texture. The lat-
ter, the radial, presents parallel or sub-parallel, lon-
gitudinal and round-bottomed grooves, separated by 

Text-fig. 2. A – Simplified representation in perspective of the Metoposaurus krasiejowensis Sulej, 2002 mandible with the elliptical section 
and the axes. The section is perpendicular to the longitudinal axis of the corpus and approximates the form of the real section, without consid-
ering holes and possible irregularities in the dermal bone ornamentation on the labial side. B – Behaviour of a beam without and with a load 

applied to the free end.
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ridges. The vascular openings are often accompanied 
by an axilla ridge. The surface of both types of orna-
mentation can also present some small pores. In this 
study the vascular openings and the pores are not 
taken into account.

GEOLOGICAL SETTING

The Upper Triassic (Keuper) of the German 
Basin is a thick, regressive, fine-siliciclastic suc-
cession in Central Europe, extending from west-
ern France to eastern Poland. In Poland, the Upper 
Silesian Keuper facies outcrops in a few localities. 
One of them is an abandoned open-cast mine of clay-
stones and siltstones near Krasiejów in the Opole 
voivodeship. While in Germany the Keuper is di-
vided into three parts, i.e., lower, middle and up-
per, in Poland it is divided into two parts: the lower 
part of the succession has been correlated with the 
late Carnian ‘Upper Gypsum Series’ and the upper 
part with the ‘Lisów Breccia’ (Bilan 1975), but also 
with the middle or upper Norian Jarkowo Beds or 
Zbąszynek Beds (Grodzika-Szymanko 1971; Mader 
1997). The chronostratigraphic position of the upper 
part remains uncertain and its fossil content can-
not provide more information, thus Carnian (Dzik 
and Sulej 2007; Lucas 2015) and Norian (Środoń et 
al. 2014; Fijałkowska-Mader 2015; Racki and Szulc 
2015; Szulc et al. 2015a, b) attributions are both plau-
sible. The bonebeds were correlated with the German 
Carnian Untere Bunte Mergel Formation (Dzik 2001, 
2003), and the Norian Drawno Beds (Sulej 2002). 
More recently, three lithostratigraphic members 
have been formally defined: the Ozimek (Mudstone-
Evaporite) Member, the Patoka (Marly Mudstone-
Sandstone) Member and the Woźniki (Limestone) 
Member. The bone-bearing horizon of Krasiejów 
belongs to the Patoka Member (Szulc et al. 2015a). 
The succession that contains the vertebrate bonebeds 
can be divided into three sedimentary units: two al-
luvial units with siltstone and channels that represent 
low-energy environments, respectively an anasto-
mosing river for the lower unit and a meandering 
river for the upper unit, and a lacustrine unit between 
these two alluvial units, with massive claystone that 
represents an extensive lake existing in a warm, sub-
tropical climate with an arid-to-wet seasonal rhythm 
(Gruszka and Zieliński 2008). Among the three units 
lie two bone-bearing horizons: the lower with M. 
krasiejowensis and the upper with Silesaurus Dzik, 
2003 and Polonosuchus Brusatte, Butler, Sulej and 
Niedźwiecki, 2009 (Dzik and Sulej 2007).

MATERIALS AND METHODS

All the specimens are deposited in the Institute of 
Biology at the University of Opole. For morphomet-
ric measurements, 33 numerical variables (Table  1) 
and 7 categorical variables (Table 2) have been mea-
sured on 22 specimens of M. krasiejowensis and 

antp Length of the anterior accessory opening
l1 Total length along the major axis
l2 Total length along the labial margin
ld Length of the dentary
h1 Depth at the articular
h2 Depth at the hamate process
h3 Maximum depth (coronoid process or near)
w1 Maximum width (coronoid process or near)

w2 Minimum width (generally near the point of maximum 
curvature)

h5 Depth in suture between dentary and surangular
w4 Width in suture between dentary and surangular

h6
Depth in half dentary (for specimen without symphysial 

region the length of the dentary has been calculated based 
on specimens with similar length)

w5
Width in half dentary (for specimen without symphysial 

region the length of the dentary has been calculated based 
on specimens with similar length)

h4 Depth in the symphysis
w3 Width in the symphysis
h10 Depth at the second tooth alveolus
w6 Width at the second tooth alveolus

l6 Distance between the second tooth alveolus and the mid-
dle of the articulation

l7 Distance between the middle of the dentary and the middle 
of the articulation

l8 Distance between the dentary-surangular suture and the 
middle of the articulation

l9 Distance between the section of maximum depth and the 
middle of the articulation

hm Height of Meckelian window
m Width of Meckelian window

d1 Distance between the Meckelian window and the first 
accessory opening

h7 Height of the first accessory opening
l3 Width of the first accessory opening

d2 Distance between the first and the second accessory 
opening

h8 Height of the second accessory opening
l4 Width of the second accessory opening

d3 Distance between the second and the third accessory 
opening

h9 Height of the third accessory opening
l5 Width of the third accessory opening
a Length of the abductor fossa

wa Width of the abductor fossa

Table 1. Numerical variables of morphometric characters. Measur-
ing protocol is in Text-fig. 3.
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one specimen of C. intermedius used as an outgroup 
(Text-fig. 3). The specimens differ not only in their 
general size but also in the proportions between the 
dimensions on the principal axes and in the form of 
the bones. In making all these measurements we have 
tried to quantify all the differences. The complete 
dataset is presented in Appendix 1.

The measurements have been taken with a digital 
calliper, except for the major lengths, which were 
taken with a meterstick. Some of them have been 
used to calculate the bend strength. Since the calli-
per measurements are in millimetres, with one dec-
imal number, while the major lengths are in centi-
metres without decimals and generally greater than 
10 cm, the data have been standardized. A Principal 
Component Analysis (PCA) was performed on the 
standardized dataset. A Shapiro-Wilk Test was per-
formed to check the normality of data. K-means clus-
ters have been added to the PCA plots and the plots of 
comparison between l2, w1, h3 and w3.

Some of these dimensions have been used to cal-
culate the adaptation to stress according to beam the-
ory. The simplified model of the ramus of the mandi-
ble is as a solid beam with an elliptical section. The 
axes of the ellipse are the labiolingual axis (x) and the 
dorsoventral axis (y) of the mandible (Text-fig. 2A). 
Then, the maximum force applied to any given point 
in the mandible is proportional to Z (the ratio of the 
section modulus of the mandibular corpus) /L (the 
distance of that point from the articular fossa). Z/L 
reveals variations in the magnitude of the applied 
force in different locations of the mandible and Zx/
Zy is the relative mandibular strength in different 
planes. The mandibles that are deeper than wide (Zx/
Zy > 1) are more adapted to resist dorsoventral loads, 
followed by sagittal bending; the ones that are wider 
than deep (Zx/Zy < 1) are adapted to resist labiolin-
gual loads, followed by torsional stresses; the ones 
that are as deep as wide (Zx/Zy =1) are adapted to 
sustain both sagittal bending and torsional stresses 
(Hylander 1979). A complete mathematical explana-
tion is provided in Appendix 2.

Concerning the ornamentation, 18 characters, 
modified from Witzmann et al. (2010), and Antczak 
and Bodzioch (2018), have been analysed (Table 3).

A Multiple Correspondence Analysis (MCA) 
was performed on these ornamentation data. All 
the statistics have been carried out with RStudio 
2023.06.0+421.

side Side of the ramus (left, right)
sr Presence of the symphysial region (Y, N)
pst Presence of parasymphisial teeth (Y, N)
tusk Presence of the tusk (Y, N)
st Site of the tusk (anterior, posterior, N)
er Presence of an edentulous region (Y, N)
ao Number of accessory openings (low, high)

Table 2. Categorical variables of morphometric characters.

Text-fig. 3. Measuring protocol for measurements from Table 1 of the mandible in dorsal view, above, and lateral view on lingual side, below.
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RESULTS

Morphometrics

Analysis of the PCA outputs (Text-fig. 4) indi-
cates that the first PC represents only half of the 
variance and the variances of the four following PCs 
are still low. Only the first three PCs are taken into 
account herein, with 74% of the cumulative propor-
tion of variance. PC1 is correlated to all the variables, 
in particular the ones related to the total and dentary 
length; PC2 shows a contrast between the lengths 
and the dimension of the openings; PC3 shows many 
contrasts between variables. In the plot of the PC1/
PC2 scores, the best represented variables are the to-
tal length both along the longitudinal axis and along 
the labial margin, the length of the dentary, the width 
at the end of the dentary and in the middle of the 
dentary, and by the widths and the depths in the dif-
ferent sections along the longitudinal axis. All these 
variables are grouped along the x axis. In turn, on 
the y axis there are only dimensions of the third ac-
cessory opening in the postsplenial and the length of 
the first one, counting from the Meckelian window 
forward. This third opening is present only in two 
specimens, UOBS02062 and UOPB3490. Thus, it is 
possible to discriminate at least two groups along the 
x axis: the one on the right composed of specimens 
that lack a considerable part of the mandible and, 
as a consequence, have low length values, and the 
group in the middle with specimens that have an av-

erage length that increases toward the left. There are 
also two outgroups: UO2BP5V on the extreme left, 
which is Cyclotosaurus, considerably longer than 
Metoposaurus, and UOPB3490, which, despite its 
considerable length, has the third accessorial opening 
and is on the lower margin of the plot, while all the 
others are in the upper and middle parts. Considering 
that going from left to right, after UO2BP5V there 
are UOBS0323, the first longest metoposaur spec-
imen, UOPB3503 and UOPB3504, the second and 
third longest specimens, UOBS02060, UOBS02061 
and UOBS02062, that are also quite long, it shows 
that only the position of UOPB3490, the fourth lon-
gest specimen, is strongly affected by its particular 
character. Comparing PC1 and PC3, the variables on 
the x axis are the same, but with more emphasis on 
the heights, while the dimensions of the third acces-
sorial opening are more grouped on the y axis. The 
pattern of the specimens is similar to that of the pre-
vious one, with the right and the central groups and 
UO2BP5V in the extreme left, but here the outgroup 
in the bottom is UOBS02062, the other specimen 
with the third accessory opening. All the other spec-
imens are in the upper part of the plot. In PC2/PC3 
there are three groups of variables: on the left of the 
x axis and upward, the dimensions of the openings 
in the lingual side and the heights and widths in the 
posterior part of the mandible; on the right part, and 
downward, the lengths and widths of the anterior part 
and the dentary and the distance between the dentary 
and the articulation; on the y axis, downward and 

1 The ornamentation is regular (1); irregular (2)

2 The ridges are very sparse, i.e., <4 ridges in 2.5 cm in the vertical section at hamate and coronoid processes (1); sparse, 4–6 (2);  
dense, >6 (3)

3 Polygons are small, <5 mm (1); large, 5-6 mm (2); very large, >6 mm (3)
4 The height of the ridges is variable (1); mostly constant (2)
5 The ridges are deep, <3 mm (1); deep or shallow, 3-4 mm (2); shallow, >4 mm (3)

6 The height of the ridges is equal or slightly lower than the height of the nodal points (1); there are regions on which the height is the 
same and regions on which the ridges are lower (2); ridges are conspicuously lower than nodal points (3)

7 The width of the ridges is variable (1); mostly constant (2)
8 The ridges are fine, <2 mm (1); coarse, >2 mm (2)
9 The width of the ridges is at least half of the diameter of the appertaining cell (1); variable (2); narrower than the half of the diameter (3)
10 The nodal points are not broader or slightly broader than the ridges (1); distinctly broadened (2)
11 The ridges are broadly rounded dorsally (1); broadly rounded or narrow or edged dorsally (2); narrow or edged dorsally (3)
12 Sculptural cells constitute most of the sculptural pattern (1); radiating ridges and furrows constitute most of the sculptural pattern (2)
13 Sculptural cells are rather polygonal (1); polygonal or rounded (2); rather rounded (3)
14 The most common polygon are hexagons (1); pentagons (2); others (3)
15 Multipolygons are several or none (1); numerous (2)
16 No nodal points form tubercles (1); many nodal points form tubercles (2)
17 A deep furrow on the labial side of the dentary is absent (1); present (2)
18 A deep furrow on the lingual side of the angular is absent (1); present (2)

Table 3. Variables of ornamentation characters.
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Text-fig. 4. PCA plots with k-means clustering: left column – with dimensions of 3rd accessory opening, dimensions for beam theory and incom-
plete specimens; right column – without. Specimens: 1 – UOBS01264; 2 – UOBS02059; 3 – UOBS02060; 4 – UOBS02061; 5 – UOBS02062; 
6 – UOBS02063; 7 – UOBS02064; 8 – UOBS02065; 9 – UOBS02066; 10 – UOBS03023; 11 – UOPB3487; 12 – UOPB3488; 13 – UOPB3489; 
14 – UOPB3490; 15 – UOPB3493; 16 – UOPB3494; 17 – UOPB3497; 18 – UOPB3498; 19 – UOPB3502; 20 – UOPB3503; 21 – UOPB3504; 

22 – UOPB3505; 23 – UO2BP5V.
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leftward, again the dimension of the third accessory 
opening, but also the dimension of the symphysial re-
gion. There is a group of specimens in the top-right, 
but the outgroup on the left is UOPB3490 and the 
outgroup in the bottom is UOBS02062.

To balance the relationships between dimensions 
on different axes of the mandible corpus and avoid 
the situation that the exceptional characteristics of 
some specimens affect the result excessively, a new 
PCA was performed without the dimensions used for 
beam theory, which are directly proportional to the 
total length, the dimensions of the third accessorial 

opening, present on only two specimens, and the in-
complete specimens (Text-fig. 4). The first three PCs 
represent 81% of the variance. This time in the case 
of PC1/PC2, UO2BP5V and UOBS03023 are in the 
top-left since they have the greater values of height 
and length, while the other specimens are grouped 
in the middle, with only the dimensions of the other 
openings on the lingual side closer to the negative y 
axis. In PC1/PC3, UOBS0323 is completely isolated 
in the bottom-left, and UOBS02060, UOBS02061, 
UOBS02062, UOPB3503 and UOPB3504 are dis-
tributed along the positive y axis. In PC2/PC3, to-

Text-fig. 5. Plots of the comparisons of total length, maximum depth and width, and width of the symphysial region after logarithmic trans-
formation. Specimens: 1 – UOBS01264; 2 – UOBS02059; 3 – UOBS02060; 4 – UOBS02061; 5 – UOBS02062; 6 – UOBS02063; 7 – 
UOBS02064; 8 – UOBS02065; 9 – UOBS02066; 10 – UOBS03023; 11 – UOPB3487; 12 – UOPB3488; 13 – UOPB3489; 14 – UOPB3490; 
15 – UOPB3493; 16 – UOPB3494; 17 – UOPB3497; 18 – UOPB3498; 19 – UOPB3502; 20 – UOPB3503; 21 – UOPB3504; 22 – UOPB3505; 

23 – UO2BP5V.
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ward the bottom-right there are dimensions of the 
posterior and labial part, while toward top and left 
there are the dimensions of the openings on lin-
gual side. The specimens are more scattered, with 
UOBS02062 in the top, UO2BP5V in the bottom, 
UOBS02059, UOBS02060 and UOBS02061 on the 
left and UOPB3488, UOPB3493 and UOPB3497 in 
the middle. Then, in general, the main contrasts are 
between the bones of the dorsal side and the bones of 
the ventrolingual side, and between the anterior part 
and the posterior part.

The distribution of total length along the labial 
margin, l2, the maximum width, w1, the maximum 
depth, h3, and the width of the symphysial region, w3, 
are not normal, even after logarithmic transformation, 
which is the most used transformation for this type 
of data. In all the distributions of these variables it 
is possible to discriminate a peak with small values 
composed of incomplete specimens, a larger group 
with a normal distribution, another group with larger 
specimens, UOBS02062, UOBS03023, UOPB3490, 
UOPB3503 and UOPB3504, and a last peak for the 
largest specimen, UO2BP5V. Nevertheless, the width 
and the depth have been compared with the length and 
with each other (Text-fig. 5). The result reflects what 
was already found with the PCA: besides the large and 
scattered group of small and incomplete specimens, 
similar ratios are shared by UOBS02061, UOBS02062, 
UOPB3490, UOPB3503, and UOPB3504, while 
UOBS03023 and UO2BP5V have greater values but 
follow the same trend.

Beam theory

The parameters regarding the adaptation to dif-
ferent types of loads have been calculated and plotted 
(Text-fig. 6). The mandible of M. krasiejowensis has, 
in general, a shallow profile with the articulation lower 
than the tooth row. The depth of the corpus increases 
from the symphysial region to the coronoid process. 
This determines an increase of Zx/L and Zy/L toward 
the posterior part of the corpus. The last two points in 
the plot do not reflect the actual shape of the mandible 
because the distances between the end of the dentary 
and articulation sometimes are lower than the distance 
between the section with the maximum depth. This 
occurs in specimens with a relatively high coronoid 
process. In Cyclotosaurus, instead, the hamate process 
is considerably high, and the dentary ends with a nar-
row and long line, while in Metoposaurus it decreases 
its depth rapidly, the maximum depth considered here 
is still the coronoid process in order to avoid differ-
ences in lengths between the two taxa. Nevertheless, 

it is possible, when analysing the plots, to distinguish 
three different patterns: in Cyclotosaurus the values in 
the mid-dentary, at the end of the dentary and in the 
highest depth are very different, and Zx/Zy is higher at 
the end of the dentary because here there is the hamate 
process, which is considerably higher than the rest of 
the corpus and, then, the y axis of the section is far 
higher than the x axis; the majority of Metoposaurus 
specimens have similar values of strength in the last 
two sections, because of the similar height of the pro-
cesses, even if it is possible to identify slight differ-
ences between specimens with a large width and a 
relatively low coronoid process, e.g., UOBS02062, and 
specimens with a smaller width and a higher posterior 
part, e.g., UOPB3503; UOBS03023 has an intermedi-
ate feature between the two groups. Overall, the two 
taxa have always Zx/Zy>1, except for the symphysial 
region, which is flattened.

Other morphometric characters

Other morphometric characters have been eval-
uated as categorical data because of their features 
or the difficulty of being measured. An MCA was 
performed comparing the first three dimensions that 
represent 74% of the variance. In Dim1/Dim2 (Text-
fig. 7A), the side of the mandibular corpus and the 
number of accessory openings are more represented 
on the y axis, while the tusk, the parasymphysial 
teeth, the symphysial region and the edentulous re-
gion are on the x axis. The position of the tusk is rep-
resented in the same way on both axes. It is possible 
to distinguish two groups along the y axis: specimens, 
especially UOPB3503, UOPB3504 and UOBS0323, 
with the left side and anterior tusk, and specimens, 
such as UOBS02059, UOBS02060, UOBS02061, 
UOBS02062, with the right side and posterior tusk. 
On the x axis, instead, the contrast mainly concerns 
the presence or absence of tusk or teeth and thus, 
it reflects more the preservation of the sample than 
osteological features, except for the number of acces-
sory openings. Dim1/Dim3 and Dim2/Dim3 accen-
tuate, respectively, the contrasts on the x and y axes.

Ornamentation

MCA was also performed with categorical data 
concerning the ornamentation (Text-fig. 7B). In 
Dim1/Dim2, the y axis represents mainly the variables 
about the depth of the ridges, while the x axis is the 
shape of the polygons. All the specimens are grouped 
around the origin of axes, except for UO2BP5V in 
the upper part and UOBS02060 in the top-right. In 
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Text-fig. 6: Plots of the bending strength in: A – UOBS01264; B – UOBS02059; C – UOBS02060; D – UOBS02061; E – UOBS02062; F – 
UOBS02064; G – UOBS02066; H – UOBS03023; I – UOPB3493; J – UOPB3494; K – UOPB3503; L – UOPB3504; M – UO2BP5V.
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Text-fig. 7. MCA plot of: A – Categorical variables of morphometrics characters; B – Dermal bone ornamentation characters. Specimens: 1 – 
UOBS01264; 2 – UOBS02059; 3 – UOBS02060; 4 – UOBS02061; 5 – UOBS02062; 6 – UOBS02063; 7 – UOBS02064; 8 – UOBS02065; 
9 – UOBS02066; 10 – UOBS03023; 11 – UOPB3487; 12 – UOPB3488; 13 – UOPB3489; 14 – UOPB3490; 15 – UOPB3493; 16 – UOPB3494; 

17 – UOPB3497; 18 – UOPB3498; 19 – UOPB3502; 20 – UOPB3503; 21 – UOPB3504; 22 – UOPB3505; 23 – UO2BP5V.
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Dim1/Dim3 and Dim2/Dim3 the specimens are quite 
scattered, generally with larger specimens around the 
origin. However, it is possible to draw a contrast be-
tween Metoposaurus and Cyclotosaurus in the width 
and depth of ridges.

DISCUSSION

Despite the high number of measured morphomet-
ric characters, the majority of variables are grouped 
and, as a consequence, only a few of them are signif-
icant. First of all, the PCA results show a contrast be-
tween the features of the dentary and the bones on the 
lingual side, the latter being more variable. This makes 
it more difficult to recognize overall similarities be-
tween different specimens. However, it is possible to 
group the specimens with two criteria. The total length 
is the dimension that mostly affects the result and, be-
sides incomplete specimens and Cyclotosaurus, at least 
three groups of specimens each with very similar sizes 

can be distinguished. The simplest explanation is that 
the majority of specimens belong to juvenile or early 
adult individuals, e.g., UOBS02059, UOBS02060 and 
UOBS02061, while the larger specimens, UOBS02062 
and UOPB3493, represent old individuals. Very young 
individuals are absent (Antczak and Bodzioch 2018), 
while the exceptionally old adult could be represented 
by the few largest specimens, UOPB3490, UOPB3503, 
UOPB3504 and UOBS03023. The last group actually 
constitutes two peaks in the distribution, which thus is 
not normal (Text-fig. 8). It is difficult to estimate how 
much the distribution of mandible sizes represents the 
actual distribution. Catastrophic flood events might 
have transported the carcasses and deposited them to-
gether in what today is the Krasiejów site (Bodzioch 
and Kowal-Linka 2012) or even be responsible for 
the death of all the individuals (Konietzko-Meier 
and Klein 2013). In this case, the distribution might 
be completely random or affected by the size of the 
bone itself, since the small bones of vertebrates have 
a higher probability of being damaged or destroyed 

Text-fig. 8. Distribution of total length along the labial size of the mandible of Metoposaurus krasiejowensis Sulej, 2002 and most representa-
tive specimens: A – UO2BP5V (Cyclotosaurus intermedius Sulej and Majer, 2005); B – UOBS03023; C – UOPB3503; D – UOBS02060 and 

E – UOBS02059.
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during taphonomic processes (Brown et al. 2013) and, 
indeed, here the most incomplete specimens are the 
smallest ones. Not even the ontogenetic age can be 
precisely established with skeletochronological data, 
unlike the case with long bones (Konietzko-Meier and 
Sander 2013; Gruntmejer et al. 2021).

Considering the dimensions as a whole, instead, 
the PCA groups the specimens in three sets. The sets 
are not always the same, but considering the trajecto-
ries in the plots of the length, depth and width ratios, 
the greatest distances in MCA and PCA, being aware 
of the influence of the dimensions along the longitu-
dinal axis, the division into three groups seems the 
most plausible. Specimens UOBS02059, UOBS02060, 
UOPB3490, UOBS02065 and UOPB3503 have a rela
tively high coronoid process and a generally large 
depth compared to the width, a narrow adductor fossa, 
numerous accessory openings and pits, the number 
of which increases with the increase of size, and a 
long longitudinal ridge on the anterolabial side. For 
the sake of simplicity, this group is indicated as type 1 
(Text-fig. 9A). Type  2 (Text-fig.  9B) in turn, com-
posed of UOBS02061, UOBS02062, UOPB3493 and 
UOPB3504, presents a higher width, an almost con-
stant depth in the area near the coronoid process, a 
gentle decrease of depth toward the anterior part, a 
reduced and even bottomward curvature of the corpus 
and less accessory openings. The other specimens are 
similar to both UOBS02059 and UOBS02061. This 
means that, if the small specimens represent young 
individuals, the greater diversity occurs in adults. The 

third group is actually the outgroup, the Cyclotosaurus 
specimen UO2BP5V, but UOBS03023 often presents 
intermediate characteristics between type 2 and the 
outgroup.

Ecological implications of the morphology and 
ornamentation variations

Assuming that the groups in the size distribution 
represent at least three ontogenetic stages, the differ-
ences between type 1 and 2 require a different ex-
planation. Besides morphological differences, type 1 
presents a more polygonal, dense and thin ornamenta-
tion, while type 2 a more radial and sparse ornamenta-
tion with more robust ridges. These differences could 
be indicative of a more aquatic lifestyle for type 1 and 
more terrestrial for type 2. However, it is not possible 
to find a strong correspondence between the two types 
of ornamentation, and the typical aquatic and terres-
trial ornamentations, as in other studies concerning 
above all the ornamentation of the skull and girdle 
(Witzmann et al. 2010; Antczak and Bodzioch 2018).

The two habitats would be not completely aquatic 
or terrestrial but aquatic and semiterrestrial. Even if 
the lifestyle of Metoposaurus and other stereospon-
dyls is considered aquatic, at least in the adult form, 
because of the presence of the lateral line and small 
limbs (Lucas et al. 2016; Rinehart and Lucas 2016), 
this does not mean that these animals cannot present 
some adaptations to a semiterrestrial environment. 
The large manus of M. krasiejowensis with a relatively 

Text-fig. 9. Representation of type 1 (A) and type 2 (B) of the mandible of Metoposaurus krasiejowensis Sulej, 2002, slightly exaggerating the 
morphological differences (curvature of the corpus, shape of Meckelian window, number of accessory openings, height of coronoid process).
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short and wide humerus possibly enabled it to burrow 
underground during the long unfavourable part of the 
year (Konietzko-Meier and Sander 2013), instead of-
making it able to swim with four limbs, as previously 
believed (Sulej 2007). So, propulsion was generated 
by the tail and the animal could have lived in water 
shallow enough to easily reach the bottom, to burrow 
in it and to make an ambush, as suggested by the me-
chanical features of the skull that could have allowed 
the animal to capture prey by both lateral and bilateral 
bites during active swimming, but also remaining bur-
ied in mud and attacking by ambush (Konietzko-Meier 
et al. 2018; Gruntmejer et al. 2019b).

The morphology of the humeri indicates a uniform 
bone growth represented by only one morphotype, 
while the femora shows a bimodal morphological 
distribution (Teschner et al. 2018). In addition, his-
tological analysis indicates the presence of two his-
totypes: the former is characterized by fast growth 
and fast remodelling, and the latter by alternating 
phases of slowed growth (Teschner et al. 2018). The 
reason of the presence for different histotypes and 
different ecotypes could be ecological. Different lay-
ers in the long bones (Konietzko-Meier and Sander 
2013), found also in teeth (Weryński and Kędzierski 
2022), representing a cyclical pattern of growth, indi-

Text-fig. 10. Main differences between larger specimens of the mandible of Metoposaurus krasiejowensis Sulej, 2002. A – Anterior tusk with 
edentulous region in left side in UOPB3503; B – Posterior tusk without edentulous region in right side in UOBS02062; C – absence of tusk in 
UOPB 3497; D – Narrow adductor fossa in UOPB3503; E – Large adductor fossa in UOPB3504; F – Large adductor fossa in UOBS03023; 

G – Adductor fossa in UO2BP5V; H – Numerous accessory openings in UOPB3503.
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cate an alternation of dry periods and heavy rainfalls 
(Bodzioch and Kowal-Linka 2012). Thus, M. krasie-
jowensis might have been able to adapt its ontogenetic 
trajectory in response to ecological changes, even if 
terrestrialization as a phase of an ecologically-con-
trolled metamorphosis has been observed in eryopoids 
and in the Permo-Carboniferous sterespondylomorph 
Sclerocephalus haeuseri Goldfuss, 1847, more than in 
Triassic sterospondyls (Schoch 2009a, b, 2010).

Feeding mechanics

The shape of sutures in the symphysial region 
and at the contact between the angular, surangular 
and prearticular indicates a tensile stress in these 
areas, probably due to a great gape during predation 
(Gruntmejer et al. 2019a). The results of the beam 
theory applied to the mandible in the present work 
confirm that the mandible could support dorsoventral 

Text-fig. 11. Main differences between larger specimens of the mandible of Metoposaurus krasiejowensis Sulej, 2002. A – accessory openings 
in intercoronoid in UOPB3503; B – three accessory openings in postsplenial in UOPB3490; C – accessory opening in splenial in UOPB3490; 
D – ornamentation in angular in UOPB3503; E – ornamentation in angular in UOBS02061; F – ornamentation in angular in UOBS03023; 

G – ornamentation in angular in UO2BP5V.
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loads with a wide and rapid bite. Applying the beam 
theory to a single tooth, instead, indicates that tem-
nospondyl teeth are labiolingually elongated at the 
base and circular in cross-section at some distance 
above the base in order to better support labiolingual 
loads (Rinehart and Lucas 2013b). So, the mandible 
presents different ways to adapt to different loads. 
This makes possible a crocodile-like lifestyle for M. 
krasiejowensis and similar species, including C. in-
termedius, even if crocodiles have a more powerful 
bite and can hold the prey at the end of the bite. The 
mandible of crocodiles and other apex predators, e.g., 
theropod dinosaurs, with similar feeding habits, is 
in fact more robust in both anterior and posterior ex-
tremities (Therrien et al. 2005). In M. krasiejowensis 
instead, the symphysial region is horizontally flat-
tened. On the other hand, it has a lower porosity than 
the rest of the mandible, which could be an adaptation 
to stress (Gruntmejer et al. 2021). A FEA of the skull 
of Cyclotosaurus and other capitosaurs confirms the 
hypothesis that these species had the ability to hunt 
larger prey and had generalist, crocodile-like feeding 

habits (Fortuny et al. 2012). A morphometric analy-
sis based only on the width/length ratio of the ros-
trum, instead, collocates the temnospondyls between 
the brevirostrine species of extant salamanders and 
longirostrine species of phytosaurs and crocodiles 
(Rinehart et al. 2023). Thus, the analysis of the man-
dibular force profile performed in the present work, 
rather than showing a relevant difference between 
the two groups, confirms the conclusion that the type 
and size of the prey items, and the hunting tech-
niques, from ambush to active hunting, were highly 
variable among temnospondyls, and in particular 
among metoposaurids and capitosaurs.

Possible sexual dimorphism

Since there are two morphological groups, a pos-
sible explanation could be sexual dimorphism. Not 
much is known about the sexual features and mating 
behaviour among the Temnospondyli, except for a hy-
pothesis of internal fertilization suggested by the pres-
ervation of three body impressions of temnospondyls 

Text-fig. 12. Paleoartistic representation of two individuals of Metoposaurus krasiejowensis Sulej, 2002 hunting the same prey but in different 
ways: one generating a propulsion with tail in shallow water and trying to swallow the prey (active hunting in fully aquatic environment), the 

other one trying to bite it with an unexpected, rapid and lateral movement (ambush in semiterrestrial environment).
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from the Mississippian of eastern Pennsylvania, USA 
(Lucas et al. 2010). It is possible to make comparisons 
with the cryptobranchids, i.e., giant salamanders in 
which species females are generally larger than males 
(Shine 1979), and parental care behaviours have been 
described (Settle et al. 2018; Vági et al. 2022). Other 
features that have been attributed to sexual dimor-
phism are the angle of the skull and other character-
istics of the girdle and pelvic bones, the distributions 
of which are bimodal in some temnospondyl species, 
including M. krasiejowensis and Koskinonodon per-
fectus Case, 1922 (Rinehart and Lucas 2023). In addi-
tion, in Koskinonodon, a lower skull angle is associ-
ated with higher values of the skull length (Rinehart 
et al. 2023). The ratio between specimens of the two 
types in the present work (about 1:1) are compatible 
with the sex ratio in living species, 1.4:1 m/f (Rinehart 
and Lucas 2023), making possible the attribution of 
the morphological differences to sexual dimorphism, 
even if the distinction between the two types is based 
on numerous characters and is not so clear. Moreover, 
this does not exclude ecological adaptation, sexual 
dimorphism only remaining more speculative.

Unsolved questions

The function of the accessory openings is not clear 
and it is noteworthy that little foramina have been 
found horizontally aligned in the intercoronoid of 
UOPB3503, but vertically in M. algarvensis (Brusatte 
et al. 2015). Analogously, it is not possible at the mo-
ment to find an explanation for the presence of an 
edentulous region in two specimens, UOBS02059 and 
UOPB3503, also found in M. algarvensis (Brusatte 
et al. 2015), the absence of the tusk not due to tapho-
nomic reasons in UOPB3497, and the strong correla-
tion between the anterior position of the tusk, and the 
left side of the mandible and the posterior position with 
the right side. Maybe finds of other specimens in the 
future will help to clarify these aspects.

CONCLUSIONS

Measuring and analysing the morphological char-
acters of the mandible of M. krasiejowensis has not 
only added numerous details to previous descriptions 
(Sulej 2002, 2007) but has revealed interesting new 
palaeoecological information. Besides the fact that the 
main difference between the specimens is the length, 
and that the increase of width and depth seems to be 
allometric, the differences between the largest spec-
imens regarding their dimensions without a normal 

distribution, the number of accessory openings and 
the dermal ornamentation (Text-figs 10 and 11) have 
been interpreted as adaptations to different lifestyles, 
aquatic and semiterrestrial (Text-fig. 12). Other authors 
have found evidence of different habits among popu-
lations of M. krasiejowensis in histology (Teschner et 
al. 2018) and ornamentation (Antczak and Bodzioch 
2018) and the present work adds another argument in 
this direction. Numerous other specimens in Opole 
have not been considered herein because their prepa-
ration would be long and dangerous. In the future, 
comparing all these specimens with others found in 
the bone bed in Krasiejów and those kept in the collec-
tion of the Polish Academy of Sciences in Warsaw, will 
allow us to have a better understanding of the intraspe-
cific variation of this species, and as a consequence, a 
better understanding of the fluvial environment of the 
Late Triassic, in relation to a common and diversified 
vertebrate group such as the Temnospondyli.
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Appendix 1
Mandible measurements in mm and categorical variables for Metoposaurus krasiejowensis Sulej, 2002 
(22 specimens) and Cyclotosaurus intermedius Sulej and Majer, 2005 (UO2BP5V).

invnum side sr pst tusk st er ao antp l1 l2 ld h1 h2 h3 h4 h5

UOBS01264 right N N N N N low 0 287 287 188 48.3 63.8 67.6 0 66.7
UOBS02059 right Y Y Y post Y low 0 300 317 240 42.6 42.6 52.7 11.2 52.4
UOBS02060 right Y Y Y post N high 3.7 340 380 285 49.8 58.6 63 12.9 59.6
UOBS02061 right Y Y Y post N low 4.8 350 368 270 54.2 54.6 58.6 12.5 60.5
UOBS02062 right Y Y Y post N low 6.1 365 405 300 48.7 49.8 61 15.4 63.4
UOBS02063 left N N N N N low 0 290 305 210 48.2 48.8 57.5 0 55.4
UOBS02064 left N N N N N low 0 280 290 200 51.9 53.6 59.4 0 59.7
UOBS02065 left N N N N N low 0 300 300 210 47.1 52.9 59.9 0 59.6
UOBS02066 left N N N N N low 0 270 270 165 46.4 47.2 58.1 0 56.3
UOBS03023 left Y Y Y ant N low 4 500 530 390 74.3 84.7 87.4 25.5 86.8
UOPB3487 left N N N N N low 0 0 0 0 37.9 45.3 58.2 0 0
UOPB3488 right Y Y Y post N high 2.6 325 355 0 46.2 53.4 60 11.9 0
UOPB3489 left N N N N N low 0 0 0 0 43.8 43.8 52.2 0 0
UOPB3490 left Y Y N N N high 3.5 400 430 0 58.3 58.3 75.9 14.7 0
UOPB3493 left Y N N N N low 0 335 365 275 50 60.5 67.7 9.8 65.2
UOPB3494 left Y Y Y post N low 0 300 328 245 41.1 48.9 53.6 10.6 53.1
UOPB3497 left Y Y N N N high 0 330 355 0 52.2 58 61.8 13.3 0
UOPB3498 left Y N N N N low 0 290 300 0 45.8 53.2 56.6 0 0
UOPB3502 left Y N N N N low 0 280 300 210 37.2 0 46.3 9.7 45.3
UOPB3503 left Y Y Y ant Y high 4.3 405 440 330 53.2 62.9 81.2 15.9 71.7
UOPB3504 left Y Y Y ant N high 5.4 390 435 315 57 61.6 65.3 17.2 64.2
UOPB3505 left Y Y Y ant N N 0 0 0 0 0 0 0 14 0
UO2BP5V left Y Y N N N low 0 670 720 565 115 148 118 37.3 120

invnum h6 a m hm d1 l3 h7 d2 l4 h8 d3 l5 h9 w1 w2 w3

UOBS01264 0 73.8 59.2 15.9 14.6 5.4 2.7 17.4 4 2 0 0 0 36.4 0 0
UOBS02059 37.8 66.1 43.6 12.9 21.6 5.3 2.2 8 9.4 2.5 0 0 0 29.8 13.4 18.7
UOBS02060 39.2 79.3 56.3 15.5 13.5 5.3 2.5 23.7 6.5 2.9 0 0 0 38.5 19.7 24.9
UOBS02061 38 71.5 47.1 14 26 3.4 1.8 21.6 6.5 5.7 0 0 0 37.5 13.9 23.4
UOBS02062 45.7 86.8 0 15 13.5 1.7 1.8 22.7 2.9 1.4 26 4.7 2.3 42.6 23.1 31.8
UOBS02063 0 76 47.2 13.6 17.6 5.6 0 0 0 0 0 0 0 37.1 15.6 0
UOBS02064 0 68 47.7 14.7 0 0 0 0 0 0 0 0 0 30.1 12.5 0
UOBS02065 0 69.2 52.5 17 19.8 6.2 2.3 17.4 6.3 3.6 0 0 0 30 13.8 0
UOBS02066 0 69 68.5 21 0 0 0 0 0 0 0 0 0 32.8 13 0
UOBS03023 54.3 102 66.3 16.5 26.1 1.4 1.3 58.5 5 3 0 0 0 62.1 21 36.1
UOPB3487 0 56.9 0 0 0 0 0 0 0 0 0 0 0 40.9 13.7 0
UOPB3488 0 67.4 40.6 15 25.2 2.1 1.6 21.8 3.1 1.3 0 0 0 35.8 13.2 22.9
UOPB3489 0 68.3 0 0 0 0 0 0 0 0 0 0 0 25.2 0 0
UOPB3490 0 87.5 64.8 15 22.5 7.2 2.3 8.9 2.6 1.7 8 10.4 3.4 25.5 14.5 26.8
UOPB3493 39.8 73 55 0 15 3.2 1.5 35.4 3.2 1.8 0 0 0 39.2 17.6 27.6
UOPB3494 29.1 66.9 45.5 12.6 0 0 0 0 0 0 0 0 0 37.4 12.5 22.2
UOPB3497 0 67.3 62.8 14.8 13.9 1.5 1 24.5 5.5 2.1 0 0 0 38.3 14.9 24.3
UOPB3498 0 67.9 46.8 14.4 22.1 2.8 1.4 20.1 5.2 2.4 0 0 0 29.3 12.3 0
UOPB3502 26.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
UOPB3503 39.2 88.1 61.7 17 22.7 3.4 2.2 35 5.3 3.7 0 0 0 37.7 18 29.1
UOPB3504 40 85.5 61.4 15.3 26.2 3.9 1 27.8 8.5 2.7 0 0 0 43 18.6 28.6
UOPB3505 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15.4 23.4
UO2BP5V 70.2 163 87.1 33.5 66 3.6 3.7 44.9 5.6 4.6 0 0 0 92 30.2 45.9
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invnum w4 w5 wa w6 h10 l6 l7 l8 l9 1 2 3 4

UOBS01264 19.3 0 7.9 0 0 0 0 76.8 90.9 N N N N
UOBS02059 23.6 13.8 12 18.4 9.6 295 180 60 75.8 irregular dense small constant
UOBS02060 27.7 17.6 9 21.7 13 337 200 60 90 irregular dense small variable
UOBS02061 35.2 15.3 16 22.9 13.8 328 200 65 80 regular dense small constant
UOBS02062 37.5 19.6 18 29.3 15.8 375 238 88 103 regular vsparse vlarge constant
UOBS02063 31 0 18.2 0 0 0 0 0 87 N N N N
UOBS02064 25.7 0 12.1 0 0 0 0 55 67 regular dense large constant
UOBS02065 17.8 0 5.2 0 0 0 0 0 85 N N N N
UOBS02066 22.8 0 10.9 0 0 0 0 75 80 regular sparse large variable
UOBS03023 42.7 24.3 33.7 36.5 27.8 485 295.9 100 100 irregular sparse vlarge constant
UOPB3487 0 0 20.4 0 0 0 0 0 0 N N N N
UOPB3488 0 0 18.2 22.8 11.1 317 0 0 83 N N N N
UOPB3489 0 0 18.2 0 0 0 0 0 0 N N N N
UOPB3490 0 0 13.7 0 0 0 0 100 0 N N N N
UOPB3493 26.5 16.3 15 26.4 13.7 330 200 60 85 regular sparse vlarge constant
UOPB3494 31.1 14 19 21.9 11.7 300 180 60 70 N N N N
UOPB3497 0 0 19.9 21.5 13.3 315 0 0 0 N N N N
UOPB3498 0 0 9.7 0 0 0 0 0 0 N N N N
UOPB3502 0 0 0 0 0 0 0 0 0 N N N N
UOPB3503 31.8 15.6 17.8 29.5 17.6 393 235 75 130 irregular sparse vlarge variable
UOPB3504 35.1 18.8 24.3 28.9 16.3 395 240 85 100 irregular dense large constant
UOPB3505 0 0 0 22.2 15.5 0 0 0 0 N N N N
UO2BP5V 54.6 38.4 23.5 45.5 37 630 355 80 65 irregular vsparse vlarge variable

invnum 5 6 7 8 9 10 11 12 13

UOBS01264 N N N N N N N N N
UOBS02059 deepshallow same constant fine narrow nobroad rounded radial polygonalrounded
UOBS02060 deep same constant fine narrow nobroad rounded radial polygonalrounded
UOBS02061 deepshallow same constant coarse variable nobroad rounded sculptural polygonalrounded
UOBS02062 shallow same variable coarse narrow nobroad rounded sculptural polygonal
UOBS02063 N N N N N N N N N
UOBS02064 deep same constant coarse variable nobroad rounded radial polygonalrounded
UOBS02065 N N N N N N N N N
UOBS02066 deep same constant fine narrow nobroad rounded sculptural polygonalrounded
UOBS03023 deepshallow same constant fine narrow nobroad rounded radial polygonal
UOPB3487 N N N N N N N N N
UOPB3488 N N N N N N N N N
UOPB3489 N N N N N N N N N
UOPB3490 N N N N N N N N N
UOPB3493 deepshallow same variable coarse narrow nobroad rounded sculptural polygonal
UOPB3494 N N N N N N N N N
UOPB3497 N N N N N N N N N
UOPB3498 N N N N N N N N N
UOPB3502 N N N N N N N N N
UOPB3503 deepshallow same constant coarse narrow nobroad rounded sculptural polygonal
UOPB3504 deepshallow same constant coarse narrow nobroad rounded sculptural polygonal
UOPB3505 N N N N N N N N N
UO2BP5V deep samelow variable coarse narrow nobroad rounded radial polygonal
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invnum 14 15 16 17 18
UOBS01264 N N N N N
UOBS02059 others multipolygons notubercles present absent
UOBS02060 pentagons none notubercles present present
UOBS02061 others multipolygons notubercles absent absent
UOBS02062 others none notubercles absent absent
UOBS02063 N N N N N
UOBS02064 others none notubercles present absent
UOBS02065 N N N N N
UOBS02066 others multipolygons notubercles absent absent
UOBS03023 others multipolygons notubercles absent absent
UOPB3487 N N N N N
UOPB3488 N N N N N
UOPB3489 N N N N N
UOPB3490 N N N N N
UOPB3493 others multipolygons notubercles present absent
UOPB3494 N N N N N
UOPB3497 N N N N N
UOPB3498 N N N N N
UOPB3502 N N N N N
UOPB3503 others multipolygons notubercles present absent
UOPB3504 others multipolygons notubercles absent absent
UOPB3505 N N N N N
UO2BP5V others multipolygons notubercles present present
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Appendix 2
Complete explanation of mandibular force profile method from Therrien et al. (2005).

The simplified model of the ramus of the mandible is a solid beam with elliptical section. The axes of the 
ellipse are the labiolingual axis, x, and the dorsoventral axis, y, of the mandible. The second moment of area, I, is 
a measure of the distribution of bones around an axis and can be expressed as:

I = ∫ y2dA
where dA is an elemental strip of area and y is the distance of the elemental strip from the centroid, or neutral axis, 
of the mandible. The formula can be simplified to:

Ix = πba3/4, for labiolingual axis (in cm4)
Iy = πab3/4, for dorsoventral axis (in cm4)

where a is the dorsoventral radius and b the labiolingual radius (Biewener 1992). The section modulus, Z, is a 
measure of the strength in bending and can be expressed as:

Z = I/y
where I is the second moment area and y is the distance of the centroid from the outer edge of the bone in the plane 
of bending or radius of the corpus (Biknevicius and Ruff 1992). Then, for the two axes, Z can be expressed as:

Zx = Ix/a, bending strength in the dorsoventral plane, or about labiolingual axis (in cm3)
Zy = Ix/b, bending strength in the labiolingual plane, or about dorsoventral axis (in cm3).

The maximum bending stress, σB, can be expressed as:
σB = My/I

where M is the bending moment, y is the radius orthogonal to the axis investigated and I the second moment of 
the area about the axis investigated. The bending stress depends on the material, but here it is constant, then:

M = I/y = Z.

The bending moment can be expressed as:
M = FL

where F is the applied force and L is the moment arm length (Timoshenko and Gere 1972). But M = Z, so:
Z = FL
F = Z/L (in cm2).


