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Abstract

Cranial sutures join the many bones of the skull. They are therefore points of

weakness and consequently subjected to the many mechanical stresses affect-

ing the cranium. However, the way in which this impacts their morphological

complexity remains unclear. We examine the intrinsic and extrinsic mecha-

nisms of human sagittal sutures by quantifying the morphology from 107 indi-

viduals from archaeological populations spanning the Mesolithic to Middle

ages, using standardized two-dimensional photographs. Results show that the

most important factor determining sutural complexity appears to be the posi-

tion along the cranial vault from the junction with the coronal suture at its

anterior-most point to the junction with the lambdoid suture at its posterior-

most point. Conversely, factors such as age and lifeways show few trends in

complexity, the most significant of which is a lower complexity in the sutures
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of Mesolithic individuals who consumed a tougher diet. The simple technique

used in this study therefore allowed us to identify that, taken together, struc-

tural aspects play a more important role in defining the complexity of the

human sagittal suture than extrinsic factors such as the mechanical forces

imposed on the cranium by individuals' diet.
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1 | INTRODUCTION

The human cranium is composed of 21 bones that are all
tightly interlinked from a young age. The junctions
between these bones (known as sutures) are composed of
fibrous connective tissues, which, as a consequence of
their greater elasticity compared to bone, enable a certain
amount of movement between the individual units and
therefore a level of flexibility in global cranial shape.
From the initial stages of cranial development through to
old age, sutures across the cranium achieve variable
degrees of closure and do so at various stages of develop-
ment, at times sealing completely leading to sutural oblit-
eration. The sequence in which the various cranial
sutures close is a well-documented developmental pro-
cess which can be used to estimate the biological age of
individuals based on their bony remains (a number of
these methods have been evaluated by Meindl &
Lovejoy, 1985, and Key, Aiello, & Molleson, 1994).

From a macroscopic visual observation of the skull,
sutures appear as irregular lines marking the extent of
individual bones. These junctions vary in appearance
from linear partitions to complex interlinked protrusions
(referred to as sinuosity). The morphology of this latter
pattern is often described in the same terms used to
describe wave functions (namely magnitude and fre-
quency). Structurally, there are a number of ways in
which the intricate morphology of sutures allows for sev-
eral functions to be performed efficiently. Firstly, sinuos-
ity will lock bones on either side into place, thereby
counteracting potential shearing between them
(Herring & Mucci, 1991; Jaslow, 1990). Additionally, it
appears that although compressive forces are best with-
stood by high levels of sinuosity, tensile stresses can be
accommodated by various types of sinuosity (Rafferty &
Herring, 1999). Altogether, this reflects some of the vari-
ety of strain-related influences affecting similar sutural
properties (complexity).

While some correlation between age and suture clo-
sure patterns have been observed (Key et al., 1994;
Meindl & Lovejoy, 1985), the causes of variability in

sutural morphological complexity are less well under-
stood. It is clear that in early cranial development, the
trend is toward an increase in suture complexity as the
many cranial bones fuse (Di Ieva et al., 2013). However,
once this process is completed in early adulthood, varia-
tion in the sutures' morphology remains poorly charac-
terized. In addition, as points of discontinuity in surface
structure, sutures represent areas of flexibility between
rigid and independent cranial bones and are therefore an
important element in the distribution of mechanical
stresses throughout the cranium (Curtis, Jones, Evans,
O'Higgins, & Fagan, 2013; Herring & Teng, 2000). These
same forces may also be fundamental in determining
suture morphology (Byron et al., 2004; Byron, Segreti,
Hawkinson, Herman, & Patel, 2018), although direct cau-
sality is difficult to establish.

As one of the major mechanical strains on the skull,
mastication force (strongly influenced by the nature of
foods being consumed) is implicated in the structuring of
cranial sutures. These strains vary as a direct conse-
quence of changes in the masticatory regimes of mam-
mals (Burn et al., 2010; Byron, 2009; Katsaros,
Kiliaridis, & Berg, 1994). However, whether increases in
masticatory strains leads to increases in suture complex-
ity (as measured, for example, by sinuosity) remains
uncertain, with conflicting evidence available. Katsaros
et al. (1994) and Byron (2009) found support for this in
rats and Capuchin monkeys, respectively, whereas, in
contrast, Burn et al. (2010) argue for a simplification of
sutures with harder diets in pigs. Additionally, suture
complexity has been found to increase with age (Wu,
Liu, Zhang, Zhu, & Norton, 2007), potentially
suggesting a cumulative effect of these mechanical
strains. Furthermore, as each specific suture joins a
unique pair of bones, with unique sets of functions, each
suture will experience specific mechanical stress condi-
tions and respond accordingly with a unique morphol-
ogy (as quantified in the porcine skull by Rafferty &
Herring, 1999). All these factors make cranial sutures an
interesting, but complex, record of events during an
individual's life.
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Studies of the determinants of sutural morphology
have predominantly been performed in animal models,
with only a few in humans (Kanisius & Luke, 1994;
Miura et al., 2009; Sholts & Wärmländer, 2012; Wu
et al., 2007; Czarnetzki, 2015), as obvious ethical con-
straints make it particularly difficult to control for
extrinsic factors in humans. Nevertheless, throughout
(pre)history, the lifeways of human beings have been
subject to systematic changes, including the introduc-
tion of new dietary habits and methods of food prepara-
tion, providing opportunities to hypothesize upon
associated alterations in cranial morphology. Changing
dietary habits may have led to the modification of cra-
nial stresses (Paschetta, de Azevedo, Castillo, &
Martınez-Abadıas, 2010; Rando, Hillson, & Antoine,
2014), with some populations going as far as artificially
modifying cranial shape (Tubbs, Salter, & Oakes, 2006).
This has been observed to cause a sutural response
(Gottlieb, 1978; Sanchez-Lara, Graham, Hing, Lee, &
Cunningham, 2007; Teschler-Nicola & Mitteroecker,
2007). It is consequently of great interest to apply
sutural research to a variety of archaeological
populations with differing cultural practices.

In Europe, the lifeways of local human populations
have undergone several major transitions, perhaps the
most dramatic of which was the shift away from a
nomadic hunter-gatherer to a more sedentary agricul-
tural subsistence around 8,000 BP (Bellwood, 2005).
Along with a change in the animal and plant species con-
sumed, this time period also saw the adoption of novel
Neolithic technologies by European populations. In par-
ticular, the manufacture of pottery enabled the applica-
tion of more advanced food preparation techniques and
the broadening of dietary spectra to include substantial
amounts of cooked, processed, and baked foodstuffs. Fur-
ther technological advances in subsequent millennia led
to the increasingly sophisticated use of metal ores to aid
in the refinement of food preparation within the epony-
mous archaeological periods: the Copper Age, the Bronze
Age, and the Iron Age. From the introduction of pottery
to the development of metal tools, the trend toward
increasing external processing of foodstuffs in European
prehistory has precluded a reduction in the mechanical
labor involved in mastication.

This study utilizes crania from a number of European
pre-industrial archaeological contexts, spanning the
Mesolithic to Medieval period (9,300–1,250 BP), to deter-
mine the impact of intrinsic (positional variation within
the suture and individual age at death) and extrinsic fac-
tors (cultural practices impacting thermal and non-
thermal food preparation methods and consequently
masticatory requirements of the individuals) on the mor-
phological complexity of the human sagittal suture.

2 | MATERIALS AND METHODS

A sample of 107 skulls from central Europe and the Baltic
region spanning the Mesolithic to the Middle Ages was
used for this study (Table S1 includes a detailed list and
Table 1 summary statistics of the individuals analyzed).
Estimation of age at death and determination of biologi-
cal sex for each skeleton was conducted using standard
osteological methods and from observation of both the
crania and the ossa coxae, where possible (Phenice, 1969;
Ferembach et al., 1980; Brooks & Suchey, 1990;
Buikstra & Uberlaker, 1994; Buckberry & Chamber-
lain, 2002).

Studying the sagittal suture was motivated by its posi-
tion which enabled a simple and reproducible digitiza-
tion method, and its long length which enabled it to be
broken down in sections to investigate variation within
the suture.

All data were collected from standardized photo-
graphs of skulls taken at the site of collection storage. To
avoid parallax errors as much as possible, the midpoint
(calculated as half the suture's length as a chord on the
surface of the skull) of the suture was identified (point
M) and marked with a pointed piece of modeling clay.
Following this, the viewfinder of a Nikon D3100 camera
was used to obtain a standardized orientation. The mid-
dle focus point was aligned with point M, and the
extreme left and right focus points with the start and end
points of the sutures (bregma and lambda, respectively).
See Figure 1a. for an exact view of the photographic
protocol.

From an initially larger portfolio including all com-
plete cranial vaults from all populations studied,
107 images (each depicting a unique cranium) were
selected for inclusion within this study. Crania displaying
substantial post mortem damage crossing the sagittal
suture, as well as those with (near) complete obliteration
of segments of the sagittal suture were excluded from the
analysis. Furthermore, specimens with Wormian bones
present at the junction of the sagittal and lambdoid
sutures were only included when these bones took the
form of small apical lambdoid ossicles, no larger than
2 cm2. All data relating to suture morphology were col-
lected from this set of images.

Based on previous works, three indices were devised,
thereby attempting to represent the sagittal suture mor-
phology and complexity as thoroughly and simply as pos-
sible. The first was the “Complexity Index,” calculated by
dividing the total length of the suture (obtained by trac-
ing along the sinuous route of the suture) by the linear
distance from bregma to lambda (henceforth linear
suture length). This is a variation on the most frequently
used measure of suture complexity (examples include
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Byron et al., 2004; Byron, 2009; Burn et al., 2010). The
resulting index is independent of scale. This is also the
case of the second measure: “Maximum Extent.” Here,
the maximum lateral distance from the line joining
bregma to lambda is divided by linear suture length.
Finally, the only absolute value measured here is the
number of times the suture crosses the linear suture
length. These are all summarized in Figure 1b.

ImageJ (Abràmoff, Magalh~aes, & Ram, 2003) was
used for the collection of measurements from images.
Five sets of measurements were carried out for each
individual. The first set for the entire suture, and the
following four on each quarter of the suture, the subdi-
vision of which was based on the linear suture length.
As the curved nature of the cranial vault made it diffi-
cult to add a measurement scale that would apply to the
entire length of the sagittal suture, all measurements
were measured in terms of pixels on the suture photo-
graph. For the skull as a whole, only the total suture
length and the linear suture length were measured. The
maximum distance from the midline and the number of
crossings was inferred from the quarterly

measurements. See Figure 1b for an illustration of
suture measurements

All the statistical analyses were performed using the
R (R Development Core Team, 2011) base package. As
Shapiro Wilks tests suggested that the data obtained did
not follow a normal distribution, the significance of the
difference between all categories was assessed using
Mann Whitney tests. The p-values obtained for each of
these are detailed in Table S2.

3 | RESULTS

Figure 2 illustrates the characterization of suture com-
plexity along the whole of the sagittal suture. The high
variability and large number of outliers in the complexity
of the fourth (posterior-most) section can probably be
explained by the parallax error associated with its quanti-
fication through measurements on two-dimensional
images of this three-dimensional structure. Keeping this
in mind, the first section is that which differs the most
from all other sections, in all three indices calculated,

TABLE 1 Summary statistics of the

individuals included in this study. “n”
indicates the sample size for each

category. For each of the three

indicators of suture morphology, the

mean is given followed by the standard

deviation in brackets

Complexity
index

Maximum
extent Crossings

Age

Adolescent (n = 6) 3.376(±0.992) 0.271(±0.047) 44.167(±14.796)

Young adult (n = 21) 3.369(±0.741) 0.279(±0.073) 46.952(±9.255)

Young middle adult (n = 24) 3.822(±1.022) 0.362(±0.221) 47.458(±11.248)

Old middle adult (n = 21) 3.628(±1.237) 0.298(±0.158) 45.762(±9.879)

Old adult (n = 7) 3.222(±0.541) 0.256(±0.059) 54.286(±5.282)

Mature adult (n = 1) 3.134(±—) 0.189(±—) 46(±—)

Sex

Male (n = 51) 3.348(±0.946) 0.32(±0.101) 47.059(±10.418)

Female (n = 51) 3.514(±1.019) 0.28(±0.172) 47.333(±9.779)

Period

Mesolithic (n = 11) 2.685(±0.721) 0.263(±0.038) 47.091(±10.653)

Neolithic (n = 33) 3.547(±1.138) 0.296(±0.118) 45.364(±10.744)

Eneolithic (n = 7) 3.003(±0.681) 0.283(±0.053) 49.571(±5.255)

Bronze age (n = 21) 3.509(±0.927) 0.314(±0.123) 46.571(±9.271)

Iron age (n = 16) 3.351(±0.825) 0.267(±0.052) 48.063(±9.132)

Medieval (n = 19) 3.679(±0.924) 0.335(±0.253) 47.737(±11.883)

Suture section

First quarter (n = 107) 3.009(±1.011) 0.171(±0.051) 13.972(±5.233)

Second quarter (n = 107) 3.987(±1.26) 0.236(±0.053) 11.561(±3.112)

Third quarter (n = 107) 3.514(±1.189) 0.217(±0.051) 10.689(±3.495)

Fourth quarter (n = 107) 3.825(±1.968) 0.249(±0.155) 10.962(±4.249)
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with a lower complexity, a narrower maximum extent
and more crossings. Furthermore, although the number
of crossings varies very little across the other three sec-
tions, section two has a higher complexity and extent
than section three.

In Figure 3, an analysis of complexity patterns across
various age groups is depicted. Although statistical signif-
icance is weak, a peak in complexity index and maximum
extent of sutures is observed in young middle adults
(those individuals aged between 26 and 35 years at
death). Conversely, the number of crossings appears to
remain fairly constant throughout life with a significant
increase in old adults (individuals aged 60 years and
older at death). Furthermore, no sexual dimorphism is
observed in these patterns (see Figure 4).

Upon examination of sutural morphology by archaeo-
logical periods (Figure 5), the strongest pattern observed
is one of reduced complexity in the Mesolithic group,
which is statistically significant when compared to Neo-
lithic, Bronze Age, and Medieval populations. In addi-
tion, one could argue for a very weak upward trend of

the complexity index from the Mesolithic to the Medieval
period. This however remains within the margins of error
and may therefore be insignificant.

Taking the above-discussed results all together, the
main pattern emerging is one of complexity variation
along the sagittal suture with a maximum complexity in
section two. It is also interesting to note that an apparent
peak in complexity is perhaps taking place in young mid-
dle adults.

4 | DISCUSSION

The purpose of this study was to test the utility of sagittal
suture morphological complexity as an indicator of
changing masticatory stress regimes in human
populations over 7,500 years of dietary and food prepara-
tion evolution, from the Mesolithic period to Medieval
times. This was achieved through a quantitative charac-
terization of morphological variation within the sagittal
suture. Most studies of suture morphology assess sutures
as single homogenous units. However, they can be long
structures, as is the case of the human sagittal suture
investigated here that regularly stretches over 15 cm.
Consideration of separate sections within this suture
clearly shows that sections within the sagittal suture
respond to different influences and display variable mor-
phological features over that 15 cm length.

In this work, observations of the morphology of the
posterior-most part are to be considered with caution as a
result of parallax error. The curved nature of the human
vault and the simple photographic set-up used made it
challenging to obtain two-dimensional images with a
clear focus throughout the full length of the sagittal
suture. Nevertheless, when describing this structure in
the same terms as those used for sinusoidal curves, the
anterior-most part of the sagittal suture tends to have a
high frequency, but small amplitude. This was reversed
for the second anterior-most quarter of the suture. The
third quarter had average values, and finally, similarly to
the second quarter, the fourth and posterior-most dis-
played a low frequency but high amplitude. This
undoubtedly reflects variable constraints experienced
along the suture.

Present studies of the factors impacting human sagit-
tal suture morphology are scarce and rarely expressly
seek out significant differences within the sagittal suture
(Kanisius & Luke, 1994; Wu et al., 2007). There are a few
more homologous studies in animals (Burn et al., 2010;
Byron, 2009; Byron et al., 2004; Byron et al., 2018). A
number of factors vary along this suture and may conse-
quently explain this variation. Firstly, in its anterior part,
the sagittal suture meets the coronal suture at a

FIGURE 1 Quantification of the sagittal suture.

(a) Standardized orientation for sagittal suture photography, as

viewed through the camera. Point M, lambda (l) and bregma (b) are

indicated. (b) Suture measurements and complexity indices

calculated
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perpendicular angle. It may be theorized that this
branching strongly changes the mechanical properties of
this region. Sutures have long been assigned a strain

distributing and dissipating function (Curtis et al., 2013;
Jaslow & Biewener, 1995; Pritchard, Scott, & Girgis, 1956;
Rafferty, Herring, & Marshall, 2003), though this opinion

FIGURE 2 Variation of morphological complexity along the human sagittal suture. The significance of differences between sections was

assessed by Mann Whitney test (*p value ≥ .05; **p value ≥ .01; ***p value ≥ .001)

FIGURE 3 Variation of morphological complexity with individual age. The significance of differences between age groups was assessed

by Mann Whitney test (*p value ≥ .05; **p value ≥ .01; ***p value ≥ .001)
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is not universal (Wang et al., 2012). The single sagittal
suture branching laterally into two coronal sutures may
permit a wider distribution of strain over the vault, all-
owing for a simpler morphology in the most anterior quar-
ter. Furthermore, as the bulk of the mechanical strains in
this region are tensile, resulting from the attachment of
the masticatory muscles to the temporal bone (temporalis)

and the nearby zygomatic arch (masseter), Rafferty and
Herring (1999) suggests that a low sinuosity may be able
to withstand such stresses efficiently. This is indeed also
reflected in the work of Byron et al. (2018) who found no
significant change in complexity with increasing dietary
toughness on the anterior portion of murine sagittal
sutures, but did find an increase in the posterior portion.

FIGURE 4 Variation of morphological complexity with individual age and separated by sex. The significance of differences between

each category was assessed by Mann Whitney test (*p value ≥.05; **p value ≥ .01; ***p value ≥ .001). Blue bars represent males, and red bars

represent females

FIGURE 5 Variation of morphological complexity with archaeological periods. The significance of differences between periods was

assessed by Mann Whitney test (*p value ≥ .05; **p value ≥ .01; ***p value ≥ .001)
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In the central part of the sagittal suture, the greater
distance to the branching may result in it potentially hav-
ing to withstand greater strains, possibly leading to the
increase in complexity of the second quarter observed in
the data. This then poses a new problem with the third
quarter that decreases in sinuosity, which may however
be related to the frequent presence of parietal foramina
around this part of the suture. A wide magnitude in this
area would cause an impossible overlap with the foram-
ina, thereby constraining suture morphology regardless
of mechanical strains. When the individuals with clear
bilateral parietal foramina are isolated in this dataset, the
lower complexity of the third quarter becomes more dis-
tinct, suggesting that foramina do impose some anatomi-
cal constraints. However, a small but apparent overall
reduction in suture complexity in the third quarter may
still be witnessed in crania without parietal foramina,
indicating that this explanation is incomplete and that
further research into this finding is needed.

Age-related patterns of sagittal suture morphology
were also observed. Although statistical signals are weak,
young middle adults (corresponding to the ages of 26 to
35 years old at death) consistently achieve the highest
levels of complexity (as measured by the complexity
index and maximum extent), but older adults display the
highest frequency of suture crossings (see Table S2). This
could suggest that different factors may be at play in
determining each of these morphological aspects. The
relationship of suture morphology and age has been sub-
ject to some work. Wu et al. (2007) have suggested that
suture complexity increases with age in humans, particu-
larly until adolescence, and much more slowly thereafter.
Conversely, by studying porcine sutures, Sun, Lee, and
Herring (2004) found a decrease in sutural complexity
with age associated with changing strain patterns. The
data presented here suggests a slightly longer period of
increase in complexity than Wu et al. (2007) followed by
a regression to simpler sutures in later life. Maximum
complexity appears to be reached in young middle adults,
an age category still likely to represent the peak of mus-
cular strength. Whether this difference is a consequence
of the study by Wu et al. (2007) being based on modern,
post-industrial crania, whereas the here-presented sam-
ple is based on pre-industrial populations, and therefore
shaped by masticatory functions performed on substan-
tially different dietary items, is unclear.

In addition to the age of the individuals studied, the
cultural context in which they lived also showed a signifi-
cant relationship with complexity of the sagittal suture.
Indeed, Mesolithic individuals display a generally lower
suture complexity than those of other periods represented
here (see Table S2). The transition from the Mesolithic to
the Neolithic is one of the most important changes in

human prehistory with a drastic change in lifeways from
a hunting and gathering to a farming based subsistence.
This is believed to be associated with a reduction in die-
tary toughness, which has been reflected in overall cra-
nial morphology (Carlson & Van Gerven, 1977;
Gonz�alez-José et al., 2005; Paschetta et al., 2010; Pinhasi,
Eshed, & Shaw, 2008). Aside from an overall cranial grac-
ilization, there is also a notable brachycephalization of
crania, whereby vaults became shorter and broader
rather than elongate (Carlson & Van Gerven, 1977;
Cheronet, Finarelli, & Pinhasi, 2016; Lalueza-Fox, 1996).

Under the assumption of sutural complexity being
dictated by the magnitudes of mechanical strains on the
bone, the lower Mesolithic complexity observed here is
surprising, as a decrease in dietary toughness would be
expected to lead to a corresponding general decrease in
sutural complexity of crania from the Neolithic and later
periods (Byron, 2009; Katsaros et al., 1994; Wu
et al., 2007), as well as more specifically in sinuosity
(Byron et al., 2004; Kanisius & Luke, 1994). However, as
the human cranium is a complex system, it is likely that
the morphological changes toward a more gracile cra-
nium associated with the transition to an agricultural life
will also have played a significant role in responding to
this modification in strain regime. Indeed, it can plausi-
bly be hypothesized that a longer dolicocephalic skull,
such as that of Mesolithic individuals, would be more
efficient at distributing strains. Furthermore, within the
sutures themselves, there are aspects other than complex-
ity that may also change in response to changes in stress
regimes. These include suture morphological irregularity
(Liu et al., 2017) and beveling of sutures, as well as non-
sutural changes like a decrease in temporal area (Byron,
Maness, Yu, & Hamrick, 2008) and a rise in the flexibility
of the connective tissue within the suture (Byron
et al., 2004). Indeed this soft tissue is fundamental in
determining the ultimate morphology of the suture
(Khonsari et al., 2013), but this cannot be assessed from
archaeological contexts, where we rely solely on surviv-
ing hard tissue.

Although changes in dietary habits within later
archaeological periods appear not to have played a signif-
icant part in explaining suture morphology, extending
the study to later populations would be valuable. The fast
and intense industrialization of the past 250 years has
had a profound role in the modification of human life-
ways, including diet (Cordain et al., 2005), and may
therefore have had a stronger, and more visible, impact
on suture morphology.

A number of studies have linked sutural complexity
with dietary hardness in non-human species (Burn
et al., 2010; Byron, 2009; Byron et al., 2004; Byron
et al., 2018; Kanisius & Luke, 1994; Katsaros et al., 1994;
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Kiliaridis, 1995; Rafferty & Herring, 1999; Sun
et al., 2004). This has been supported experimentally,
where the sagittal suture of animals fed on a tougher diet
were observed to increase in sinuosity (Byron
et al., 2018), widen (Katsaros et al., 1994) and thicken
(Burn et al., 2010). However, neither of these latter two
studies has reported a difference in sinuosity. A mechani-
cally more demanding diet has been associated with
higher levels of sinuosity in a robust species of Capuchin
monkeys (Byron, 2009). One of the fundamental differ-
ences between these studies, however, is the scale:
whereas the former two measure intra-specific variation
(and consequently phenotypic plasticity and bone remo-
deling), the latter takes an inter-specific approach. There-
fore, it could be hypothesized that observed differences in
sinuosity between Capuchin species may be the result of
phylogenetic distance. Conversely, plastic adjustments,
although occasionally in the shape of increased sinuosity
(as shown in Byron et al., 2018), can take the shape of
more subtle changes including suture widening and
thickening, an aspect not measured here, but of great
interest for future work.

More sensitive morphology quantification methods
such as surface scanning, and CT-scanning can improve
the performance of finer-scaled studies. Additionally, the
only suture investigated here is the sagittal suture, which
runs along the superior edge of the cranial vault. How-
ever, mastication has been suggested to only exert small
amounts of strain on the human vault (Behrents, Car-
lson, & Abdelnour, 1978; Hillam, 1996; Herring,
Rafferty, Liu, & Marshall, 2001; Lieberman, 1996;
Lieberman, Krovitz, Yates, Devlin, & St Claire, 2004;
Toro-Ibacache, Zapata Muñoz, & O'Higgins, 2016) in
proportion to the rest of the skull, namely the bones of
the face, including the maxilla, zygoma and nasal bones.
It may therefore be interesting to perform a similar
study on other sutures in areas undergoing stronger
strains (e.g., the zygomaticotemporal suture), and conse-
quently potentially exhibiting morphological changes of
a higher magnitude.

In addition, although the human skull develops along
a general mammalian plan, growth of the cranial vault
follows a unique trajectory to accommodate an early,
rapid expansion of the brain. The human brain is large
proportionally to body size when compared with that of
other mammals and much of its growth occurs within
the first 3 years of life (Peterson, Warf, & Schiff, 2018).
Consumption of milk and highly processed weaning
foods for much of this growth period may limit mastica-
tory strains in human infants at a time when sutural
morphology is most plastic. In the model organisms used
in the various studies mentioned here (Burn et al., 2010;
Byron, 2009; Byron et al., 2004; Byron et al., 2018;

Kanisius & Luke, 1994; Katsaros et al., 1994;
Kiliaridis, 1995; Rafferty & Herring, 1999; Sun et al., 2004),
cranial growth likely happened for a proportionally longer
period, during which the effects of variable masticatory
strains could be incorporated in the structure. Diet-
associated sutural response in humans may therefore be a
lot more subtle than in other mammals.

Although this discussion of determinants of sagittal
suture morphology has focused on various types of
mechanical constraints, genetic factors should not be
ruled out. Indeed, in forensic studies, the shape of the
zygomaxillary suture has been utilized as an indicator of
ancestry (Gill, 1995). Furthermore, many molecular path-
ways have a demonstrated involvement in the determina-
tion of sutural morphology (Miura et al., 2009; Morriss-
Kay & Wilkie, 2005; Rice, Kim, & Thesleff, 1997; Slater
et al., 2008). Nevertheless, geometric morphometric stud-
ies have established that environmental factors play a
very significant role in their determination (Sholts &
Wärmländer, 2012). These genetic patterns are therefore
unlikely to be of major importance in the here presented
study.

5 | CONCLUSION

In this study, we investigated the morphological com-
plexity of human sagittal sutures in a number of archaeo-
logical populations. Their cultural heterogeneity allowed
us to assess the potential effect of differing masticatory
regimes, such as that associated with the Mesolithic-
Neolithic transition, on sutural complexity. The decrease
in cranial strains associated with the consumption of the
softer, more heavily processed Neolithic diet appears to
have resulted in an increase in the complexity index of
the sagittal suture, contrary to the suggestions of previous
studies. Nevertheless, this effect is quite small in compar-
ison to that of intrinsic structural constraints associated
with the various anatomical features of the human skull.
However, the focus here was on the sagittal suture only.
The application of the here-described suture-
quantification methods on other cranial sutures in differ-
ing anatomical contexts will undoubtedly help toward
the further clarification of the impact of both intrinsic
and extrinsic factors on sutural complexity.
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Tvrdý was funded through the institutional support of
long-term conceptual development of research institu-
tions provided by the Ministry of Culture (ref.
MK000094862).

CHERONET ET AL. 2819



AUTHOR CONTRIBUTIONS
Abigail Ash: Data curation; formal analysis; investiga-
tion; writing-original draft; writing-review & editing.
Alexandra Anders: Resources; writing-review & editing.
J�anos Dani: Resources; writing-review & editing. L�aszl�o
Dombor�oczki: Resources; writing-review & editing. Eva
Drozdova: Resources; writing-review & editing. Michael
Franken: Resources; writing-review & editing. Marija
Jovanovic: Resources; writing-review & editing. Lidija
Milasinovic: Resources; writing-review & editing. Ildiko
Pap: Resources; writing-review & editing. P�al Raczky:
Resources; writing-review & editing. Maria Teschler-
Nicola: Resources; writing-review & editing. Zdeněk
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