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Abstract

Fluctuating asymmetry are random deviations of an otherwise symmetrical body plan and arises from instability in develop-
ment. Earlier studies suggest that levels of cranial fluctuating asymmetry may be influenced by lifestyle and quality of life
in a population. It may, therefore, be useful as a stress indicator. We investigated whether cranial fluctuating asymmetry has
changed in archaeological Danish populations over time, and between grave sites from the same time period. Our sample
consisted of 219 adult individuals from the Neolithic Age (approx. 3000BC) to the Early Modern Age (approx. 1850). We
collected 27 3-dimensional landmarks from the face, calvarium, and base of the cranium. Levels of shape variation were
analyzed using Procrustes analysis of variance and principal component analysis. Cemeteries, time periods, and sex were
compared using linear mixed models, one-way analysis of variance, and Kruskal-Wallis test. We found no statistically
significant differences in cranial FA between grave sites from the same time period, nor did we find any statistically sig-
nificant difference between time periods. We found that sex did not have an influence on levels of cranial FA. We found no
measurable difference in levels of cranial FA between Danish populations over time. Further knowledge on genetics and
other stress indicators in our sample may give more insight into the relationship between cranial fluctuating asymmetry and
developmental instability.

Keywords Developmental instability - Geometric morphometrics - Stress indicators - Archaeological populations - 3D
landmarks

Introduction

Investigating health and lifestyle of archaeological popula-
tions can help to understand more about life in the past.
General health can be estimated using, e.g., mortality rates,
demographic structures, and signs of pathological condi-
P4 Trine Bottos Olsen tions, while physiological stress may be more difficult to

trine.bottos @ gmail.com illuminate. In biological anthropology, physiological stress
has been measured using different indicators such as enamel
hypoplasia (Geber, 2014; Goodman & Rose, 1990; Suckling,
1989), Harris lines (Geber, 2014; Harris, 1931), and body
height (Geber, 2014; Victora, 1992). Fluctuating asymmetry
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and introduce small changes in the body plan, resulting in
asymmetry (Palmer & Strobeck, 1986; Van Valen, 1962).
Depending on the level of environmental instability, these
asymmetries may be more or less pronounced (Beasley
et al., 2013; Mgller & Thornhill, 1997; van Dongen, 2006;
van Dongen & Gangestad, 2011). Models regarding the
underlying causation behind FA suggest that changes in FA
may not be exclusively caused by changes in environment,
but also the genetic resilience of the individual (Farrera,
2022). These models are consistent with the principle behind
the Developmental Origin of Health and Disease hypothesis
(DoHaD) stating that early life environment and resilience
to the lived environment has an influence on adult health
outcomes (Gluckman et al., 2010; Hanson & Gluckman,
2008). Therefore, the prevailing hypothesis concerning FA
is that since it is a consequence of developmental instabil-
ity, the level of FA found in a sample can work as a proxy
for environmental and genetic stress in populations. Indeed,
many biological studies have been conducted on the subject
(for a brief overview see: Beasley et al., 2013).

FA and developmental instability in human skeletal mate-
rial have previously been investigated in crania (Bigoni et al.,
2013; DeLeon, 2007; DeLeon & Richtsmeier, 2009; Gaw-
likowska et al., 2007; Gawlikowska-Sroka et al., 2017; Moes
et al., 2022; Weisensee, 2013; Weisensee & Spradley, 2018)
and in the post-cranial skeleton (e.g., Kujanova et al., 2008;
Livshits et al., 1998; Mopin et al., 2018). For cranial FA spe-
cifically, studies have compared FA to developmental stress in
two ways: firstly, by comparing FA to other stress indicators, or
secondly, by comparing distinct populations stratified by time
or socioeconomic status. Comparing levels of FA to enamel
hypoplasia in archaeological material have shown contradict-
ing results (Gawlikowska-Sroka et al., 2013, 2017; Moes et al.,
2022). Weisensee (2013) has found that individuals from nine-
teenth and twentieth century Portugal that died from degenera-
tive diseases (e.g., heart disease, diabetes, and vascular lesions)
had higher levels of FA than individuals who died from
infectious diseases, suggesting that FA may be connected to
decreased resilience. Cranial FA has been compared between
populations from different time periods, spanning from the
Medieval Age to the twentieth century: DeLeon (2007) com-
pared early and late medieval populations and Gawlikowska
et al. (2007) compared medieval and modern populations—
both studies found statistically significant decreases in levels
of FA in connection with expected increase in living standards.
A study by Kimmerle and Jantz (2005) found constant levels
of FA over time in American populations from the nineteenth
and twentieth century. Studies between FA and different socio-
economic groups show differing results: Bigoni et al. (2013)
found constant levels of cranial FA for men, while levels of
FA for women were higher in the group with expected higher
living standards in a medieval population. Weisensee (2018)
found that levels of cranial FA decreased with the increase in
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socioeconomic status between U.S. citizens and unauthorized
border crossers at the Mexican border—the effect was only
statistically significant for males and the sexes combined.

Thus, previous research indicates that there may be a link
between levels of cranial FA in humans and changes in life-
style and physiological stress. The aim of this study is to
investigate if and how cranial FA has changed through time
in adult Danish populations from the Neolithic (approxi-
mately 3000BC) until the Early Modern Age (approxi-
mately 1850). Differences in developmental instability
between populations will be tested by comparing grave sites
within the same time period, and by comparing different
time periods. Cranial FA is measured using 3D landmarks
and Geometric Morphometric methods to make our results
comparable to most other recent research in cranial FA. The
results are discussed in relation to lifestyle and environmen-
tal stress.

Materials and methods
Sample

The sample contained 219 adult individuals from 12 sites
in Denmark dated from the Stone Age (Neolithic period,
approximately 3300-2800BC) to the Early Modern Period
(1650-1850) (see Table 1).

All crania were selected from the Anthropological Col-
lection at the Laboratory of Biological Anthropology,
Department of Forensic Medicine, University of Copenha-
gen (DK). Grave sites were chosen primarily according to
the number of intact crania. Additionally, grave sites were
chosen to cover as many time periods as possible. These
criteria limited the sample size significantly, in particular
for the early time periods. Crania with visible warping, and
taphonomic damage and pathology in areas containing land-
marks (see Fig. 1) were excluded.

The sample consisted of 63 females, 152 males, and
four individuals of undetermined sex (see Table 2). Age
and sex of the skeletons were estimated by using standard
methods on the cranium, pelvis, and ribs (J. L. Buckberry
& Chamberlain, 2002; Buikstra, 1994; Dwight, 1905; Katz
& Suchey, 1986; Meindl & Lovejoy, 1985; Phenice, 1969).
Only adult individuals were included in the sample — cutoff
was set as a minimum age of 18 and above.

Archaeological context of the grave sites

Stone Age (Neolithic)

The Neolithic Period in Denmark spanned around
3900BC-2800BC. This period is characterized by the shift

from hunter-gatherer society to early agriculture and hus-
bandry (Jensen, 2001).
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Table 1 Overview of samples included in the study

Time period Approx. year Grave site name Museum number Number of
individuals

Stone Age (Neolithic) 3300BC-2800BC Ravehg) NM A27999-28037 4
Borreby NM 18519 14

Iron Age (early Roman Age) 0-200AD Simonsborg NM 558/65 5

Viking Age 800-—-1050 Galgedil OBM4520 4
Kaagarden LMR11563 4

Medieval Age 1050-1536 Skeelskgr, Algade 9 AMK1995031 28
Holbak, Ahlgade 13-15 MHO71/85 13
Tjerby KHMO0899 12
Vor Frue AHM 6093 44

Early Modern Age 1650-1850 Dsterbrogade 1952 45
Bremerholmen AB144 34
Holmens Church NM538/13 12

Total sample 219

Fig.1 Landmark placement. Superior dataset (red dots): (1) Nasion,
(2) Maxillonasofrontale, (3) Frontomalare orbitale, (4) Infraorbital
foramen, (5) Nasal aperture, (6) Zygomaxillare inferior, (7) Jugale.
Basal dataset (blue dots), (8) Asterion, (9) Lambda, (10) Opisthion,
(11) Basion, (12) Foraminolaterale, (13) Caroticum mediale, (14)
Spinale mediale, (15) Ovale mediale, and (16) Hormion

Table2 Overview of sex and age of the individuals included in the
study

n Agemin Agemean Agemax Age estima-
tion missing
(n=)
Female 63 21.5 34.6 62.5 16
Male 152 19 359 72.5 30
? 4 25 38.7 51 1

Borreby and Reaevehg;

Borreby and Ravehgj are both passage grave sites from the
Neolithic Period and date to the late Tragtbeeger culture
from 3300 to 2800 BC. (Jensen, 2001).

Borreby passage grave is located near the village of
Magleby, Slagelse on southwestern Zealand.

Ravehgj passage grave is located in a mount near the
village of Dalby, near the Great Belt on Western Sealand
(Jensen, 2001, p. 378).

Iron Age (Early Roman Age)

The Early Roman Age is a subcategory of the Iron Age in
Denmark and spanned around 0-200AD. The period was
characterized by agriculture and the founding of small vil-
lages and homesteads. (Jensen, 2003).

Simonsborg

Simonsborg is dated to around 0-200AD. It is situated in
the central part of Zealand, near the town Sorg (Sellevold
et al., 1984).

Viking Age

The Danish Viking Age spanned approximately 800—-1050.
In the Viking Age, most Danes lived as farmers. For a

majority of the Danish Viking Age, society was generally
divided into smaller family and village units.
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Galgedil

The Galgedil grave site is located near Otterup on the
northern part of Funen. It is dated to have been active
between around 800 and 1060. It is a confirmed pagan
grave site. Archaeological finds indicate that Galgedil was
primarily a farmer community, which was socially strati-
fied with masters and slaves. Grave goods indicate some
contact with the larger world, and DNA and Strontium
analyses show the presence of non-local individuals (Price
etal., 2014).

Kaagarden

Kaargarden grave site is located on the southern part of the
island of Langeland. Archaeological finds from the graves
date the grave site to around 750-1066. (Grgn et al., 1994).

Medieval Age

The Danish Medieval Age dates from 1050 to 1536. The
Medieval population lived generally in either rural farming
communities or towns, where, e.g., tradesmen, craftsmen,
and clergy lived and worked (Asmussen, 1997). Most vil-
lages had a local church and cemetery where inhabitants
were buried, until the Reformation in 1536 and the years
after, when several village cemeteries were discontinued.

Algade, Skeelsker

The cemetery in Algade in Skeaelskgr is located in the west-
ern part of Zealand, by the coast of the Great Belt. The
cemetery was connected to a Carmelite monastery that was
active from around 1400 until 1560 (Koch & Lynnerup,
2003).

Ahlgade, Holbaek

The cemetery beneath Ahlgade 15-17 is located in Holbaek
in Northwestern Zealand at the bottom of the Issefjord. In
Medieval times it was connected to the church St. Nicolai.
It served a smaller town and was active from around 1200
until 1573 (Asmussen, 1997).

Tjeerby

Tjerby cemetery is located close to Randers in eastern Jut-
land. It was active from around 1100 until the Reformation
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in 1536. The church served a rural community primarily
comprised of farmers (Hyldgérd, 2016).

Vor Frue, Aalborg

Vor Frue cemetery in central Aalborg was connected to a
church and monastery complex that was active during most
of the Medieval Age. Skeletons excavated on the site were
dated to be from around 1100 to 1500. While it was expected
that the cemetery had been reserved for the nuns in the mon-
astery, excavations unveiled that the cemetery was used by
the general population in the town (Springborg & Mgller,
2016).

Early Modern Period

The samples from the Early Modern Period include indi-
viduals from Copenhagen from around 1650-1850. In this
period, Copenhagen was a rapidly growing city with active
commerce and military complexes. Life in the city was
socially stratified with lower socioeconomic classes work-
ing in hard manual labor and higher-class citizens working
as merchants, academics, or finer tradesmen such as gold-
smiths. The military and naval complexes in the city also
meant that Copenhagen had quite a large population of sol-
diers (Bech et al., 1980).

@sterbrogade

The @sterbrogade excavation covered an area connected to
the general hospital “Almindeligt Hospital” and was active
from 1770 to 1885. The burial site was not part of church
grounds and was thus used to inter individuals that did not
have the means to pay for a burial in a proper cemetery
(Wendt, 1833).

Bremerholmen

Bremerholmen is located next to Holmens Church in Copen-
hagen. Bremerholmen was a large naval complex for ship
building. It also contained a forced labor camp (1570-1741).
The cemetery at Bremerholmen is thought to initially have
been for men working at the naval complex and the con-
victs from the labor camp, but it also became a cemetery for
inhabitants in Holmens Parish, and was used to inter plague
victims during the epidemic in 1711-12 (Bobé, 1920). The
cemetery has never been archaeologically excavated, but
human remains have been recovered on several occasions
during construction works in the twentieth century.
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Holmens Church

Holmens Church in the center of Copenhagen was built
on the naval docs in 1648—49 and had active burials until
around 1800. Holmens church and cemetery was built for
use by the Navy, and burials in the area are expected to be of
middle-class individuals and individuals of higher middle-
class status living in the Parish (Kjergard, 2014).

Methods

We collected 27 3-dimensional (3D) landmarks—11 bilat-
eral and 5 midline, adapted from Olsen et al. (2022). Land-
marks covered both face, calvarium, and base of the cranium
(see Fig 1).

The 3D landmarks were collected as two separate data-
sets: one superior dataset covering the face and one basal
dataset covering the base and calvarium (see Fig. 1). The
two datasets were kept apart for statistical analysis. All land-
marks were collected twice, as advised by Graham (2021)
when studying small biological signals like FA.

3D landmarks were collected using a Revware Micro-
scribe i 3D digitizer and Microscribe Utility Software
(Revware, 2020). The 3D digitizer was clamped to a table
to keep it stable and was calibrated daily. Crania were stabi-
lized by placing them on a small bag filled with sand.

Missing landmarks

To accommodate the need for complete datasets when
working with multivariate methods, any missing landmarks
had to be estimated. Missing landmarks were estimated in
RStudio using the geomorph package (Adams et al., 2022;
Baken et al., 2021). All missing data were estimated using
Thin Plate Spline interpolation as advised by Neeser (2009),
which estimates missing landmarks by minimizing the bend-
ing energy between a complete reference cranium and the
incomplete target crania (Mitteroecker & Gunz, 2009). All
missing data were estimated by using a complete reference
cranium from the same population as the incomplete target
crania. The datasets containing estimated landmarks were
compared to the complete datasets using unpaired Wilcoxon
two-sample test to ensure there were no statistical differ-
ences between the two groups. Only Medieval and Early
Modern samples were tested, due to sample size.

Statistical analyses

General procrustes analysis (GPA), principal component
analysis (PCA), and individual FA values were calculated
in MorphoJ (Klingenberg, 2011) and results were then
exported to RStudio (RStudio Team, 2021) for further sta-
tistical analysis and visualization.

When analyzing fluctuating asymmetry and shape in gen-
eral, certain preparations of the data are necessary. Namely
that to analyze shape in isolation, one must remove any
information on size, rotation, and orientation from the data.
This is done by using GPA: all datasets are scaled to a cen-
troid size of 1.0, moved to the origin of a common coordi-
nate system, and rotated to minimize the sums of squared
distances between all corresponding landmarks (Dryden
& Mardia, 1998; Rohlf & Slice, 1990; Slice, 2006; Small,
2012). After the GPA, all information contained in the indi-
vidual data sets is information on shape, which can then be
analyzed.

Levels of shape variation were analyzed using Pro-
crustes ANOVA, which is a nested ANOVA design adapted
to analyze shape data. The Procrustes ANOVA compares
levels of variation between the individuals (random effect),
directional asymmetry (fixed effect), fluctuating asymmetry
(interaction between random and fixed effects), and measur-
ing error (residuals) (Klingenberg et al., 2002; Klingenberg
& Mclntyre, 1998). To illustrate the influence of the indi-
vidual levels of variation, we calculated the percentage of
variation for all levels by dividing a given levels sum of
squares with the total sum of squares of all levels (Fruciano
etal., 2017).

The asymmetric component of shape variation was ana-
lyzed using PCA to visualize the shape variation in the
sample, as well as checking for outliers. The shape changes
of the asymmetric component were visualized for the first
two Principal Components. Individual levels of FA were
calculated automatically in Morphol as the total individual
asymmetry minus the mean asymmetry (directional asym-
metry). Individual FA levels were expressed in Mahalano-
bis distance. Levels of FA between grave sites were com-
pared using ANOVA or Kruskal-Wallis test, depending on
whether the data sets met the assumptions of equal variance
and normality. Due to small sample sizes in the Neolithic
and Viking age, we did not test differences in levels of FA
between grave sites in these time periods. Differences in
levels of FA between time periods were tested using linear
mixed models with FA as the dependent variable and sex and
period as independent variables.

Results
Missing landmarks

In total, we collected 94% of all landmarks. We estimated
4.7% (n = 554) of the landmarks from the superior data set,
and 6.7% (n = 792) from the basal dataset. We compared FA
values in the datasets with and without estimated landmarks
and found no statistically significant differences: Medieval
Age superior: p = 0.0715, Medieval Age basal: = 0.1039,
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Early Modern Age superior: p = 0.1522, and Early Modern
Age basal: p = 0.118.

Procrustes ANOVA

The Procrustes ANOVAs of the superior and basal data
sets showed that all levels of shape variation (between indi-
viduals, directional asymmetry, fluctuating asymmetry, and
measuring error) were statistically significant (Table 3). FA
accounted for 14—-16% of all shape variation. Measurement
error in both data sets accounted for around 2% of shape
variation.

PCA—asymmetrical component

Principal component analysis of the asymmetrical compo-
nent of shape showed two different patterns between the
superior and basal data sets.

The superior data set showed clustering around the mean
shape for all time periods, and the Early Modern Period
encompassed almost all other groups (Fig. 2). For the Medi-
eval sample, PC1 represented a movement of the superior
part of the nasal aperture to the left and a movement to the
right for the maxilla and zygomatic (Fig. 3). For the Early
Modern sample, PC1 represented a movement to the right
of the superior part of the nasal aperture, and a movement

Table 3 Procrustes ANOVA.
ANOVA levels: Individual =

Superior dataset

random e.ffe(.:t .(shape var iation Effect SS MS df F P (param.) % variation
between individuals), Side Individual 1471235 0000281 5232 5.39 <0000 8276
= fixed effect (directional
asymmetry), Ind*side = Side 0.007026 0.000305 23 5.85 < 0.0001%#%* 0.40
interaction between random Ind * side 0.261753 5.22E-05 5014 14.27 < 0.0001%#%* 14.73
and fixed effects (fluctuating Error 1 0.037651 3.66E-06 10293 2.12
asymmetry), Errorl =
. Basal dataset
measuring error. Outputs:
SS = Sum of Squares, MS = Effect SS MS df F P (param.) % variation
mean squares, df = degrees of Individual 2274142 0.000549 4142 4.39 < 0.0001** 82.22
freedom Side 0.004201 0.000263 16 2.1 0.0063* 0.15
Ind * side 0.435796 0.000125 3488 18.45 < 0.0001** 15.76
Error 1 0.051669 6.77E-06 7630 1.87
*p < 0.05
*#*p < 0.0001
Fig.2 PCA asymmetric compo-
nent, superior data set 0.0507
0.025-
Time period
Stone Age
8 0000+ Iron Age
o - *  Viking Age
Medieval Age
® Early Modern Age
-0.025
-0.050-
-0.050 0025 0.000 0025 0.050
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Fig.3 Asymmetrical shape
changes of PC1 and PC2 of the
superior crania in the Medieval
and Early Modern Age. Light
blue = Mean shape, dark blue
= shape change of the given
principal component

Medieval Age

Early Modern Age

to the left for the maxilla and zygomatic. For the Medieval
Age sample, PC2 represented a movement of both maxilla
and zygomatic bones to the right. PC2 in the Early Modern
sample represented movement of the superior part of the
nasal aperture to the right, a shortening of the left maxilla,
and a broadening of the right maxilla (Fig. 3).

The basal data set showed more variation between groups.
The Iron Age, Viking Age, and Early Modern Period groups
still clustered around the mean shape, while the Stone Age
and Medieval Age groups had individuals that showed
higher levels of asymmetry (Fig. 4). In the medieval sample,

Fig.4 PCA asymmetric compo-
nent—basal dataset

0.05-

PC2

-0.10-

PC1 PC2

both PC1 and PC2 represent some movement of all basal
structures. In the Early Modern Age sample, PC1 and PC2
represent movement of posterior (lambda, asterion) and
anterior structures (foramen caroticum, foramen spinale, and
foramen ovale), while the foramen magnum shape stayed
constant (Fig. 5).

Fluctuating asymmetry over time

Looking at FA over time, our data showed generally steady
levels between time periods, with some larger variation

Time period
Stone Age
Iron Age

® Viking Age
Medieval Age
® Early Modern Age

0.00 0.05

PC1
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Fig.5 Asymmetrical shape PC1 PC2
changes of PC1 and PC2 of the
basal crania in the Medieval
and Early Modern Age. Light
blue = Mean shape, dark blue
= shape change of the given

principal component

Medieval Age ‘ "

Early Modern Age < N | N\ <>

present in especially the Neolitic and Viking Age samples. ~ Cemeteries

Individual FA values were between 1.997-8.45 for the supe-

rior dataset (Fig. 6) and 1.46—12.8 for the basal data set Both the Medieval and the Early Modern Period cemeter-

(Fig. 7). ies were tested either using one-way ANOVA or Kruskal
Within cemeteries, we found the biggest differences = Wallis test (Table 4). None of the cemeteries in the four

between the two Viking Age cemeteries in the superior data ~ data sets were statistically different (Table 4).

set (Fig. 6), and the Stone Age grave site “Ravehgj” and all

other cemeteries in the basal data set (Fig. 7).

Fig.6 Boxplots showing FA
over time between the different
grave sites—superior data set

w
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Fig.7 Boxplots showing FA
over time between the different
grave sites—basal data set

Mahalanobis distance

n=4 n=14 n=5 n=4

reevehoj”
borreby ~

simonsborg ™

Table 4 Overview of statistical tests and p values from tests of levels
of FA between cemeteries

Data set Assumptions Test p value
Superior Variance Normality

Medieval Age Yes Yes ANOVA 0.7826
Early Modern Age Yes No Kruskal-Wallis  0.9211
Basal

Medieval Age Yes Yes ANOVA 0.7537
Early Modern Age Yes Yes ANOVA 0.3421

Time periods

We tested differences in levels of FA between time peri-
ods using linear mixed models with time period and sex
as independent factors. We found that sex was not a factor
(superior: p = 0.225, basal: p = 0.198), and that there was
no statistical difference between time periods (superior: p =
0.885, basal: p = 0.06).

Discussion

In this study we investigated cranial FA through time in adult
Danish populations. Based on ANOVAs and Kruskal-Wallis
test, we found no differences between cemeteries from nei-
ther the Medieval nor the Early Modern time periods. Based
on mixed linear models, we found no statistical differences
in cranial FA between time periods, and we found that sex
did not influence levels of cranial FA.

period
B3 Neolithic
B3 ron Age
B viking Age
E3 Medival Age
‘ ‘ B Early Modem Age

kaargarden ™
algade
ahlgade
tizerby ™
vorfrue
osterbrogade ~
bremerholmen ™
holmens kirke ™

cemetary

Fluctuating asymmetry between grave sites
from the same time period

We found no differences between cemeteries within the
Medieval Age and Early Modern Age samples, which
does not align with our hypothesis that FA is dependent
on environmental stress and lifestyle. For both time peri-
ods, we expected to see some difference between cem-
eteries. The Medieval Age sample included cemeteries
from both rural and urban areas, which may have meant
some differences in levels of environmental stress. Vil-
lage communities in the Danish Medieval Age were small
compared to urban communities (Primeau et al., 2018),
and we expected that this difference along with the higher
levels of contact to other communities due to trade in big-
ger towns would lead to differences in genetic heterozy-
gosity and lifestyle. However, as our results indicate, the
differences between urban and rural communities in the
Medieval Age might not have been big enough to cause
differences in levels of cranial FA. The Early Modern
Period sample included cemeteries only from Copenha-
gen, but different socioeconomic groups. We expected
the lower socioeconomic groups to live with higher lev-
els of environmental stress due to e.g., harder manual
labour from an early age, less access to consistent nutri-
tion, and higher disease loads caused by more cramped
living spaces. We found that levels of cranial FA between
the socioeconomic groups were not statistically differ-
ent. This might be because the more advantaged groups
lived with higher levels of environmental stress than we
expected, or because the stratification of socioeconomic
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groups were not as static as we thought. Some differ-
ences were seen in the Stone Age and Viking Age sam-
ples. We saw a high level of FA in the basal data set from
the Revehgj grave site, which is interesting, though it
is difficult to conclude anything about due to the small
sample size (n = 4) and the lack of archaeological con-
text. For the Viking Age, we noticed that the superior
data sets showed different levels of FA between the two
cemeteries included. Again, we were limited by the small
samples size (n = 4 and n = 4), which makes conclusions
vague. Additionally, levels of FA in these samples were
not consistent between the superior and basal parts of the
crania. In the R@&vehgj sample, FA was very high in the
basal data set, but it was comparable to the other grave
sites in the superior data set. The two Viking Age sample
FA levels only seemed to differ in the superior data sets.
At present, we only have limited genetic and chemical
context on the samples in our study, except for the Galge-
dil grave site. The results from Galgedil showed that the
population included a number of non-local individuals,
indicating that some level of admixing may have been
present in the population (Melchior et al., 2008; Price
et al., 2014). This may have had an effect on the levels of
FA in the population compared to the other Viking Age
grave site (Kaagarden). However, the isotopic context of
the Kaagédrden grave site is not known, so any proper
comparisons would necessitate a similar analysis to be
made on the remains there.

Fluctuating asymmetry between time periods

We found no differences in levels of cranial FA between
the time periods. Our findings stand in opposition with
previous studies, which found statistically significant dif-
ferences between populations, both with regards to time
(DeLeon, 2007; Gawlikowska et al., 2007) and socioeco-
nomic status (Bigoni et al., 2013; Weisensee & Spradley,
2018). Our results are consistent with results found by
Kimmerle and Jantz (2005) who found steady levels of
FA over time. As with the comparison between cemeter-
ies, we expected to see some change in FA through time
periods. Since the Early Modern Period material is all
from Copenhagen, the capital city of Denmark, and the
other samples are from either smaller towns or rural com-
munities, we expected to see a difference in FA between
the time periods due to admixing, with the urban environ-
ment making inbreeding less likely. Moreover, we hypoth-
esized the populations would differ in lifestyle based on
changes in, e.g., jobs, working conditions, diet, and liv-
ing quarters. Since the cemeteries within each period are
not statistically different, we cannot attribute the lack of
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variation between the time periods to the mixing of dif-
ferent socioeconomic groups.

Fluctuating asymmetry, sex, and age

We chose to include sex as factor in our analysis both
because of the lack of consensus on the subject in previous
literature (Bigoni et al., 2013; Chovalopoulou et al., 2017;
Gawlikowska-Sroka et al., 2013, 2017; Hershkovitz et al.,
1992; Jung et al., 2016; Weisensee, 2013) and because we
wanted to ensure that no bias was introduced by the skewed
proportion of males to females that was present in our sam-
ple. We found that sex did not influence levels of cranial FA.

We chose not to test whether there was a connection
between FA and age. This decision was primarily based
on the inherent uncertainties related to age estimation in
archaeological samples, such as lack of standards in com-
bining age estimation methods and reference sample age
distribution bias (Buckberry, 2015). This is especially true
for our samples, as age estimations in the Anthropological
Collection at the Laboratory of Biological Anthropology
in Copenhagen have been performed by multiple research-
ers, and the bones present for age estimation vary greatly
between samples, making age estimation inconsistent and
age ranges very broad. Moreover, previous studies indicate
that FA and age are not correlated (Chovalopoulou et al.,
2017; Hershkovitz et al., 1992).

Limitations when measuring fluctuating asymmetry

There are multiple possible explanations as to why we found
no differences in FA between populations. First, it may be
that the placement of the landmarks used in our study did
not detect FA. It has been suggested that FA stressors may be
trait specific (DeLeon, 2007; DeLeon & Richtsmeier, 2009),
which our choice of landmarks may not have covered. This
hypothesis is supported by the fact that other studies have
found differences in FA between groups. In this context,
there may be some consequence of landmark choice: while
there is some overlap between which landmarks different
studies use, they are not consistent (Rupi¢ et al., 2020),
which could have some influence on the results. Other stud-
ies have chosen to include a higher number of landmarks
to cover more of the cranial shape (Chovalopoulou et al.,
2017; DeLeon, 2007; Jung & von Cramon-Taubadel, 2018),
thus increasing the chances of registering traits exhibiting
FA. In our instance, rather than to include a large number of
traits, we chose to select our landmarks based on precision
of the points and to avoid landmarks that were often missing
due to taphonomic damage. Our list of landmarks was taken
from Olsen et al. (2022), which is specifically tested for use
in studies of cranial FA. We did this to ensure that any FA
would not be obscured by measuring error, and because
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there is no definite answer to which traits are most appropri-
ate to measure (Chovalopoulou et al., 2017; DeLeon, 2007,
Jung & von Cramon-Taubadel, 2018; Olsen et al., 2022).
Moreover, we collected only fixed landmarks. A possible
alternative approach to cover more of the cranial shape could
have been to include semi-landmarks in the study—however,
semi-landmarks have not been previously used in studies
of cranial FA in humans, and some research indicates that
using semi-landmarks in studies of FA can introduce bias
(Schlager, 2016).

Working with archaeological samples comes with its own
set of unique complications. Not only are conclusions always
dependent on the archaeological context—the material is
often damaged, and it is almost certain that the skeletal
samples used are not representative of the living popula-
tion. Even though we excluded warped, pathological, and
damaged crania from our sample, it is not guaranteed that
all crania in our sample was then without bias. Crania may
have been warped to such a small degree that it was not
noticeable to the naked eye but was still registered by the
3D digitizer. Moreover, since it is hypothesized that FA is
established in childhood, any illness in that time may have
had an influence that is no longer visible. It could very well
be the case that changes in populations have had an influence
on FA, however heterogeneous frailty and selective mortal-
ity have obscured it (Wood et al., 1992). These mechanisms
may have resulted in the weakest individuals in a population
being selected out of said population early, leaving indi-
viduals with higher genetic resilience and therefore possi-
bly lower FA. We only investigated adults in our study, to
ensure that the crania had all finished development, which
may mean that we have missed information of FA in frail
populations. Having more knowledge of the demography
of the populations and having more archaeological context
could help clarify how levels of FA have developed.

Knowledge of the archaeological context becomes harder
to obtain as the samples become older. Additionally, the
amount of material we have available is also dependent on
the age of the samples, making conclusions about our old-
est samples vague. To put our results into clearer context,
we would need to obtain more physiological information
on the populations. This could be done by collecting data
on stress indicators in the population, such as enamel hypo-
plasia or cribra orbitalia. Moreover, genetic information on
heterozygosity of the population could be very useful to put
into context whether admixing has had an influence on FA.

Division of datasets

We chose to analyze the crania in two parts: a superior
part covering the face, and a basal part covering the cal-
varium and base of the crania. The division of the dataset
was required due to the cranium needing to be flipped over

to collect all landmarks. While it is possible to align the
two datasets into one whole using alignment landmarks, we
chose to forego this step because the alignment landmarks
need to fulfil certain requirements (isotropic variation, very
high precision) to not introduce bias (von Cramon-Taubadel
et al., 2007). Furthermore, the divided datasets were an
opportunity to analyze the neurocranium and viscerocranium
separately, which may be reasonable as they have different
embryonic origins (Schaefer et al., 2009). Other research
touch upon the connection between FA and fetal develop-
ment, arguing that some FA is established already in utero
(Rossi et al., 2003; Russak et al., 2016), which could indicate
that embryologic development could influence levels of FA
in different structures. For cranial development specifically,
there is firstly a difference in origin—the neurocranium
originates in the crista neuralis and the paraxial mesoderm,
while the viscerocranium originates in the first pharyngeal
arch (Schaefer et al., 2009). Secondly, the two parts of the
cranium have different growth trajectories, with the neuro-
cranium growing faster than the viscerocranium to accom-
modate the rapid early growth of the brain (Zollikofer &
Ponce de Ledn, 2002). Thus, the neurocranium reaches adult
morphology faster than the viscerocranium, possibly making
the two parts of the cranium susceptible to environmental
influence at different times during development. Indeed,
others have found that levels of FA are lower in the face
than in the base and calvarium (Chovalopoulou et al., 2017;
DeLeon, 2007; DeLeon & Richtsmeier, 2009), indicating
that this may be a factor, though other explanations such as
sexual selection are proposed in these papers. We did not
compare the levels of FA in the two cranial regions, due to
the study design with different numbers of landmarks in the
two datasets. However, it would be interesting to investigate
this topic further.

Missing data estimation

For this study, we had to estimate around 6% of the data.
This is almost unavoidable when working with archaeologi-
cal material, which is often damaged. We followed guide-
lines set up by Neeser et al. (2009) to ensure as little bias
as possible, though it is possible that some still exists. We
tried to keep bias to a minimum by estimating missing data
using a reference cranium from the same population as the
target cranium. This way, any possible asymmetry from one
population was not transferred to all populations.

Conclusion
The results of this study indicate that environmental stress

and lifestyle have not had a measurable impact on cranial
FA in the Danish population; we found no differences in
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FA over time in the Danish population, nor did we find any
differences between cemeteries from the same time period.
Additionally, we found no connection between FA and sex.
Further knowledge of genetic variation and other stress indi-
cators of the populations may help our understanding of the
underlying mechanisms driving cranial FA.
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