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Abstract

Habitual loading patterns of domesticated animals may differ due to human influence from their wild counterparts. In the early
stages of human-reindeer interaction, cargo and draft use was likely important, as well as corralling tame reindeer. This may result
to changes in loading as increased (working) or decreased (captive) loading, as well as foraging patterns (digging for lichen from
under the snow versus fed working and/or captive reindeer). Our aim is to study whether differences in activity modify variation
in bone cross-sectional properties and external dimensions. Our material consists of donated skeletons of modern reindeer: 20
working reindeer (19 racing and one draft), 24 zoo reindeer, and sample of 78 free-ranging/wild reindeer as a reference group. We
used general linear modelling to first establish the total variation in cross-sectional properties among wild and free-ranging
reindeer, and then to infer how differences in loading modify observed variation among zoo and working reindeer. According to
our results, direction of greater bone quantity as well as external dimensions in of radioulna of female reindeer differs from female
reference group, likely relating to foraging behavior. External dimensions of humerus differ in working and zoo male reindeer
compared to male reference group. Increased robusticity of long bones, especially of tibia among working male reindeer, may
indicate increased loading, and increased cortical area of long bones may indicate sedentary lifestyle among female reindeer. The
results of this study can be used to understand early stages of reindeer domestication by observing reindeer activity patterns from
archaeological material.

Keywords Rangifer tarandus - Physical activity reconstruction - Bone biomechanical properties - Domestication -
Human-reindeer interaction

Introduction

Habitual loading patterns representing physical activity of a
human or an animal person are considered to result in modi-
fications in bone mass and its distribution (Shackelford et al.
2013; Cameron and Pfeiffer 2014; Ruff and Larsen 2014; Ruff
et al. 2015). Due to sustained interaction with humans, phys-
ical activity patterns in the skeletons of domesticated animals
can be different from the patterns observed in the skeletons of
their wild counterparts (Flensborg and Kaufmann 2012). The
different patterns typically emerge as a response to different
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loading environment, such as working, living conditions, be-
ing fed, or captives under human influence compared to ac-
tivities in the wild. Reindeer management in historic as well as
modern times differs from other domesticated animals, where
reindeer roam free most of the year except biannual round-
ups. Due to elusive nature of identifying the early stages of
human-reindeer interaction and reindeer domestication (Salmi
and Heino 2018), distinguishing the effects of modern human
influence on reindeer activity might allow investigating the
earlier contacts between human and reindeer.

Reindeer have had a major role in the subsistence, world-
view, and religion of many peoples in the Eurasian Arctic
reaching to modern times (Gordon 1990; Helskog 2011). It
has been argued that cargo and draft use of reindeer were
important in the early stages of reindeer domestication (e.g.,
Ingold 1986; Bjerklund 2013), which probably began in
Scandinavia during the Late Iron Age, ca. 800-900 AD on-
wards (Bergman et al. 2013; Bjerklund 2013). Tame reindeer
were also kept at the homestead (Bately 2007: 56), likely
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corralled or tethered. Thus, human-reindeer interaction causes
changes in habitual loading as increased (working) or de-
creased (captive) loading, as well as foraging patterns (digging
for lichen from under the snow versus fed working and/or
captive reindeer). These changes can potentially be observed
in bone cross-sectional properties, namely bone strength and
direction of greater quantity of bone.

Bone functional adaptation—or mechanostat theory—
explains changes in bone robusticity with activity, as bone is
adapted to “normal” level of mechanical loading with removal
or accrual of bone mass to appropriate to the level of mechan-
ical loading. Mechanical loading occurs in terms of gravita-
tional and muscle loading (Lanyon and Rubin 1984; Frost
1987; Lanyon 1987, 1996; Heinonen et al. 2002; Judex and
Carlson 2009; Robling 2009), where the former seems to be
more important than the latter (Niiniméki et al. 2019). In case
of working reindeer, both loading elements are present as
increased muscle loading from pulling/pushing a load and
increased gravitational loading from walking/running motion
while pulling/pushing a load. In addition, frequency and mag-
nitude of loading contribute to bone robusticity (Lanyon and
Rubin 1984; Lanyon 1987, 1996; Umemura et al. 2002; Ruff
et al. 2006; Nikander et al. 2006; Niiniméki et al. 2017, 2019),
where magnitude of loading is increased in working reindeer
due to additional weight compared to non-working reindeer.

Activity-related modifications in bone mass and its distri-
bution are based on beam theory (Lieberman et al. 2004; Ruff
et al. 2006; Stock and Shaw 2007) and mechanostat theory
(Frost 1987; Turner 1998), the latter later termed as functional
muscle-bone unit (Schoenau and Frost 2002). According to
beam theory, the bone is strongest the further the bone tissue is
distributed from the cross-section centroid. Thus, bone adap-
tation to habitual loading can be observed in the distribution of
bone in its cross-section and as modifications of external di-
mensions of bone shaft towards the principal or usual direc-
tion of stress (Forwood and Burr 1993; Ruff et al. 2006; Shaw
and Stock 2009). There are several studies where mobility has
been studied successfully from bone cross-sections (e.g.,
Cameron and Pfeiffer 2014; Ruff and Larsen 2014; Ruff
et al. 2015). In case of reindeer, the time period during which
the free-ranging reindeer must dig for lichen is approximately
4 months of the year (i.e., months when the ground is snow-
covered), digging for up to 8 h per day (Itkonen 1948: 82;
Helle 1982: 47-59; Nieminen and Pietild 1999: 20-21;
Korhonen 2008: 40). Thus, it can be expected that forelimb
bone elements may exhibit differences in distribution of bone
within a cross-section between fed reindeer and freely grazing
reindeer. Working as cargo and draft animal may also be
reflected in distribution of bone mass in reindeer bone due to
greater requirement for forward propelling motion.

The aim of this paper is to distinguish potential mediators
for contemporary variation in reindeer bone mass and its dis-
tribution using bone cross-sectional data of working (racing
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and draft) and zoo reindeer compared to a sample of free-
ranging/wild reindeer specimens. We first establish the base-
line variability in cross-sectional properties using the material
on wild and free-ranging reindeer, after which we infer how
differences in loading could modify that variation in the
groups of working and zoo reindeer. We expect to find that
the wild and free-ranging reindeer would show high hetero-
geneity in bone elements whereas the different loading types
would result in directional modification of bones and thus
more homogeneous variation in the cross-sectional properties.
Based on beam theory, we expect that the distribution of bone
in forelimb bone elements between fed and freely grazing
reindeer is different. Working in reindeer may potentially also
result to different distribution of bone quantity compared to
free-ranging/wild reindeer due to requirement of forward pro-
pelling motion while pulling a load. We further expect that,
based on bone functional adaptation, working activities
should result to increased loading and thus to greater bone
robusticity, whereas captivity should result to decreased load-
ing and thus to decreased bone robusticity, in comparison to
the loading environment of free-ranging/wild reindeer. The
results of this study are essential in identifying reindeer activ-
ity patterns from archaeological material in view of its domes-
tication by humans. As our material comprises of modern
reindeer (working, zoo, and free-ranging/wild), we also eval-
uate the similarities in the activity patterns between contem-
porary working reindeer to historic working reindeer based on
ethnographic data.

Material

Our sample comprises a total of 122 donated skeletons that we
categorized in three activity types: working, zoo, or free-rang-
ing/wild. All the skeletons are not complete (i.e., not all bone
elements are present for most of the individuals) due to prac-
tical decisions taken during the skeleton collection work.
The contemporary free-ranging and wild reindeer (males N
= 44, females N = 34) were used as the reference sample for
activity changes. The skeletons were collected and curated by
the Biodiversity Unit at the University of Oulu. This material
consists of two subspecies of Rangifer tarandus in Finland:
semidomesticated reindeer Rangifer tarandus tarandus
(referred to hereafter as free-ranging) and wild forest reindeer
Rangifer tarandus fennicus, as well as some known inter-
breeds (hybrids) in zoo sample (but not all zoo individuals
were hybrids). These two subspecies have overlapping distri-
bution in Finland and can freely interbreed. The free-ranging
reindeer, as their name suggests, roam freely most of the year,
except round-ups in the summer for earmarking young calves
and in the autumn for selecting individuals for slaughter. Free-
ranging reindeer are mostly feeding on natural pastures, but
some free-ranging reindeer may have received additional
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fodder brought in specific feeding places, which is a common
practice among reindeer herders in Finland. Wild forest rein-
deer are not managed. Wild forest reindeer has slenderer anat-
omy with longer legs compared to shorter and stouter semi-
domesticated subspecies (Nieminen and Helle 1980). The po-
tential effects of size difference between the two subspecies
were considered in the statistical analyses by including a size
variable. The working reindeer (racing reindeer, and one rein-
deer that worked as a draft reindeer in tourism: all males, N =
20) of Northern Ostrobothnia region was covering the south-
ern parts of reindeer herding area of Finland. These skeletons
were collected by S.N. and A.-K.S. and are currently archived
at the Laboratory of Archaeology at the University of Oulu.
The following information for the working reindeer in this
sample was retrieved from the reindeer herders by S.N., and
the described practices are comparable to those elsewhere in
Finnish reindeer herding district (Soppela et al. in press).
Modern working reindeer work approximately 4 months of
the year, i.e., during months with snow-covered ground.
This is roughly the same period of the year free-ranging/wild
reindeer dig for lichen. Racing reindeer compete for speed,
where training includes stamina and speed training. In the
competition event, the reindeer is harnessed to pull its driver
(weighing 60-65 kg) on skis. Racing reindeer training begins
by building stamina with exercises totaling to 3 h per week,
starting in January. During competition season, there is no
other exercise, but competition event is followed by short
recovery exercise, such as walking, rounding up to an hour
per week. Thus, working (training or competition) hours for
racing reindeer vary from 1 to 3 h per week. This information
pertains to the working reindeer in this sample; training habits
vary between reindeer owners (Soppela et al. in press). Draft
reindeer working in tourism begin building stamina in
November, quickly succeeded by working as soon as there
is snow. Working hours are a couple hours per day, most days
a week (a day or two per week is reserved for rest, or as much
as needed for the welfare of a reindeer), pulling a weight
between 150 and 250 kg (sledge and maximum of two adults)
for rounds of 300 m or 1500 m. Average years of working
career in our sample were between 3 and 4 years. The working
reindeer in our data were free-ranging (i.e., digging for lichen)
before they were selected to training, and after that they were
fed, and corralled when not working during winter. During
summer, usually all working reindeer graze freely. As this
one draft reindeer in our sample was not an outlier compared
to racing reindeer sample, these two activities were pooled
into “working reindeer.” It should also be noted that there
are castrated and non-castrated males in both free-ranging
and working reindeer samples. However, there were too few
individuals with known castrations status to be included in the
detailed analyses or to study the potential effects of castration.

The zoo reindeer (mainly from Oulu University zoo, but
two individuals from Ranua zoo; males N = §, females N=16)

were collected and curated by the Biodiversity Unit at the
University of Oulu. Zoo reindeer spent their lifetime in cap-
tivity. Zoo reindeer management include corralling and feed-
ing. The reindeer in Oulu University zoo were corralled in 570
m?” enclosure with flat terrain. There were known hybrids
among the zoo individuals. For statistical analysis, due to
small number of individuals per subspecies group, hybrids
were pooled with Rangifer tarandus tarandus, and this was
justified by visual examination of variability of bone cortical
areas relative to bone length, where the relationship in hybrids
was similar to Rangifer tarandus tarandus. These subspecies
interbreed in the wild at the southern parts of reindeer herding
area, and hybrids are inevitably included in the archaeological
samples as well.

Methods

Definitive work by Christopher Ruff (e.g., Ruff and Hayes
1983; Ruff 1992, 2003; Ruff et al. 1993, 1994, 2015) has
provided the baseline on how to standardize a method for
studying cross-sectional properties of long bones. However,
as different species have evolved to specific environments and
requirements of movement, these orientations should be ob-
served species-specifically. Firstly, it is important to define an
appropriate orientation of bone for obtaining cross-sectional
properties as this defines the planes for calculated second mo-
ments of areas on x and y axes. This is especially relevant for
observing the direction of greater distribution of bone mass as
inferences of activity are based on these indicators. In the
Appendix 1, we describe comprehensively how we oriented
the reindeer bones for obtaining the cross-sectional properties.
Second, the selection of cross-sectional location is usually
defined to a percentage of a bone length, most commonly to
interarticular (IA) length (Ruff and Hayes 1983; Sladek et al.
2010; Davies and Stock 2014; Mongle et al. 2015). TA length
is considered to better represent functional muscle levers and
thus to be more relevant for studying activity than maximum
bone length (Ruff and Hayes 1983; Sladek et al. 2010). As IA
have not been defined for reindeer long bones, we provide the
definition of IA for all long bones and metapodials (Appendix
1). Only radioulna interarticular length is similar to previously
described measurement: physiological length as described by
von den Driesch (1976).

Bones were scanned using a peripheral quantity computed
tomography (pQCT) scanner (Stratec XCT Research SA+),
and it provides information on several bone properties of the
scanned cross-section. All bones elements were scanned at
50% of 1A length; examples of bone specific cross-sections
at 50% are presented in Fig. 1. Bone geometric properties
include cortical area (CA) which is the cross-sectional arca
of cortical bone at the cross-section and moments of areas
(I and Iy). A measure of the bending rigidity of the bone (J)
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Fig. 1 Examples of reindeer long
bone and metapodial cross-
sections at 50% of interarticular
length

Humerus

oyays

Radioulna Metacarpal
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is computed by summing the areca moments of inertia by
summing moments of areas I, and I,. Direction of greater
quantity of bone was calculated as a ratio between mo-
ments of areas (I,/I,). We also measured external dimen-
sions at these 50% cross-sectional locations using small
sliding calipers on anteroposterior and mediolateral
planes and calculated a shape ratio using these external
measurements (anteroposterior/mediolateral) As this
methodology is eventually intended to be used in archae-
ological material to assess activity status, external dimen-
sions were included in order to study their applicability in
cases when obtaining cross-sectional properties is not
possible.

Body mass contributes to intrinsic loading on bones
(Seeman et al. 1996; Schiessl et al. 1998; Ruff 2000;
Schoenau and Frost 2002; Brianza et al. 2007), where bone
tissue is distributed proportionally further from the cross-
sectional centroid with increased body mass (Brianza et al.
2007). Thus, it is crucial to control for body size effects on
bone robusticity before inferring the effects of activity. Due to
absence of body mass information for several individuals in
this sample, we used bone specific IA bone length as a size
proxy in the analyses (Ruff et al. 1993; Feik et al. 1996).

We performed the statistical analyses in IBM SPSS
Statistics for Windows, version 25.0 (IBM Corp. 2017).
First, we used the reference group of wild and free-ranging
reindeer to describe the baseline variation and to test the in-
fluence of natural sources (size, sex, subspecies) of variability
in each response variable (CA, J, direction of greater bone
quantity and external dimensions of each bone element).
This was performed by fitting general linear model on each
response variable and assessing sex and subspecies as fixed
factors and body size (IA length) as a linear covariate.
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Tibia Metatarsal

Based on the analyses for background variation in bone
elements (Table 1) and their visual examination, the response
variables showed weak to strong bimodality of distribution in
response variables due to different sexes. As also the sampling
of activity groups was biased regarding sex (i.e., working
reindeer consisted only males), we handled sexes separately
in the following analyses on activity effects. The effect of
subspecies on the observed variation was negligible most
cases (similar range and distribution of response values for
both subspecies) and thus the subspecies were pooled in fur-
ther analyses for those variables indicated in Table 1.

To test whether the response variables differ due to differ-
ences in reindeer activity patterns (within sex), we performed
general linear model (GLM) for each response variable. In the
models, the activity type (working, zoo, or reference group of
free-ranging/wild individuals) was set as a fixed factor in the
models. Body size proxy (relevant bone length) was included
as a linear covariate in the models to simultaneously account
for strongly size-dependent variation in the response vari-
ables. Finally, for those response variables where activity
was found a significant covariate, the equality of variance
(heterogeneity or homogeneity) between activity groups were
tested with Kruskal-Wallis test.

Results

Sources of background variation in bone response
variables

The bone elements showed relatively high heterogeneity
among the wild reindeer. Baseline variation in bone
robusticity variables (CA and J) in the reference group of wild
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Table 1 General linear model statistics assessing the effects of sex and
subspecies as fixed factors and body size (IA length) as a linear covariate
on response variables within wild and free-ranging reindeer, i.e.,

reference group of reindeer outside human interaction. Final column sums
response variables indicating significant variation due to activity from
Table 2

Variable Size Subspecies Sex Category of effects Final model Significance of activity (to reference group)
J
Humerus  0.000 0.154 0.000 Size + sex GLM with size, separate sex Yes; working in males, zoo in females near sig.
Radioulna 0.002 0.786 0.000 Size + sex GLM with size, separate sex Yes; zoo in females, working in males near sig.
Metacarpal 0.000 0.147 0.000 Size + sex GLM with size, separate sex No
Femur 0.006 0.533 0.000 Size + sex GLM with size, separate sex Yes; working in males
Tibia 0.000 0.147 0.000 Size + sex GLM with size, separate sex Yes; working in males
Metatarsal 0.012 0.543 0.000 Size + sex GLM with size, separate sex No
CA
Humerus  0.000 0.352 0.000 Size + sex GLM with size, separate sex Yes; working in males, zoo in females
Radioulna 0.007 0.822 0.000 Size + sex GLM with size, separate sex Yes; zoo in females, working in males near sig.

Metacarpal 0.081 0.004 0.000 Sex + subspecies

GLM with size, separate sex No

Femur 0.006 0.210 0.001 Size + sex GLM with size, separate sex Yes; working in males, zoo in females
Tibia 0.002 0.226 0.000 Size + sex GLM with size, separate sex Yes; working in males, zoo in females
Metatarsal 0.005 0.572 0.000 Size + sex GLM with size, separate sex No
Cross-sectional
Humerus  0.328 0.019 0.785 Subspecies GLM for Rtt with separate sex No
Radioulna 0.860 0.464 0.000 Sex GLM with separate sex Yes; zoo in females
Metacarpal 0.986 0.015 0.000 Sex + subspecies GLM for Rtt with separate sex No
Femur 0.943 0.740 0.222 none GLM with separate sex No
Tibia 0.004 0.076 0.000 Size + sex GLM with size, separate sex No
Metatarsal  0.239 0.413 0.106 none GLM with separate sex No
External
Humerus ~ 0.590 0.085 0.172 none GLM for subspecies Yes; zoo and working in males
Radioulna 0.857 0.583 0.008 Sex GLM with separate sex Yes; zoo in females
Metacarpal 0.487 0.012 0.000 Sex + subspecies GLM for Rtt, separate sex No
Femur 0.861 0.803 0.382 none GLM with separate sex No
Tibia 0.023 0.040 0.000 All GLM for Rtt, with size and separate sex No
Metatarsal  0.353 0.595 0.042 Sex GLM with separate sex No

and free-ranging reindeer indicated significant variation due to
body size (represented as IA bone length) where increasing
body size was associated with greater values in bone
robusticity variables (Table 1). Examination of the baseline
variation in the orientations of greater bone quantity and ex-
ternal dimension was mainly unaffected by body size, as
would be expected due these variables being indices and thus
readily controlled for size. Body size was significant only for
the external dimensions of tibia (Table 1).

However, there were significant main effect of sex indicat-
ing that the males had on average larger values in bone
robusticity variables relative to female reindeers, and this ob-
servation was not related to greater body size in males
(Table 1). Further visual examination of the range and vari-
ance of different bone elements showed that the sex-specific
average values as well as their variance resulted in a bimodal
distribution of measured variables. While sex was not signif-
icant covariate for external humeral dimension (Table 1), dis-
tribution of the values of this variable indicated towards bi-
modal distribution based on sex, and therefore final model
was performed for sexes separately.

The variation (mean, variance) due to subspecies was neg-
ligible in most cases. The main effect of subspecies was sig-
nificant only for a few response variables (Table 1). Apart
from metacarpal CA, subspecies status did not have

significant effect on bone robusticity variables (Table 1).
When examining distribution of metacarpal CA values, bi-
modal distribution was observed according to sex but not sub-
species; therefore, metacarpal CA was performed the same
statistical treatment as for other bone robusticity (CA and J)
variables. For bone quantity orientation variables, subspecies
was significant in humerus and metacarpal orientation of
greater bone quantity, and metacarpal external dimensions
(Table 1). Thus, subsequent analyses of activity effects for
these response variables were performed within Rangifer
tarandus taradus individuals only (Table 1). As subspecies
was not significant to most variables (Table 1), hybrids includ-
ed in the zoo sample was considered not to bias results on
variation based on activity.

Activity effects on bone response variables

To evaluate whether the bone response variables would reveal
human influence in the activities, we present parameter esti-
mates resulting from GLM analyses to estimate the average
change in all response variables when the zoo reindeer or the
working reindeer are contrasted to the reference group of free-
ranging/wild reindeer (Table 2). Furthermore, we will illus-
trate the differences in mean bone properties among all three
activity types as predicted by the final models (in terms of
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estimated marginal means + 95% CI, adjusted for the effects
of mean body size in CA and J, as well as their pairwise
comparisons) for those variables where activity remained a
significant covariate (Tables 1 and 2).

The results from GLM showed that activity contributed
significantly to the variation observed in some of the bone
response variables (Table 2). Human influence resulted in
homogeneity of variance and bias towards x-axis/
mediolateral orientation in the bone orientation variables
(when significant) compared to the references group
(Table 2, Fig. 2). For bone robusticity variables, human
influence resulted in greater values in CA, but greater J
values in working (male) reindeer and smaller J female
zoo reindeer, when significant (Table 2, Figs. 3 and 4).
Regarding heterogeneity versus homogeneity of variance
for bone robusticity variables, human influence resulted in
greater heterogeneity of variance (when significant) apart
from tibia for working (male) reindeer where variance
exhibited greater homogeneity compared to the reference
(male) group (Table 2).

Activity mainly did not have significant effects on variation
in bone orientation (Table 2). Variation due to working and
zoo environment in male reindeer in external orientation of
bone in humerus was smaller (confirmed with Kruskal-Wallis
test) and biased towards x-axis compared to male reference
group (Table 2b, Fig. 2). In females, variation due to zoo
environment in the direction of greater bone quantity and ex-
ternal orientation of bone in radioulna was smaller (confirmed
with Kruskal-Wallis test) and biased towards x-axis compared
to female reference group (Table 2a and b, Fig. 2).

Activity contributed also to the variation in the bone
robusticity variables. In males, variation due to working in J
and CA for humerus, femur, and tibia was biased towards
greater values compared to male reference group (Table 2¢
and d). Variance attributable to working reindeer was greater
for humerus and femur bone robusticity variables, and this
observation was confirmed with Kruskal-Wallis for all but
humerus J (Figs. 3 and 4). In tibia, variance due to working
was smaller compared to male reference group (confirmed
with Kruskal-Wallis test; Figs. 3 and 4). In addition, variation
in J and CA in radioulna was biased towards greater values in
working males compared to male reference group, but this this
observation reached only near statistical significance
(Table 2¢ and d). In females, variation due to zoo environment
in CA for humerus, radioulna, femur, and tibia was biased
towards greater values; in addition, variance in CA was great-
er among zoo females (confirmed statistical significance with
Kruskal-Wallis test for all but radioulna) compared to female
reference group (Table 2c and d, Fig. 3). In addition, variation
in J in radioulna and near-significantly also variation in J in
humerus was biased towards smaller values in zoo environ-
ment compared to female reference group (Table 2¢ and d,
Figs. 3 and 4).
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Discussion

When baseline variation was observed within wild and free-
ranging subspecies of Rangifer tarandus bone variables, sub-
species status did not bias bone robusticity variables as could
be expected as the differences in body morphology are very
slight, and no differences in intensity of activity would be
expected. Therefore, it is evident that bone robusticity can
be utilized to identify sustained human interaction in different
reindeer subspecies in archaeological material. Body size (as
interarticular bone length) and sex did contribute to the varia-
tion observed in the bone robusticity variables. Effects of sex
sand body size were more varied for bone orientation vari-
ables, for some even subspecies status.

Direction of greater bone quantity and/or orientation of
external shape of humerus and radioulna allowed observations
of human influence (feeding, working, and captive) relative to
reference group (free-ranging/wild) of reindeer. Greater rela-
tive bone robusticity of long bones, especially tibia, allowed
identification of working reindeer from free-ranging/wild
reindeer among males, and greater CA of long bones allowed
identification of female zoo reindeer from female free-rang-
ing/wild reindeer; in addition, zoo environment resulted to
smaller bending and torsion rigidity in zoo female radioulna
compared to female reindeer reference group.

Based on beam theory, we expected to find changes in the
orientation of greater quantity of bone and external orientation
of bone in the forelimb bone elements induced by differences
in reindeer foraging behavior. As expected, the orientation of
greater quantity of bone of radioulna in fed (i.e., zoo) female
reindeer differed from freely grazing (i.e., free-ranging/wild
reference group) female reindeer (Fig. 2). The orientation of
greater quantity in radioulna was more mediolateral in fed
female reindeer (zoo) compared to freely grazing reindeer.
Differences in orientation of bone within a cross-section are
considered a result of activity patterns, usually commenced in
childhood, and continued through adult life (Ruff et al. 2006).
In case of reindeer, foraging as digging for lichen commence
in their first year of life, and in case of free-ranging/wild rein-
deer, continues throughout life. Free-ranging/wild reindeer
dig for lichen, spending many hours per day digging during
snow-covered ground of the year in this activity, whereas
working and zoo reindeer are fed during winter in addition
to which they are kept in captivity. In case of working rein-
deer, in ethnographic and modern-day reindeer data, training
for pulling a sledge/toboggan begins usually when a reindeer
is 3—4 years old (Itkonen 1948; Niinimiki, pers. comm.;
Soppela et al. in press), i.e., at final stages of skeletal maturity
(Takken Beijersbergen and Hufthammer 2012). It should be
noted that the working reindeer in our data were free-ranging
before they started training. As the working reindeer differed
significantly from free-ranging/wild reindeer, this suggests
that the observed differences likely emerged later in their
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Table 2 General linear model statistics for the effects of activity on a)
direction of greatest bone quantity (I,/Iy); and b) bone external
dimensions (anteroposterior/mediolateral); and with and a proxy for
body size (bone element specific interarticular length) for c) cortical

area (CA); and d) bending and torsion rigidity (J), sex-specifically. The
fixed treatment effects are presented parameter estimates () with stan-
dard error, t-tests used for statistical significance and 95 % confidence
interval limits

Variable Source of variation 5] SE T Sig. CI lower CI upper
a Direction of greatest bone quantity
Humerus Males Intercept 1.244 0.038 32.683 0.000 1.165 1.323
Zoo 0.029 0.054 0.543 0.593 —0.082 0.141
Working —0.026 0.052 —0.499 0.623 —0.135 0.082
Females Intercept 1.333 0.040 33.195 0.000 1.247 1.418
Zoo 0.001 0.055 0.024 0.981 -0.116 0.119
Radioulna Males Intercept 0.532 0.012 45.638 0.000 0.508 0.556
Zoo —0.007 0.024 —0.278 0.783 —0.055 0.042
Working —0.034 0.023 - 1491 0.144 —0.081 0.012
Females Intercept 0.615 0.014 44.369 0.000 0.587 0.644
Zoo —0.083 0.023 —3.619 0.001 -0.129 —0.036
Metacarpal Males Intercept 0.681 0.012 56.758 0.000 0.657 0.705
Zoo —0.006 0.024 —0.248 0.805 —0.053 0.042
Working 0.026 0.019 1.349 0.184 -0.013 0.064
Females Intercept 0.755 0.024 31.836 0.000 0.706 0.805
Zoo —0.029 0.038 —0.748 0.464 —0.109 0.052
Femur Males Intercept 1.326 0.028 48.020 0.000 1.270 1.382
Zoo —0.067 0.055 -1217 0.231 -0.179 0.045
Working —0.079 0.053 —1.500 0.142 —0.186 0.028
Females Intercept 1.244 0.022 55.612 0.000 1.199 1.290
Zoo 0.008 0.036 0.215 0.831 —0.066 0.081
Tibia Males Intercept 0.033 0.144 0.229 0.820 -0.259 0.325
Zoo 0.042 0.029 1.443 0.158 -0.017 0.100
Working —0.029 0.027 —1.092 0.282 —0.084 0.025
Size 0.002 0.000 4.353 0.000 0.001 0.003
Females Intercept 0.038 0.213 0.178 0.860 -0.396 0.472
Zoo 0.036 0.041 0.881 0.385 —0.048 0.121
Size 0.002 0.001 3.434 0.002 0.001 0.004
Metatarsal Males Intercept 1.534 0.031 49.484 0.000 1.472 1.596
Zoo —0.141 0.074 - 1916 0.060 —0.288 0.006
Working 0.076 0.058 1.319 0.192 —0.039 0.192
Females Intercept 1.612 0.031 52.164 0.000 1.550 1.675
Zoo —0.033 0.056 —0.595 0.555 —0.145 0.079
b. External dimensions
Humerus Males Intercept 1.212 0.011 111.805 0.000 1.190 1.234
Zoo -0.073 0.024 —3.105 0.004 -0.121 —0.025
Working —0.071 0.021 —3.307 0.002 -0.114 —0.027
Females Intercept 1.193 0.008 153.942 0.000 1.178 1.209
Zoo —0.001 0.013 -0.110 0913 —-0.027 0.024
Radioulna Males Intercept 0.789 0.012 64.786 0.000 0.764 0.813
Zoo -0.018 0.025 -0.710 0.482 —0.069 0.033
Working —0.046 0.024 —1.895 0.065 —0.094 0.003
Females Intercept 0.846 0.012 69.431 0.000 0.821 0.871
Zoo —0.056 0.020 —2.772 0.009 —0.097 —0.015
Metacarpal Males Intercept 0.900 0.010 86.578 0.000 0.879 0.920
Zoo —0.001 0.020 —0.051 0.960 —0.042 0.040
Working 0.005 0.017 0.278 0.783 —0.029 0.038
Females Intercept 0.990 0.020 50.571 0.000 0.950 1.031
Zoo —0.048 0.031 —1.555 0.136 -0.111 0.016
Femur Males Intercept 1.176 0.014 82.672 0.000 1.147 1.205
Zoo —0.036 0.028 —1.283 0.207 —0.093 0.021
Working —0.050 0.027 - 1.874 0.069 —0.105 0.004
Females Intercept 1.139 0.011 105.184 0.000 1.117 1.161
Zoo —0.016 0.018 -0914 0.368 —0.052 0.020
Tibia Males Intercept 1.047 0.251 4.163 0.000 0.524 1.570
Zoo 0.052 0.018 2.846 0.010 0.014 0.091
Working 0.012 0.019 0.608 0.550 —0.028 0.051
Size —0.001 0.001 - 1.071 0.296 —0.003 0.001
Females Intercept 0.359 0.242 1.483 0.166 -0.174 0.892
Zoo 0.010 0.019 0.503 0.625 —0.033 0.053
Size 0.002 0.001 1.988 0.072 0.000 0.004
Metatarsal Males Intercept 1.370 0.017 81.505 0.000 1.336 1.403
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Table 2 (continued)

Variable Source of variation 16} SE T Sig. CI lower CI upper
Zoo —0.095 0.039 —2413 0.019 -0.174 —-0.016
Working —0.006 0.031 —0.198 0.844 —0.068 0.056
Females Intercept 1.420 0.016 88.642 0.000 1.388 1.452
Zoo —0.041 0.028 —1.470 0.149 —0.098 0.015
c. Torsion and bending rigidity (J)
Humerus Males Intercept —114,185.890 36,086.730 —3.164 0.003 —187,239.655 —41,132.125
Zoo —897.204 6241.010 —0.144 0.886 —13,531.469 11,737.061
Working 15,476.062 5495.704 2.816 0.008 4350.591 26,601.533
Size 690.649 143.727 4.805 0.000 399.688 981.609
Females Intercept —47,902.512 11,492.767 —4.168 0.000 —71,258.625 —24,546.398
Zoo 3353.430 1702.284 1.970 0.057 —106.027 6812.887
Size 310.804 50.250 6.185 0.000 208.683 412.924
Radioulna Males Intercept —70,588.385 25,993.979 —2.716 0.010 —123,166.171 —18,010.600
Zoo —5218.624 4808.600 —1.085 0.284 —14,944.936 4507.687
Working 9146.910 4527.145 2.020 0.050 —10.105 18,303.925
Size 400.370 88.408 4.529 0.000 221.547 579.192
Females Intercept —28,048.931 7976.081 —3.517 0.001 —44,241.236 —11,856.626
Zoo 2912.124 1408.723 2.067 0.046 52.265 5771.984
Size 166.591 29.510 5.645 0.000 106.684 226.499
Metacarpal Males Intercept —50,779.476 12,466.699 —-4.073 0.000 —75,734.285 —25,824.668
Zoo 3759.651 2787.801 1.349 0.183 — 1820.740 9340.041
Working 1732.450 2153.813 0.804 0.424 —2578.876 6043.776
Size 380.030 60.788 6.252 0.000 258.348 501.711
Females Intercept —17,624.354 4355.533 —4.046 0.000 —26,427.215 —8821.494
Zoo 559.881 806.341 0.694 0.491 —1069.795 2189.557
Size 155.869 22.143 7.039 0.000 111.116 200.621
Femur Males Intercept —64,241.034 26,881.005 —2.390 0.022 —118,812.375 —9669.693
Zoo —1934.892 4034.165 —0.480 0.634 —10,124.682 6254.899
Working 9550.978 3618.453 2.640 0.012 2205.127 16,896.829
Size 352.224 86.897 4.053 0.000 175.814 528.635
Females Intercept —20,623.461 10,534.623 —1.958 0.059 —42,108.967 862.046
Zoo 2086.884 1741.481 1.198 0.240 — 1464.891 5638.659
Size 148.006 37.012 3.999 0.000 72.519 223.494
Tibia Males Intercept —48,493.231 22,864.792 —-2.121 0.041 —94,865.179 —2121.284
Zoo —3158.030 4563.204 —0.692 0.493 —12,412.637 6096.576
Working 10,187.537 4277.576 2.382 0.023 1512.210 18,862.864
Size 278.931 65.549 4.255 0.000 145.991 411.872
Females Intercept —22,927.133 9943.803 —2.306 0.028 —43,235.088 —2619.179
Zoo 2805.724 1938.144 1.448 0.158 —1152.495 6763.942
Size 143.456 30.232 4.745 0.000 81.714 205.198
Metatarsal Males Intercept —155,874.324 28,965.423 —5.381 0.000 —-213,971.605 —97,777.044
Zoo 4133316 5351.159 0.772 0.443 —6599.750 14,866.382
Working 4268.180 4217.079 1.012 0.316 —4190.210 12,726.569
Size 731.739 103.832 7.047 0.000 523.478 939.999
Females Intercept —38,974.705 10,795.486 —3.610 0.001 —60,810.637 —17,138.773
Zoo 3755.492 1951.109 1.925 0.062 —190.999 7701.983
Size 229.341 40.215 5.703 0.000 147.999 310.684
d Cortical area (CA)
Humerus Males Intercept —271.596 138.860 —1.956 0.058 —552.703 9.512
Zoo 23.372 24.015 0.973 0.337 —25.244 71.989
Working 70.493 21.147 3.333 0.002 27.683 113.303
Size 2.572 0.553 4.651 0.000 1.452 3.692
Females Intercept —153.114 79.967 - 1915 0.064 —315.625 9.398
Zoo 36.873 11.844 3.113 0.004 12.802 60.943
Size 1.646 0.350 4.707 0.000 0.935 2.356
Radioulna Males Intercept —45.960 92.806 —0.495 0.623 —233.677 141.757
Zoo —-12.070 17.168 —-0.703 0.486 —46.795 22.656
Working 32.011 16.163 1.981 0.055 —0.682 64.704
Size 1.273 0.316 4.033 0.000 0.635 1.911
Females Intercept —50.044 53.624 —0.933 0.357 —158.907 58.819
Zoo 20.871 9.471 2.204 0.034 1.644 40.098
Size 0.964 0.198 4.860 0.000 0.561 1.367
Metacarpal Males Intercept 225.052 6.031 37317 0.000 212.889 237214
Zoo 16.587 11.872 1.397 0.170 —7.355 40.529
Working 27.402 9.599 2.855 0.007 8.044 46.760
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Table 2 (continued)
Variable Source of variation 16} SE T Sig. CI lower CI upper
Females Intercept 173.665 4.696 36.978 0.000 163.836 183.495
Zoo —3.934 7.609 -0.517 0.611 —19.860 11.992
Femur Males Intercept —117.466 54.000 -2.175 0.034 —225.559 -9.374
Zoo 7.225 12.075 0.598 0.552 —16.946 31.397
Working 9.610 9.329 1.030 0.307 —9.064 28.285
Size 1.818 0.263 6.904 0.000 1.291 2.345
Females Intercept —49.651 34.947 —-1421 0.163 —120.281 20.980
Zoo 2.304 6.470 0.356 0.724 —10.772 15.380
Size 1.261 0.178 7.095 0.000 0.902 1.620
Tibia Males Intercept —14.543 102.186 —0.142 0.888 —221.786 192.699
Zoo —2.874 20.394 —=0.141 0.889 —44.234 38.486
Working 62.686 19.117 3.279 0.002 23.914 101.457
Size 1.093 0.293 3.729 0.001 0.498 1.687
Females Intercept 15.305 74.882 0.204 0.839 —137.624 168.233
Zoo 32.842 14.595 2.250 0.032 3.035 62.650
Size 0.747 0.228 3.281 0.003 0.282 1.212
Metatarsal Males Intercept —244.601 71.236 —3.434 0.001 —387.483 —101.719
Zoo 0.813 13.160 0.062 0.951 —25.583 27.210
Working 15.079 10.371 1.454 0.152 —5.723 35.881
Size 1.906 0.255 7.466 0.000 1.394 2.419
Females Intercept —53.585 50.587 - 1.059 0.296 —155.907 48.736
Zoo 8.621 9.143 0.943 0.352 —9.872 27.114
Size 1.019 0.188 5.408 0.000 0.638 1.400

working life. Differences between fed and freely grazing rein-
deer were evident also as increased robusticity at the entheses
for elbow flexor muscles among freely grazing reindeer, pro-
posed to result from greater demands for elbow flexor muscles
in the latter (Niiniméki and Salmi 2016).

Based on beam theory, we expected to observe changes in
the direction of greater quantity of bone in working (male)
reindeer compared to male reindeer reference group (i.e.,
free-ranging/wild) as a result of requirement for forward pro-
pelling motion while pulling a load in the former. However,
we observed changes only in the external orientation of bone
of humerus as biased towards more mediolateral orientation in
working reindeer compared to male reindeer reference group

a) Humerus external
orientation £SE males

b) Radioulna cross-
sectional orientation

(Fig. 2). It is possible, at least in part, that bias towards
mediolateral orientation observed for humerus in working
reindeer compared to male reindeer reference group (Fig.
2a, b) may be enhanced due to greater demands for forward
propelling motion. Mediolateral broadening as a result of
pulling has been identified of the metapodials in draft cattle,
especially broadening of the medial half (Bartosiewicz and
Gal 2013: 144-145), but no activity-associated changes could
be observed for the metapodials—or any other bone
element—in this reindeer sample. This cautions against direct
comparisons between species in bone shape orientation with
activity, as it is likely that species-specific joint configurations
have their baseline effect on bone shape.

c) Radioulna
external orientation

o i +SE females +SE females

1,20 0,70 0,88

1,18 0,60 0,86

1,16 0,50 0,84

1,14 +—pm 0,40 0,82 .

1,12 A — 0,30 g'gg ]

1,10 4 0,20 0:76 |

1,08 - 0,10 074 1

1,06 - T T 0,00 . 072 - ' |
Zoo Working  Free-ranging

Zoo

Fig. 2 The estimated marginal means + SE for model predicted
differences in orientation of bone quantity between the activity types,
sex-specifically and when activity was significant (Tables 1 and 2) for

Working Zoo Working

a) humerus external orientation of males; b) radioulna cross-sectional
orientation of females; and ¢) radioulna external orientation of females
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Cortical area (CA) £SE

Humerus males Radioulna males Femur males Tibia males
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Tibia females
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50 190 50 - 50 1
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Zoo Free-ranging Zoo Free-ranging Zoo Free-ranging Zoo Free-ranging
Fig. 3 The estimated marginal means + SE for model predicted differences in cortical area (CA) between the activity types, sex-specifically and when

activity was significant (Tables 1 and 2)

Based on bone functional adaptation theory, we expected
to find a bias towards an increase in bone robusticity variables
of the working reindeer compared to the free-ranging/wild
reindeer to match the increased frequency and magnitude of
loading of the former. As expected, we observed a bias to-
wards increased bone robusticity values (CA and J) in work-
ing reindeer compared to male reindeer reference group in
long bones (Figs. 3 and 4). However, this was not observed
for metapodials (Figs. 3 and 4). It is possible that metapodials

Torsion and bending rigidity (J) £SE

do not respond similarly to frequency and magnitude of load-
ing compared to more proximal limb elements. Furthermore,
the bias observed towards increased bone robusticity in tibia
was associated with smaller variation in working reindeer
compared to male reindeer reference group, suggesting that
observations in greater bone strength in tibia may allow
reconstructing the activity patterns in archaeological material.
Interestingly, contrary to assumed decreased loading in zoo
reindeer, we found that female zoo reindeer exhibited a bias

Humerus males Radioulna males Femur males Tibia males
80000 60000 60000 70000
70000 650 56060 60000
60000
50000 - 40000 40000 20000
40000 -
40000 - 30000 30000
30000 - 30000 -
20000 20000

20000 20000 -f
10000 10000 10000 Soiic

0 + o [+ [}

Working Free-ranging Working Free-ranging Zoo Working Free-ranging Zoo Working Free-ranging

Humerus females Radioulna
30000 females
25000 25000

20000 20000
15000 15000

10000 - 10000 -1

5000 - 5000 -

0 0
Free-ranging

Free-ranging

Fig. 4 The estimated marginal means + SE for model predicted
differences in bending and torsion rigidity (J) between the activity types,
, sex-specifically and when activity was significant (Tables 1 and 2) for
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towards greater CA values in long bones (Fig. 3) compared to
female reindeer reference group. A possible explanation for
this might be that prolonged standing/sedentary lifestyle of
zoo reindeer may result to increased axial loading and/or mus-
cle loading, the latter especially evident in shoulder/hip brac-
ing muscles. This was further supported by the bias towards
smaller values in J among zoo females compared to female
reference group, which is most likely a result of zoo reindeer
being fed. Increased axial loading experienced by zoo reindeer
is supported by the geometric shape of zoo reindeer shoulder
and elbow joints. Joint morphology has modified to a more
sedentary lifestyle, resulting in greater joint stability for stand-
ing (Pelletier et al. 2020). Greater muscle loading experienced
by zoo reindeer in shoulder bracing muscles is supported by
greater entheseal ruggedness observed in Subscapularis mus-
cle attachment in zoo reindeer relative to free-ranging/wild
reindeer (Niiniméki and Salmi 2016).

Potentially useful bone traits for identifying fed and freely
grazing female reindeer are both external shape and direction
of greater quantity of bone in radioulna (Fig. 2). Potentially
useful indicators of working (male) status (relative to free-
ranging/wild male reindeer) are external dimensions and in
humerus and bone robusticity of tibia (Fig. 2). Potential indi-
cator of sedentary behavior in female reindeer may be in-
creased CA values in long bones and decreased J values in
radioulna.

Comparability of modern reindeer
and reindeer from archaeological context

Itkonen (1948) describes training of transport reindeer, which
is similar to the training in our modern working reindeer
(Niiniméki, pers. comm.), as well as in general for modern
working reindeer in Finland (Soppela et al. in press).
Training starts by tethering the reindeer (to get used to the
rope as well as humans), followed by walking next to a human
on a leash (Itkonen 1948: 419; Soppela et al. in press;
Niiniméki, pers. comm.). Then, the reindeer is accustomed
to the harness, and then to pulling a load. The weight of the
load is gradually increased, and the trainer starts to teach
steering and turning (Itkonen 1948: 421-422; Soppela et al.
in press; Niiniméki, pers. comm.). Of course, while training in
ethnographic accounts and modern-day working reindeer are
similar, it may be different in archaeological material.

There are potential differences in frequency and magnitude
of loading between modern-day working reindeer and ethno-
graphic data. In traditional Sami reindeer pastoralism, reindeer
were used to pull sledges/toboggans (with people or goods)
and carrying loads (Itkonen 1948: 388—391; Nakkal4jarvi and
Pennanen 2000; Bjerklund 2013). Cargo reindeer carried
loads of ca. 25-35 kg (Itkonen 1948: 388-391; Nakkalajarvi
and Pennanen 2000). This is somewhat lighter load than in our

modern working reindeer (a skier weighing 60—65 kg; sledge
and passengers weighing up to 150-250 kg). Furthermore, it
is possible that the intensity of cargo use was lower compared
to 1-3 h per week of training/competition for the racing rein-
deer in our material. However, as our material did not permit
identifying a threshold of loading for detectable changes in the
skeleton of working reindeer, we can say that, on average, 3h
per week, approximately 4 months a year, and working career
of 3 to 4 years work should be evident as increased bone
robusticity of long bones, as well as shape changes in humerus
and tibia.

According to ethnographic data, cargo reindeer were usu-
ally castrated males, but sometimes females were used
(Itkonen 1948: 418-419). In modern reindeer racing, only
male reindeers (castrated and uncastrated) are used, while
draft reindeer in tourism are mainly castrated males (Soppela
et al. in press). Thus, a potential source of variation in bone
robusticity indicators (via muscle mass) may result from cas-
tration status. Testosterone in males result to larger muscles
(Schoenau et al. 2000; Ruff 2003), but, in case of reindeer, the
lack of testosterone/smaller amount of testosterone due to cas-
tration has an opposite effect on muscle mass. As castrated
male reindeers do not compete for females during the rut, they
pertain the muscle and fat mass over winter. Indeed, some
racing reindeer in our sample have been castrated as an at-
tempt to increase bulk (Niiniméki, pers. comm.) and it is a
usual practice in Finnish working reindeer management
(Soppela et al. in press). As reasons for castration may vary
(e.g., to increase bulk, to promote spike growth to sparsely
spiked antlers), the age at castration varies greatly in our ma-
terial, which causes further problems in testing for castration
effects. Fortunately, there were castrated males in both work-
ing and free-ranging reindeer in our material to balance the
activity groups. However, the generalization of our results is
limited by the heterogeneous material regarding castration
status, but also sex and subspecies. Due to their confounded
effect with working status, our material did not permit study-
ing these effects with plausible inference, and our results ap-
ply only to the activity status. However, the results suggest
that the variation due to body size in our models was able to
account for the random variability due to sex or subspecies.

Conclusions

In our current material, the external orientation of humerus
allows identification of working and zoo status among male
reindeer, and bone shapes of radioulna allow identification of
foraging behavior among female reindeer. There was a statis-
tically significant bias towards increased values in bone
robusticity variables of long bones in working (male) reindeer
compared to male free-ranging/wild reindeer; however, only
bone robusticity in tibia was combined with smaller variation
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among working (male) reindeer compared to male reindeer
reference group. In addition, long bone CA values of female
zoo reindeer were biased towards greater values compared to
female free-ranging/wild reindeer, probably indicative of in-
creased axial and/or muscle loading.

Of bone robusticity variables observed for long bones and
metapodials, bone robusticity of tibia seemed to be the most
promising skeletal features to identify working status among
male reindeer. External dimensions of humerus may be used
for identifying foraging behavior and activity status for male
reindeer in archaeological material.

Appendix 1 Description of reindeer humerus,
radioulna, metacarpal, femur, tibia,

and metatarsal morphology, definition

of interarticular measurements,

and guidelines for bone orientation

for scanning

Humerus
Description of the bone

Reindeer humeral head is relatively flat, due to limited range
of motion of the humerus caudally in the shoulder joint. There
are extremely prominent ridges in the bone shaft due to mus-
cle attachments, but distal and proximal bone ridges level at
mid-shaft provide relatively unaffected observation point for
humeral cross-sections.

Interarticular measurement

Interarticular length (Fig. 1) is measured between the most
proximal surface of the humeral head and the most distal pro-
jection of the medial trochlea.

Positioning humerus for pQCT scanning

Humerus is laid anterior side up, medial side to left (as it
would appear in the scout view of the scanner). The bone is
oriented to distal articular surface mid-plane parallel to
supporting surface (Fig. 2); add support to lateral side as need-
ed to achieve this. This will provide the plane relative to which
orientation of the shaft shape is observed. Proximal end of the
humerus is elevated as needed to achieve direct perpendicular
cross-section of the anterioposterior mid-shaft relative to bone
long axis (Fig. 3). Make sure bone shaft long axis is direct
perpendicular in anteroposterior, mediolateral, and
superoinferior plane at the point of imaged cross-section.
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Femur
Description of the bone

Greater trochanter is always proximal to most proximal point
of femoral head. There are differences in femoral head torsion
in the transverse (anteroposterior) plane relative to the bone
long axis. Due to variation in AP orientation of the femoral
head-neck axis, coronal plane (parallel to supporting surface)
for scanning was defined according to distal articular area.

Interarticular measurement

Interarticular length is measured between the most distal pro-
jection of medial epicondyle and the most proximal surface of
the femoral head (Fig. 4).

Orientation for pQCT scanning

Femur is laid anterior side up, medial side to left (as it would
appear in the scout view of the scanner). The bone is oriented
to distal articular surface as condyles rest on the supporting
surface (Fig. 5). This will provide the plane relative to which
orientation of the shaft shape is observed. Proximal end of the
femur is elevated as needed to achieve direct perpendicular
cross-section of the anterioposterior mid-shaft relative to bone
long axis (Fig. 6). Make sure bone shaft long axis is direct
perpendicular in anteroposterior, mediolateral, and
superoinferior plane at the point of imaged cross-section.

Radioulna
Description of the bone

Ulnar head projects distinctively towards posterior aspect of
the bone from proximal articular surface. In addition, ulnar
head is angled laterally in the coronal plane relative to bone
long axis, and there is interindividual variation in this angle.

Interarticular measurement

Interarticular length (Fig. 7) is measured between the middle
of the medial ridge in proximal radial articular surface and the
ridge between the articular surfaces for carpal bones in the
distal radioulna.

Orientation for pQCT scanning

Radioulna is laid anterior side up, medial side to left (as it
would appear in the scout view of the scanner). The bone is
oriented to proximal articular surface mid-plane (Fig. 8), par-
allel to supporting surface. This will provide the plane relative
to which orientation of the shaft shape is observed. Distal end
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of the radioulna is elevated as needed to achieve direct per-
pendicular cross-section of the anterioposterior mid-shaft rel-
ative to bone long axis (Fig. 9). Secure bone firmly in place
using molding clay, as projection of the ulnar head need to be
below bone long axis and it requires strong hold. Additional
support may be needed to the medial side of the distal end of
the bone (Fig. 12) to maintain proximal articular mid-plane
levelled. Make sure bone shaft long axis is direct perpendicu-
lar in anteroposterior, mediolateral, and superoinferior plane at
the point of imaged cross-section.

Tibia
Description of the bone

Reindeer tibia has prominent tibial tuberosity at the proximal
shaft, but the bone shaft distally to tibial tuberosity is flat with
minimal to no curvature. Rudimentary fibula is located at the
posterolateral aspect of the proximal tibia. Bone proximal end
angles laterally from bone long axis in the coronal plane, and
this angle varies between individuals.

Interarticular measurement

Interarticular length (Fig. 10) is measured between middle of
medial proximal articular surface and midpoint of distal artic-
ular area, located at mid-ridge in the articular area for talus.

Orientation for pQCT scanning

Tibia is laid anterior side up, medial side to left (as it would
appear in the scout view of the scanner). The bone is oriented
to proximal articular surface mid-plane parallel to supporting
surface (Fig. 11). In many cases, this is achieved without
modifications by placing posterior projection of proximal tib-
ial condyles to supporting surface, but there is potential source
of variation due to the expression of rudimentary fibula. This
will provide the plane relative to which orientation of the shaft
shape is observed. Distal end of tibia is elevated, if necessary,
to achieve direct perpendicular cross-section of the
anteroposterior mid-shaft along the bone long axis (Fig. 12).
Additional support may be needed to the medial side of the
distal end of the bone to maintain proximal mid-plane
levelled. Make sure bone shaft long axis is direct perpendicu-
lar in anteroposterior, mediolateral, and superoinferior plane at
the point of imaged cross-section.

Metacarpal and metatarsal
Description of the bones

Reindeer metacarpal and metatarsal bone distal end consists of
two trochlea with trochlear ridge in between medial and lateral

trochlea. Anterior aspect of the metacarpal is flat, but in meta-
tarsal, there are two prominences anteromedially and antero-
laterally. In the posterior aspect of both bones, there are prom-
inences on the posteromedially and posterolaterally, where the
posteromedial prominence is more protruding.

Interarticular measurement

Interarticular length for metacarpal (Fig. 13) and metatarsal
(Fig. 14) is measured from the middle of medial proximal
articular area (ankle bone and wrist bones) for metacarpal
and metatarsal to the most distal point of the medial trochlea
on its medial aspect, not from the trochlear ridge for metacar-
pal and for metatarsal.

Orientation for pQCT scanning

The bone is laid anterior side up, medial side to left (as it
would appear in the scout view of the scanner; note the ex-
ception for metatarsal). Metacarpal distal articular (Fig. 15)
and metatarsal distal articular (Fig. 16) mid-planes are orient-
ed parallel to supporting surface. This will provide the plane
relative to which orientation of the shaft shapes are observed.
Add support to proximal and/or distal end to achieve direct
perpendicular cross-section of the anterioposterior mid-shaft
relative to long axis of metacarpal (Fig. 17) and metatarsal
(Fig. 18). Make sure bone shaft long axis is direct perpendic-
ular in anteroposterior, mediolateral, and superoinferior plane
at the point of imaged cross-section.
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