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1 | INTRODUCTION life tables functions, as described by Acsadi and Nemeskéri (1970),
coupled with a deterministic assessment of the indicators of age.
Existing studies of the age structures of historical populations based These methods have important limitations, especially relevant for
on the analysis of skeletal remains have been often based on standard paleodemographic research. One of the key challenges is an imprecise
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estimation of age-at-death for some individuals, which can be
restricted to broad age categories owing to the lack of diagnostic fea-
tures in poorly preserved material. In effect, the sample sizes
decrease, as only individuals with available detailed age assessment
can be considered.

The results obtained for relatively small samples and low numbers
of individuals in each age group diminish the reliability of conclusions,
while not providing any indications as to the errors of the resulting
estimates. The main point of criticism of the traditional approach more
generally is that it ignores the uncertainty of the estimation and
glosses over the subjective input into the process of age determina-
tion. Recently, the development of modern Bayesian statistical
methods has opened up many appealing alternatives which can
address some of these criticisms, not least by quantifying the estima-
tion errors and including the subjective elements explicitly, through
the prior distributions.

Bayesian methods of statistical inference offer an alternative not
only to deterministic methods, but also to classical (frequentist) statis-
tics in hypothesis testing, estimating the unknown quantities, and
(Otérola-Castillo &
Torquato, 2018). The Bayesian approach relies on the explicit descrip-

assessing the uncertainty of estimates
tion of all quantities in the statistical model by probability distribu-
tions. Despite the Bayesian principles having been first formulated in
the eighteenth century, the approach has been recently offering
increasingly more and richer opportunities in a vast range of applica-
tions, including in paleodemography and bioarcheology (Caussinus &
Courgeau, 2010; Hoppa & Vaupel, 2002; Séguy & Buchet, 2013). The
rapid uptake of Bayesian methods in practice has been largely facili-
tated by the development of fast computational algorithms in the last
30 years.

In the areas related to biological anthropology, Bayesian methods
have been successfully applied to a number of different questions
about past populations (Konigsberg & Frankenberg, 2013). Examples
include an explicit treatment of uncertainty in age estimates for skele-
tal samples, in estimating the number of individuals from intermingled
skeletal remains, or in the assessment of various features of the skele-
tal material, for example, related to the presence of disease markers in
paleopathological studies (Konigsberg & Frankenberg, 2013). These
methods can be also applied to deal with broad age categories in case
of poorly preserved osteological material. In this paper, their useful-
ness is tested on fragmented and taphonomically altered skeletal
remains of ancient Scythians.

Scythians were distinct nomadic tribes and masters of mounted
warfare inhabiting Eurasia in the Early Iron Age (Cunliffe, 2019). The
Scythian culture, which was prevalent on Eurasian steppes between
ca. 900 and 200 BCE, was not associated with any specific population,
but rather was related to a wider set of characteristics. Some of the
defining features of all Scythian tribes include their nomadic lifestyle,
with a central position of horse riding and husbandry, tribal relations
based on violence, visible presence of social stratification, as well as
distinctive forms of art, involving the presence of many animal motifs
(Kubczak, 1978; Meyer, 2016). It can be assumed that Scythian spe-
cific lifestyle was reflected in their biology and demographic structure.

While Scythians have been extensively studied by archeologists
for over 100 years, very little is known about their biology. The unsat-
isfactory state of biological research of Scythian populations is due to
the fact that only limited in number osteological collections have sur-
vived to these days. Moreover, low level of preservation of human
skeletal remains which are available for analyses also significantly limit
research capabilities. Bioarcheological works regarding Scythians pub-
lished so far are mainly case studies (e.g., Jordana et al., 2009; Ricaut
et al., 2004; Wentz & De Grummond, 2009), or have a form of anthro-
pological reports containing only raw data (i.e., selected measure-
ments of skulls and long bones) for individuals excavated on the
territory of former Soviet Union (see Debec, 1948;
Konduktorova, 1973, 1974; Litvinova, 1999, 2004). Notable excep-
tions include some more recent work of Kozintsev (2007, 2008) and
Movsesian and Bakholdina (2017).

The problems with Scythian skeletal remains have forced
researchers to use more advanced methods (other than morphological
studies), which allow to deal with poorly preserved and incomplete
osteological material, including ancient DNA analysis used for study the
origin of Scythians (see de Barros Damgaard et al., 2018; Jarve
et al., 2019; Juras et al., 2017; Krzewinska et al., 2018) or their kinship
patterns (see Mary et al., 2019). Paleodemographic analysis of Scythian
remains also requires other approach than the traditional one, based on
deterministic life tables functions alone. Methodological improvements
have been already initiated, including a simplified Bayesian approach
(see Lukasik et al., 2017). However, population-level studies are still
rarely conducted in case of both Siberian-Scythians from the Altai and
Scythians from the Black Sea region. Those limitations apply not only to
the Black Sea steppe warriors, but also to other past populations, in par-
ticular those from the earlier time periods (e.g., Neolithic Times or Bro-
nze Age), for which the skeletal data are scarce.

In a preliminary paleodemographic study of the Black Sea Scythians
(Eukasik et al., 2017), to assess the age of the individuals, a simplified,
multinomial version of the model of Caussinus and Courgeau (2010)
was applied. However, this attempt had two important limitations.
Firstly, the studied group was relatively small, with the sample size of
220 individuals, assessed by using different aging methods. Secondly,
strong theoretical assumptions had to be made, including the one that
the counts for broad age categories, such as adults aged 20+, were dis-
tributed in proportion to the sizes of the well-defined, 5-year groups.
The approach proposed in this study offers a way of overcoming those
limitations, fully utilizing the potential of the Bayesian approach, while
being based on a larger skeletal sample.

The aim of this study is therefore to explore the usefulness of a
wider range of Bayesian approaches in studying the paleodemography
of Scythians. To do that, we propose a Bayesian method for assessing
the age distribution of ancient populations, coherently combining the
information from the skeletal sample with a hypothetical and subjec-
tive, yet explicitly described reference population related to the age-
at-death assessment of the bony remains. Both types of information
are used together in a full Bayesian model originally proposed by
Caussinus and Courgeau (2010), providing a convenient solution

where empirical reference populations are not readily available or
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produce biased results. The key innovation of our approach is to treat
the elicited knowledge on the age-at-death distribution of the skeletal
sample as yet another source of information—as well as uncertainty—
which can be used to augment the skeletal data thanks to the natural
features of the Bayesian approach.

We demonstrate the usefulness of a range of Bayesian methods
for age-at-death estimations and analyzing the demographic structure
of a Scythian population from the Black Sea region. We also test the
sensitivity of the results to the choice of a reference population, while
recognizing and attempting to describe the bias inherent in the age
determination process through uncertainty distributions. We aim to
shed light on the possible impact of the reference population on the
resulting estimates, with focus on the problem of “age mimicry,”
whereby the final estimates adopt the reference age structure
(e.g., Bocquet-Appel & Masset, 1982; Hoppa & Vaupel, 2002). To do
that, we compare our subjective reference population with a real one
(Lisbon reference, Séguy & Buchet, 2013: Chapter 4), and with esti-
mates obtained by assuming no reference population, giving more
weight to the sample data.

2 | MATERIALS: BACKGROUND AND
FIELDWORK

21 | Cemeteries

The osteological material used in this study came from three Scythian
archeological sites: Glinoe, Glinoe Sad, and Glinoe Vodovod (Figure 1).
The Glinoe site (46.6684°N, 29.8001°E) is located in the Slobodzieja
(Slobozia) region about 100 km South-East from Kishiniev, the capital
of Moldova. The cemetery consists of 114 Scythian barrows dated
from the end of the 4th century BCE to the 2nd century BCE
(Sinika & Tel'nov, 2018b; Tel'nov et al., 2016).

The chronological frameworks of the Glinoe sites and assessment
of the cultural affiliation of the individuals buried there were
determined on the basis of grave goods, among others, amphorae,
epigraphic data, lamps and ceramics. Additionally, for some individuals
C-14 dating was performed (see Sinika, Pospieszny, & fukasik, 2020
and Krzewinska et al., 2018, in particular, Table S2 therein). The
Scythian barrows predominantly contained single graves, while double
and multiple graves occurred rarely. In one barrow (no. 40) no human
skeletal remains have been found. In total, 226 Scythian individuals
excavated from the Glinoe site were included in the analysis of the
population structure (Table 1).

Glinoe Sad and Glinoe Vodovod sites are much smaller than
the Glinoe one. They are located very close to each other, less than
2 km from Glinoe (Glinoe Sad: 46.6860°N, 29.8177°E; Glinoe
Vodovod: 46.4107°N 29.4901°E). The Glinoe Sad cemetery con-
sists of 14 barrows dated from Early Bronze Age to Early Iron Age,
but only 12 contain burials of individuals belonging to the Scythian
culture. They are dated from the second half of the 5th century
BCE to the end of 4th century BCE (Sinika et al., 2018a, 2018c;
Sinika, Lysenko, & Tel'nov, 2017; Sinika & Tel'nov, 2016b; Sinika,
Tel'nov, & Lysenko, 2017). Here, multiple graves were more fre-
quent than single ones. In the analysis of the population structure,
35 Scythian individuals recovered from this site were included
(Table 1).

The Glinoe Vodovod site is located less than 200 m from Glinoe
Sad. All 20 Scythian barrows excavated at this site contained human
skeletal remains, representing 51 individuals (Table 1). This cemetery
dates from the first half of 5th century BCE to the first quarter of 3rd
century BCE (Sinika et al., 2018b; Sinika et al., 2019a, 2019b; Sinika,
Lysenko, et al., 2020; Sinika & Tel'nov, 2016a, 2018a; Sinika,
Tel'nov, & Zakordonets, 2017). The majority of the barrows contained
double or multiple graves. Only in two barrows single graves were
found.
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FIGURE 1

Location of three Scythian archeological sites around Glinoe. Source: Google maps
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Age category Glinoe Glinoe SAD Glinoe Vodovod Total .rll-:\me:;rEai d p:r:en:\itr;egi ZiTlf;e;eizzzz d
N % N % N % N % in age categories
Subadults 51 54.8 19 204 23 24.7 93 29.8
Infants | (0-7 years) 26 47.3 15 27.3 14 255 55 17.6
Infants Il (7-15 years) 15 65.2 8.7 26.1 23 7.4
Juveniles (15-20 years) 8 61.5 15.4 231 13 4.2
Unknown (< 20 years) 2 100.0 0 0.0 0 0.0 2 0.6
Adults 175 79.9 16 7.3 28 12.8 219 70.2
Young (20-35 years) 85 85.0 8 8.0 7 7.0 100 321
Middle (35-50 years) 54 81.8 3 4.5 9 13.6 66 21.2
Old (> 50 years) 12 80.0 1 6.7 2 133 15 4.8
Unknown (>20 years) 24 63.2 4 10.5 10 26.3 38 12.2
Total 226 724 35 11.2 51 16.3 312 100.0
Source: Own elaboration based on the skeletal material.
2.2 | Osteological material 24 | Sexassessment

In total, 312 individuals belonging to the Scythian culture were
included in this study, of whom 93 were classified as non-adults and
219 as adults (Table 1; see also Figure S1). The majority of the skeletal
remains recovered at Gilnoe were incomplete and poorly preserved. It
is a consequence of the negative impact of two main factors:
(a) environmental conditions (highly acidic soil), and (b) human activity,
both intentional—plundering of graves in search of Scythian gold, and
accidental—plowing of the land (Lukasik et al., 2017). All of those sites
are located in agricultural areas. The use of heavy agricultural machin-
ery in this area, together with relatively shallow grave depth, could

have contributed to poor preservation of human skeletal remains.

2.3 | Aging methods

Age of subadults was assessed through tooth development and erup-
tion (Ubelaker, 1989), measurements of long bones (Schaefer
et al., 2009; Scheuer & Black, 2000, 2004) and bone fusion (Schaefer
et al., 2009; Scheuer & Black, 2000, 2004). Aging of adults was based
on changes of the pubic symphysis surface (Todd, 1921), cranial
suture closure (different authors, after Piontek, 1999) and in some
cases on tooth wear (Lovejoy, 1985). The numbers of skeletons exam-
ined by each method—or combination of methods—are shown in
Figure S1. The use of different methods of age assessment resulted
from the low degree of preservation of osteological material. For both
nonadults and adults, we unified the age categories corresponding to
each of the methods as shown in Table 2. It allowed us to elicit a sub-
jective prior distribution describing the age at death assessment for
different skeletal stages by combining different methods used for age
estimation. Such subjective assessments bear inevitable errors, both
in terms of variation and possible biases, which we attempt to explic-

itly describe by using probability distributions.

Since only in a few cases estimation of sex was possible based on
morphological traits of skull and pelvis, this variable was not included
in the research. However, it should not introduce any substantial bias
to our results for two main reasons. Firstly, nomadic societies were
characterized by less strict labor divisions between males and females
than societies leading a more sedentary lifestyle (Streatfield, 2016).
Secondly, both historical sources (Mayor, 2014, p. 12; Morillo
et al.,, 2008, p. 105; Payen, 2015; Rolle, 2006, p. 175) and archeolo-
gical data (see Guliaev, 2003; Rolle, 1989, p. 88; Rolle, 2006, p. 175;
Rolle, 2011, p. 120) confirm that young Scythian women participated

in warfare alongside men, sharing similar risk of dying in combat.

2.5 | Health status

For assessing the health status the following stress markers were
used: linear enamel hypoplasia, cribra orbitalia and porotic hyperosto-
sis. In the analysis of linear enamel hypoplasia only permanent teeth
(incisors, canines, and premolars) displaying mild-to moderate attrition
were included, (see Buikstra & Ubelaker, 1994; Goodman &
Rose, 1990). Enamel defects were scored only if they were macro-
scopically visible and their presence were confirmed by fingernail test
(Steckel et al., 2005).

The study of cribra orbitalia embraced all available skulls, for
which at least one orbital roof was well-preserved. If possible, the roof
of both orbits were observed. The severity of cribra orbitalia was
scored according to the classification system proposed by Global His-
tory of Health Project (Steckel et al., 2005). In the porotic hyperosto-
sis research, all available skulls with at least one parietal bone present
were examined. The severity of porotic hyperostosis was assessed
also using the classification proposed by the Global History of Health
Project (Steckel et al., 2005).
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TABLE 2 Classification chart for skeletons in the Glinoe sample

Tooth development and eruption:

Measurement class: Stages numbered consecutively

Subadults (after Ubelaker, 1989)
sA (perinatal) 1-5

sB (1-3 years) 6-9

sC (4-6 years) 10-12

sD (7-9 years) 13-15

sE (10-12 years) 16-18

sF (13-15 years) 18-19

sG (16-18 years) 19-20

sH (18-20 years) 19-20

Measurement class: Tooth crown wear

Adults (Lovejoy, 1985): Categories

aA (20-25 years) C-D =11
aB (25-30 years) E V-V
aC (30-35 years) F Y]
aD (35-40 years) G Vil
aE (40-45 years) H VIl
aF (45-50 years) H IX
aG (50+ years) | X

Source: Own elaboration.

2.6 | Social status

The social status of individuals deriving from past populations can be
assessed on the basis of archeological data (Ilvantchik, 2011). Scythian
remains from Glinoe have been categorized into one of two social
classes: nobles and commoners, according to grave goods, burial con-
struction and funerary ritual. The Scythian nobles were interred in
impressive burial mounds with rich inventory (e.g., gold adornments or
amphorae), whereas commoners were interred in smaller graves, with

scarce grave offerings (Lukasik et al., 2017).

3 | METHODS: BAYESIAN AGE
ESTIMATION
3.1 | Multinomial-Dirichlet-Dirichlet model with a

reference population

Estimation of age structures in ancient populations is a formidably difficult
task, which is fraught with inevitably large uncertainty. In contemporary
anthropology, there is a methodological consensus that this uncertainty
needs to be formally quantified, ideally through probability distributions
(Caussinus & Courgeau, 2010; Hoppa & Vaupel, 2002; Séguy &
Buchet, 2013). The recent review in the American Journal of Physical
Anthropology (DeWitte, 2018) and the seminal monographs dealing with
this topic (Hoppa & Vaupel, 2002; Séguy & Buchet, 2013) all point

Bone fusion (Schaefer et al., 2009;
Scheuer & Black, 2000, 2004)

Depends on the bones: individual
assignment to specific classes

Morphology of the pubic s
ymphysis (Todd, 1921): Categories

Measurements of long bones
(Schaefer et al., 2009; Scheuer &
Black, 2000, 2004)

Depends on the bones: individual
assignment to specific classes

Cranial suture closure (different
authors, after Piontek, 1999): Categories

S3
S3
S3
S2
S2
S2
$1,C1,L1-3

towards the use of Bayesian approaches as a natural way to describe this
estimation uncertainty in a formal, coherent and transparent manner.

At the same time, the use of existing reference populations is fraught
with the “age mimicry” problem, the term conventionally used in the con-
text of methods of determining the age which are based on reference
tables, the age structures of which directly affect the resulting estimates
(Bocquet-Appel & Masset, 1982). In other words, as Boldsen et al. (2002,
p. 75) have put it, mimicry is the “contamination of ... estimates by the age
composition of the reference sample.” An alternative approach, followed
in this paper, is to apply Bayesian estimation methods with an informative
reference prior. It has been noted that as long as such prior is appropriate
(Boldsen et al, 2002, p. 78, emphasis original), the use of Bayesian
methods guarantees that the final result is not influenced by mimicry.

In our case, the reference prior is subjective, and even though it makes
use of traditional methods for age determination, potentially allowing some
of the mimicry to reoccur through that route, it also allows for describing
the associated errors in a transparent way. We do not make the claim to
the optimality of such prior selection, but rather treat it as an approxima-
tion of an appropriate informative prior, while at the same time demon-
strating that some other priors, especially with a lot of prior-data conflict or
under small-sample situations, can make the mimicry problem reappear.

The idea behind the use of the subjective approach is based on the
statistical literature on eliciting prior distributions (see O'Hagan
et al., 2006, for a comprehensive treatment). Such elicitation has been
used in demographic studies to deal with problematic measurements or

predictions, for example, of migration (e.g., Bijak & Wisniowski, 2010;
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Raymer et al., 2013; Wisniowski et al., 2013), but to our knowledge, has
not yet been explored in the context of paleodemographic research.

The previous analysis of the skeletal material of Glinoe Scythians,
reported in Lukasik et al. (2017), applied a simplified Bayesian
approach, based exclusively on the marginal prior distribution of the
age categories, and for a smaller sample of skeletons. Since then, more
skeletal material became available, and a more comprehensive statisti-
cal approach could be applied, based on the full model of Caussinus
and Courgeau (2010), following a hierarchical Bayesian multinomial-
Dirichlet-Dirichlet specification.

Let the skeletal measurement classes (stages) be denoted by c,
and five-year age groups by a. In our case,c =1, ..,3landa =1, ...,
11, with the last, open-ended age group (a = 11) of 50 years or more.
The here aim is to estimate the distribution of deaths in the sample by
age group, p = [p1 ... p11]’, where X, p, = 1. The model of Caussinus
and Courgeau (2010) assumes that the empirical frequencies observed
for individual classes, m,, follow a multinomial distribution with
parameters & = [z ... 731]’, such that £z, = 1. The link between the
two quantities, p and =, is provided by conditional probabilities that a
skeleton belonging to age group a is observed in class (stage) c. These
probabilities are denoted by p., where X p., = 1. Under these

assumptions, the following relationship holds (idem: 120):
Zapapc\a =T (1)

In the full Bayesian specification, the method requires defining
two prior distributions, both for the conditional distribution p.(,, and
for the age structure p. Following Caussinus and Courgeau (2010), let
both parameter vectors follow a priori Dirichlet distributions, the one
for p.ja with hyperparameters o, = [ac]1 x 31, and the one for p with
hyperparameter B = [B,]1 x 11. These Dirichlet distributions provide a
full probabilistic expression of uncertainty about the unknown quanti-
ties of the model (1) a priori—independently from the data.

Following the recommendations of Caussinus and Courgeau (2010),
the distribution for p.|, could be derived from an existing reference popu-
lation (see e.g., Séguy & Buchet, 2013), for which the mapping between
the classifications of individual measurements into stages and the
corresponding age groups is known. Unfortunately, for Glinoe Scythians,
to assign a skeleton to a developmental stage/class, several anthropologi-
cal methods and measurements had to be used at the same time. Hence,
the way in which the data were collected precluded the use of a single
reference population for different measurements, and multiple reference
populations were not available for all measurement methods used. This
did not allow us to use more advanced multi-indicator methods, such as
the transition analysis of Boldsen et al. (2002) or the multivariate latent

trait approach of Holman et al. (2002).
3.2 | Elicitation of the hypothetical reference
population

As mentioned before, for the Scythian sample, the classification of

skeletons into stage classes was arrived at by independently applying

three methods of measurement to the available osteological material:
tooth development, bone fusion, and long bone measurement for sub-
adults (resulting in eight initial classes of measurement, denoted by sA
... sH), as well as tooth wear, pubic symphysis, and cranial suture for
adults (initially seven classes, aA ... aG). The classification details are
listed in Table 2.

In our case, the hypothetical reference population prior distribu-
tion for p.;, was subjective and was elicited based on a range of possi-
ble age indicators. It has been constructed by assuming a hypothetical
population of 312 skeletons, equal in size to the one observed for
the Glinoe Scythians. This approach resembles some aspects of the
so-called empirical Bayes methods (e.g., Casella, 1985) with their
data-based priors, but in our case, the proposed method for the
construction of the reference prior attempts to safeguard against a
dual use of data in the estimation process, as explained below.

As a part of the prior construction process, for each skeleton
within the sample, the anthropologists on the team assessed their
subjective probabilities, with which the deceased could have
belonged to one of the initial classes sA ... sH and aA ... aG, or one
of their possible combinations, to highlight the error of age assess-
ment. This exercise resulted in defining 31 unique measurement
classes ¢ for the derived combinations of the initial 15 classes, sA
... SH, aA ... aG. These 31 classes are equivalent to stages in the
original methodology by Caussinus and Courgeau (2010). The
detailed mapping between classes ¢ and age groups a for our
elicited reference population is presented in Table 3, showing
“pseudo-counts” N4, which add up to the overall number of skele-
tons, in order to give data and the priors similar weight (see
e.g., Crooks et al., 2005).

To ensure that the corresponding Dirichlet distributions describe
the correct conditional probabilities (p..), and to avoid direct “age
mimicry” through propagating the age structure to the estimates,
which would also introduce the data twice, the pseudo-counts were
rescaled so that N'c; = (312/11) N.o/=. N, for every a. In this way, for
each of the 11 age groups, the sum of the pseudo-counts is the same
and equal to 312/11 = 28.364, so that no additional information on
age structures gets propagated to the estimates besides what is
included in the data. The parameters of Dirichlet distributions have
then been assumed as a., = N'¢; + 0.1 for each combination of ¢ and
a. We have chosen to add 0.1 to the Dirichlet pseudo-counts, rather
than the default 1 (Caussinus & Courgeau, 2010, p. 126) due to a high
numbers of structural zeros in the table, and to make sure that the
resulting distribution is not only pulled towards the categories with
higher parameter values, but also actively pushed away from those

below 1.

3.3 | Sensitivity to the prior assumptions and
model specification

In order to assess the sensitivity of the results to the prior assump-
tions for the age structure, the vector p, again following Caussinus

and Courgeau (2010), has been a priori assumed to be in one of
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TABLE 3
a 1 2 3
Classes ¢
(see Table 2) Skeletons x 0-5 5-10 10-15
sAor sA, sB or sB 24 2400 O 0
sA, sB, sC 2 1.00 100 O
sA, sB, sC, sD, sE, sF, 1 0.25 0.25 0.25
sG, sH
sB, sC 10 6.33 367 O
sC 14 5.36 864 O
sC, sD 6 1.40 400 0.60
sC, sD, sE, sF,sG,sH, 1 0 0.25 0.25
aA
sD 8 0 800 O
sD, sE 1 0 050  0.50
sD, sE, sF 1 0 0.35 0.60
sE 5 0 075  4.00
sE, sF 5 0 050 334
sF 2 0 0 1.23
sF, sG 4 0 0 1.47
sF, sG, sH 7 0 0 1.83
sG, SH or sH 2 0 0 0
aA 19 0 0 0
aA, aB 34 0 0 0
aA, aB, aC 18 0 0 0
aA, aB, aC, aD, aE, 34 0 0 0
aF, aG
aB 2 0 0 0
aB, aC 26 0 0 0
aC 1 0 0 0
aC, ab, aE 1 0 0 0
aD 3 0 0 0
aD, aE 16 0 0 0
aD, aE, aF 21 0 0 0
aD, aE, aF, aG 1 0 0 0
aE, aF 26 0 0 0
aE, aF, aG 2 0 0 0
aG 15 0 0 0
Source: Own elaboration based on the sample material.
the two forms: (a) uniform (flat), with hyperparameters g, = 1 for

all a; and alternatively (b) informative, with hyperparameters g,
taken from the preindustrial standard reported for both sexes by
Séguy and Buchet (2013, p. 147). The latter vector of j, values has
been obtained by rescaling the standard life-table deaths D, to add
up to the number of age classes, so that .4, = 11 (see Table 4).
Given that the aim of the analysis is to reconstruct the life table
of the Glinoe Scythians, the estimated distribution of p can be used to
calculate life-table quantities such as deaths (d,), survivorships (1), or
life expectancy (e,) for a selection of exact ages x, corresponding to

the limits of the age groups a. An additional assumption has been

Input matrix N = [n.a]31 x 11 for constructing Dirichlet priors for the conditional distributions of p.;,

4 5 [ 7 8 9 10 11

15-20 20-25 25-30 30-35 35-40 40-45 45-50 50+

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0.25 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0.25 0.25 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 (0] 0 0 0 0 0

0.05 0 0 0 0 0 0 0

0.25 0 0 0 0 0 0 0

1.17 0 0 0 0 0 0 0

0.77 0 0] 0 0 0 0 0

2.53 0 0 0 0 0 0 0

5.17 0 0 0 0 0 0 0

2.00 0 0 0 0 0 0 0

0 16.15 2.85 0 0 0 0 0

0 15.30 15.30 3.40 0 0 0 0

0 5.71 571 5.69 0.90 0 0 0

0 4.83 4.86 4.86 4.86 4.86 4.86 4.86

0 0.30 1.40 0.30 0 0 0 0

0 2.60 10.40 10.40 2.60 0 0 0

0 0 0.15 0.70 0.15 0 0 (0]

0 0 0.05 0.30 0.30 0.30 0.05 0

0 0 0 0.45 2.10 0.45 0 0

0 0 0 1.60 6.40 6.40 1.60 0

0 0 0 1.05 6.30 6.30 6.30 1.05

0 0 0 0.05 0.24 0.24 0.24 0.24

0 0 0 0 2.60 10.40 10.40 2.60

0 0 0 0 0.10 0.63 0.63 0.63

0 0 0 0 0 0 2.25 12.75
made here for the remaining length of life at 50, which was assumed

to follow a Gamma distribution I'(5,1) with a mean of 5 years and
standard deviation of 2.2 years.

A well-known source of bias in the estimation of age structures
based on archeological data is the underestimation of the number of
children in skeletal populations, either due to their worse preservation
especially in acidic soil, or to burials being carried out at different loca-
tions (see e.g., Konigsberg & Frankenberg, 1994). To adjust for that, a
correction has been applied following the approach proposed by
Henneberg and Piontek (1975). Their method is based on estimating
the potential gross reproduction rate, R,y expressing “the natality
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TABLE 4

Group a 1 2 3 4 5

Age x 0-5 5-10 10-15 15-20 20-25
Dy 319 35 19 24 29

Ba 3.509 0.385 0.209 0.264 0.319

Source: Adapted from Séguy and Buchet (2013, p. 147).

possibilities in a population with given mortality conditions” (idem:
195), defined as:

Rpot = 1_2)\:’: 15dx5xv (2)

with s, being empirically-derived weights for Non-Malthusian contem-
poraneous populations (Hutterite, Bengal, Guinea), here assumed as
follows: s15_50 = 0.95, S59_25 = 0.75, S55_30 = 0.55, 53035 = 0.35, s35_
40 = 0.17, and s45_49 = 0.05 (idem: 195; Henneberg, 1975; Strzatko
et al., 1980).

The correction, originally due to Henneberg (1977), assumes that
the share of deaths of children under 15, dy_15, can be approximated
by using Rpo¢ in conjunction with the average number of children U,,
as well as the net reproduction rate, Ro. The approximation is:

do-15=1-(2Ro/UcRpot). (3)

To complete the statistical specification of the model, we have
assumed that Ry ~ Normal (1.06, 0.02), truncated at zero, and that
U, ~T(12,2) with a mean of six children and standard deviation of
three, thus allowing large uncertainty. Selected results are shown both
with and without this correction.

In order to check yet another aspect of the robustness of the
results, two types of assumptions were tested; either of a stationary
population, or a stable population with a stochastic growth rate r
assumed to follow a normal distribution with the mean 0.002 and a
standard deviation 0.001 per annum, in line with what might be realis-
tically assumed for the Scythian population (see also Lukasik
et al., 2017). Denoting by d, the distribution of deaths by age in a sta-
ble population with growth rate r, and d', in the equivalent stationary
population, the implied relationship is d'y = €™ d, (Johansson &
Horowitz, 1986; Preston & Coale, 1982). For the stable population,
the assumptions about r and Rq additionally imply the mean length of
a generation centered around 29 years, with some uncertainty—the
mean value being the default used by Coale et al. (1983).

In terms of data, the population studied included all 312 skele-
tons, of which 258 have been classified as “commoners” and 27 as
“nobles,” based on the contextual information and other findings
from the graves. An additional classification has been done
according to the period of the utilization of the cemetery, with
85 skeletons from the earlier, Classical Scythian period (5th-4th
century BCE) and 183 from the Late Scythian period (3rd-2nd
century BCE). For 27 skeletons, it was not possible to determine the

Preindustrial prior distribution for p, corresponding to life expectancy at birth of 34 years

6 7 8 9 10 11

25-30 30-35 35-40 40-45 45-50 50+

31 32 35 37 41 398
0.341 0.352 0.385 0.407 0.451 4.378

social status, and for 44 skeletons—the historical period. Altogether,
30 models have been estimated: for each population (all, com-
moners, nobles, early, and late periods), and under each of the two
prior assumptions about the age distribution (flat and preindustrial
standard), three models were run—stationary population without
correction for children, stationary population with correction, and

stable population with correction.

3.4 | Sensitivity to the choice of the reference
population

In addition to the model estimation process discussed above, in order
to assess the robustness of the proposed approach, two other sets of
models were also estimated for the total skeletal population, in the
baseline variant assuming stationary population and no correction for
the number of children.

First, alternative reference populations, based on the literature,
were employed: following Séguy and Buchet (2013), we used the
tooth mineralization coefficients for the upper right quadrant teeth
(11-18) in children (idem: Table 4.7, p. 78) and cranial suture closure
for adults (idem: Table 4.2, p. 66, unisex variant). To ensure that the
reference population has the same weight in the estimation as our
elicited one, we rescaled the reference counts to match the total num-
ber of Scythian skeletons in our sample (312). In addition, as informa-
tion about teeth was only available for 80 children and information
about cranial sutures only for 54 adults (see Figure S1), we have re-
weighted the resulting d, estimates accordingly, to represent the origi-
nal sample structure with 93 children and 213 adults, and to enable
comparisons with our primary estimates. We have estimated the
model both with and without “flattening” the age structure of the ref-
erence population to make it uniform by age group.

Second, we have also computed a simplified variant of the model
without the reference population, repeating the exercise from f.ukasik
et al. (2017), only on a larger and more diverse sample. The
multinomial-Dirichlet model used did not involve any conditional dis-
tribution describing the reference population, as in (1), but was based
on applying a Dirichlet prior on the age distribution, and estimating
the posterior directly, under the multinomial assumption for the data
sample.

To estimate the model (1), numerical methods have been used,
applying the Hamiltonian Monte Carlo algorithm implemented in the
stan package for R (Stan Development Team, 2018a, 2018b). The
model code is available in the Supporting Information. Each estimation
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run is based on 10,000 iterations for four parallel Monte Carlo chains,
following 1000 burn-in cycles, and average runtimes were in the
range of 3-13 min per run for the hypothetical reference population,
2.5-4 min for the Lisbon one, and 5-13 s for no reference population.
In all cases, the calculations were repeated for the non-informative
and preindustrial prior distributions assumed for the age structure of
the skeletal sample. Performance of the algorithm has been assessed
by inspecting the autocorrelations and trace plots, as well as built-in

features of Hamiltonian Monte Carlo diagnostics in stan, all of which
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indicated convergence. Post-processing has been done and images

generated in R (version 3.5.1).

4 | RESULTS: UNCERTAINTY IN
DEMOGRAPHIC OUTCOMES

The key outcomes of the substantive analysis for the whole popula-

tion are reported in Figure 2 in terms of life expectancy e, and

(b) Life table survivorship (1), stationary model
Stationary population: Survivorship
e
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(f) Stable population /, with correction
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Life expectancy and survivorship estimates based on the full skeletal sample (N = 312). Source: Own elaboration based on the
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survivorship .. Overall, the shape of the survivorship curve depends
on the model (stationary in Figure 2a-d, stable in Figure 2e,f), and the
presence of correction for the number of children, which lowers the
eo (no correction in Figure 2a,b, correction in Figure 2c-f). To some
extent, the results also depend on the choice of the prior for the age
distribution p, although with largely overlapping 95-per cent intervals
for the estimates under alternative prior assumptions.

Assuming a stationary population and a preindustrial prior, life
expectancy at birth (ep) was estimated as 27.7 years (95% credible
intervals from 25.1 to 30.3), and at age 20 (ex) as 16.4 years (14.0 to
19.0). In line with the expectations, slightly higher values of e, for all
age groups were obtained under the stable population assumption,
while correcting the number of underrepresented infants reduced the
eo considerably. A visible drop in the number of survivors, I,, especially
around the age of 20-30 years, confirms earlier results reported in
Lukasik et al. (2017), additionally supporting the hypothesis about
Scythian warriors possibly “dying young” in combat.

The width of the estimated uncertainty bands predominantly
reflects a relatively small skeletal sample. The results highlight an impor-
tant role of the applied correction for the number of children and of the

stable population assumption. The former is shifting e, and I, downwards

Stationary with correction

for early ages, but with wide uncertainty intervals (Figure 2c,d), while the
latter is moving e, and I, slightly upwards throughout the life course, but
also including additional uncertainty propagating from the stochastic
assumptions about the intrinsic population growth rate, r, and the net
reproduction rate, R (Figure 2e,f). The results for the whole skeletal sam-
ple are also reported in Table 5 terms of the life table deaths, d,.

Figures 3 and 4 present comparisons of e, estimates between dif-
ferent subgroups of the Glinoe Scythian population, stratified either
by social status (Figure 3a-f), or historical period (Figure 4a-f). No
clear differences in e, among individuals differing in social status were
observed: even though under the preindustrial prior slightly higher
values of life expectancy were found for nobles than for commoners,
under the flat prior the pattern was reverse. In all cases the differ-
ences were dwarfed by high errors of estimation, with overlapping
95% credible intervals (Figure 3). The intervals were especially wide
for the nobles—a result of a few skeletons. Similarly, under the same
prior, slightly higher values of e, were obtained for the Classical Scyth-
ian period than for the Late Scythian period, except for the youngest
ages (Figure 4), although again most of the differences were not suffi-
ciently distinct. More detailed results for various subsamples are also

included in Tables S1 to S4 in the Supporting Information.

Estimates of sd, under different specifications of the model for the whole skeletal sample (N = 312)

Stable with correction

TABLE 5
e Stationary population
Quantiles 2.5% Median 95% 2.5%
Non-informative (flat) prior
s5do (x 1000) 77.2 122.8 179.6 73.0
5ds 34.6 81.6 135.4 40.1
sd10 5.8 383 82.7 7.8
sdis 6.5 36.3 75.0 3.3
s5d20 383 145.6 254.6 224
5025 12.7 127.9 278.5 7.7
5030 7.2 89.8 213.9 4.7
sd3s 7.0 79.7 197.7 4.0
5040 6.7 86.3 204.0 3.7
5045 6.9 89.2 210.6 3.8
Wdso 18.2 71.5 135.7 10.7
Preindustrial prior (see Table 4)
s5do (x 1000) 923 140.6 200.6 927
sds 20.9 72.9 128.4 27.3
sd10 0.0 31.7 83.8 0.0
sd1s 0.0 33.2 76.8 0.0
i 22 144.4 270.9 26
5025 0.2 130.5 3225 0.1
5030 0.0 74.3 230.9 0.0
5d3s 0.1 75.4 225.7 0.1
5040 0.2 93.9 226.6 0.2
5045 0.1 48.1 186.9 0.1
wds0 59.3 113.8 193.5 30.7

Source: Own elaboration based on the skeletal material.

Median 95% 2.5% Median 95%

259.1 426.3 59.6 237.6 407.3
167.0 3175 329 1534 299.5
77.0 181.3 7.3 713 171.7
21.9 57.6 4.0 23.0 59.6

89.4 210.1 24.2 94.3 214.5
76.6 216.1 8.4 82.8 225.7
55.5 165.1 4.9 60.3 173.5
48.8 151.5 4.6 534 160.1
52.7 156.0 4.2 58.3 170.0
54.5 160.0 41 60.3 172.5
43.7 104.3 12.1 49.5 116.1
297.2 483.8 68.0 272.6 458.5
147.6 299.3 20.5 135.9 283.8
62.0 179.1 0.0 56.9 169.4
19.5 58.6 0.0 20.9 60.0

86.7 2184 1.8 91.9 226.2
77.5 2452 0.1 84.4 260.7
45.1 168.8 0.0 46.9 181.0
453 166.5 0.1 49.7 183.5
55.7 170.9 0.2 61.4 188.0
29.2 133.5 0.1 31.7 146.9
69.8 151.6 353 78.6 166.6
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FIGURE 3 Life expectancy estimates for the “commoners” (N = 258) and “nobles” (N = 27) under different prior assumptions for the age

distribution: flat and preindustrial (Séguy & Buchet, 2013, p. 147). Source: Own elaboration based on the sample material

41 | Sensitivity of the results

The outcomes of the sensitivity analysis reveal high impact of the ref-
erence population assumptions on the results of the estimation, in line
with what would be expected according to the “age mimicry” argu-
ment. The comparisons in terms of d, for our hypothetical reference
population, the Lisbon one (provided for reference in Table S5), and

estimation using no reference population, are shown in Figure 5, with

the underlying estimates reported in Tables S6 and S7. A clear peak of
mortality in the 30s in the posterior estimates for the Lisbon reference
population is a case in point: such elevated mortality results from the
conflict between the reference population prior and our skeletal sam-
ple, indicated by vastly different structures by stage for adults
(Table S5). At the same time, similar structures by stage for children
lead to the results being less sensitive to the specification of the

model, prior and reference populations, also according to expectations



AL

ANTHROPOLOGY

LUKASIK ET AL.

Stationary population e, flat prior

Stationary population, flat prior

2 Early period Late period
— median — median
50% 50%
95% 95%
Q
- @
g
[u]
3
o o _
é N
=
9_ -
o
T T T T T T
0 10 20 30 40 50

age

(c) Stationary e _with correction, flat prior

Correction for children, flat prior

2 - Early period Late period
— median — median
50% 50%
95% 95%

Q

@
>
3
e
T
S
53
Qo o _|
> ~
o
P

o |

o -

T T T T T T
0 10 20 30 40 50

age

(e)

Stable e with correction, flat prior
Stable population with correction, flat prior

? Early period Late period
— median — median
50% 50%
95% 95%
o _|
™
>
Q
=
ot
? —
L |
2 ~
o |
o
T T T T T T
0 10 20 30 40 50
age
FIGURE 4

(b)

Stationary population e , pre-industrial prior
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(d) Stationary e_with correction, pre-industrial prior
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(f) Stable e, with correction, pre-industrial prior
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Life expectancy estimates for the early (N = 85) and late periods (N = 183) under different prior assumptions for the age

distribution: flat and preindustrial (Séguy & Buchet, 2013, p. 147). Source: Own elaboration based on the sample material

(see e.g., Boldsen et al., 2002). These conclusions are valid for the ref-
erence populations both without and with “flattened” structure by
age, the latter with even more extreme departures from the sample
information for adults, especially under the informative, postindustrial
prior (detailed results are reported in Table Sé).

One key lesson from comparing the results is that alternative models
and reference populations also include strong assumptions, especially for
adults. In this example, the Lisbon reference population also proved sus-

ceptible to another type of mimicry, as can be seen by comparing the

two approaches with the one using no reference population. This sug-
gests a conflict between the data and the Lisbon prior and/or insufficient
data sample size, but also raises a more general point: if an informative
reference prior is not appropriate for the data at hand, the problem of
mimicry in some form may return even in the Bayesian approach. This
discussion goes beyond the scope of the current paper but reinforces
the importance of a careful choice of the reference prior.

At the same time, the median results obtained with the subjective

reference prior align with those for no reference, which suggests that
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FIGURE 5 Sensitivity analysis of the estimates of d, for the full skeletal sample of Glinoe Scythians: Comparison of the hypothetical and

Lisbon (Séguy & Buchet, 2013) reference populations, and none. Source: Own elaboration based on the sample material

TABLE 6 Skeletal health indicators in
the examined population

Linear enamel hypoplasia

Cribra orbitalia Porotic hyperostosis

Site n
Glinoe 38
Glinoe SAD 4
Glinoe Vodovod 9
Total 51

N % n N % n N %

122 312 11 39 28.2 1 36 2.7
11 36.4 3 13 23.1 0 10 0.0
24 37.5 6 23 26.1 0 22 0.0
157 325 20 75 26.7 1 68 i3

Source: Own elaboration based on the skeletal material.

the prior did not introduce additional information about the age struc-
tures from the reference population, but at the same time relied on
the initial age assessment, which could be biased. Here, when com-
pared with the no-reference approach, the method based on subjec-
tive reference priors adds more uncertainty related to age
determination especially where it is expected: much more for adults,
where the limitations of current methods much are more pronounced,
rather than juveniles (see the discussion in Boldsen et al., 2002). In
this way, we explicitly acknowledge the imperfection of the age deter-
mination process through wide uncertainty bounds. The no-reference
approach, in turn, proved to be too optimistic in terms of producing
uncertainty bounds which are visibly too narrow for such an uncertain
endeavor as reconstructing the age structure in the presence of such
high uncertainty of measurement and classification.

The skeletal remains of the populations inhabiting the Black Sea
region in the early Iron Age are for the most part poorly preserved.
This is mainly due to the widespread occurrence of highly acidic soil in
the Black Sea region (see Ursu et al., 2014; Watson, 1967), and human
activity connected with, among others, the transformation of these
areas into farmlands and destruction of relatively shallow graves by
deep plowing. In addition, secondary burials of Late Nomads, dated to
the Middle Ages, have been found dug into Scythian burial mounds,
causing violation or even damage of the original Scythian graves
(Sinika et al., 2015). Plundering of the graves of Scythian elites in sea-
rch of objects made of gold also contributed to fragmentation and
destruction of the human remains (see Gerling, 2015). Moreover, the

vast majority of the Scythian skeletons available for research come

from the excavations conducted between the 1960s and 1990s, and
their long-term storage also had an impact on the condition of the
osteological material.

The poor level of preservation of human skeletal remains not only
determines the choice of research methods that can be used, but also
somewhat forces the need of searching for new ways and solutions to
deal with such material. In the case of paleodemographic analysis of
the Glinoe Scythians, the use of one uniform method of age-at-death
assessment for the whole examined group reduced the sample size
(in the example above, to 54 adults and 80 subadults). Small sample
size in turn leads to the need to adopt further arbitrary assumptions,

which lower the reliability of the results and their interpretations.

4.2 | Results: Health status of scythian warriors

In terms of contextual information corroborating the obtained age-at-
death estimates, the analysis of health status of Scythians revealed
that the examined population was characterized by relatively low
prevalence of stress indicators (Table 6). Linear enamel hypoplasia on
permanent teeth occurred in around one third of the sample. Cribra
orbitalia was noticed in less than 30% of all individuals, while porotic
hyperostis was found only in one case (less than 2%). Similar results
were obtained for all analyzed sites. There were no marked differ-
ences in prevalence of linear enamel hypoplasia between the Scythian
elite members and the commoners. The frequency of linear enamel

hypoplasia also did not differ much between individuals from the
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Classical Scythian phase and the Late Scythian phase. However, this
may be a consequence of relatively small number of individuals
belonging to the Scythian elite or those coming from the Classical
Scythian period. In the case of porotic changes, the differences
between those groups were not analyzed due to insufficient sample

sizes.

5 | DISCUSSION: UNCERTAIN
DEMOGRAPHY OF SCYTHIAN WARRIORS

The results, with overlapping uncertainty bands, indicate that the skele-
tal sample is either still too small to allow definite conclusions—or that
the differences between the subgroups are not overly important. There
seem to be some difference between the early period (slightly higher
e,, except for the youngest ages) and the late one (slightly lower e,),
which may indicate better childhood survival, counterbalanced by later-
life disadvantages. Again, the error bounds surrounding the estimates
are very wide. The results of the sensitivity analysis highlight the impor-
tance of informative priors, and the additional assumptions, especially
on the correction of missing children in the sample. The reference pop-
ulation assumptions and the background mortality prior play a key role
in the estimation, especially with respect to the assessment of the
uncertainty of the I, and e, estimates. On the other hand, differences
between the stationary and stable population assumptions, the latter
with realistic parameters, are relatively minor.

Overall, the wide uncertainty intervals are not surprising, given
the small sample and the number of assumptions that needed to be
made in the estimation process. The key limitations of the analysis
include therefore the inevitable high levels of sensitivity of the poste-
rior distributions of the age profiles to the underlying assumptions,
and their heavy reliance on informative priors. Still, the use of elicited
subjective priors for reference populations allows for combining judg-
ment on measurement error with data from skeletal samples to get as
accurate estimates as possible in the absence of detailed reference
population datasets. At the same time, comparing the results with
those obtained for an actual reference population and for no refer-
ence population, confirms once again the strong sensitivity of the
results on the choice of the prior information.

Possible extensions of this analysis could include enhancing the

database on Glinoe Scythians through further excavations to increase

the samples, and fine-tuning the prior assumptions. The latter could
for example take into account additional contextual information on
skeletons, such as on the state of health, an initial assessment of
which is discussed above, or cause of death. From the methodological
point of view, the construction of the priors could be further modified.
While still remaining in the realm of the Caussinus and
Courgeau (2010) method, the prior distribution for P.ja could be based
on a Dirichlet mixture model, with several independent reference
populations, one for each method of assessing age, mapped onto the
measurement classes. This approach could require larger samples for
each method, but in principle should be feasible in the future, once
more information on measurements and reference populations
becomes available.

6 | DISCUSSION: ANTHROPOLOGICAL
AND HISTORICAL INTERPRETATIONS

6.1 | Survivorship of Scythians from Glinoe sites
Our research revealed that the Scythian population from Glinoe is
characterized by a relatively high, even if uncertain, values of
stationary-population life expectancy at birth (median of 27.7 years,
95% credible intervals from 25.1 to 30.3) and relatively low value at
age 20 (median of 16.4 years, 14.0 to 19.0) in comparison to other
Iron Age European populations (see Table S8) — relatively low values
of life expectancy of adults (eoo) were also reported for another Scyth-
ian sample from Ukraine (Litvinova 2004). Previous research, carried
out on a smaller Scythian sample (data only for one Glinoe site),
suggested the lower values of eyo could have been attributed to the
participation of younger adults in combat activities (Eukasik
etal., 2017).

Scythians appeared in the history as nomadic tribes and masters
of mounted warfare who conquered large areas of the Eurasian conti-
nent (Cunliffe, 2019; Kubczak, 1978; Petrenko, 1995; Phillips, 1972;
Piotrowicz, 1939, p. 18; Wendelken, 2000). For this reason, the rela-
tively low value of e,q could have to some extent resulted from the
excess deaths among adults because of their participation in military
actions. This hypothesis is additionally supported by an elevated prob-
ability of death and sharply decreasing probability of survival in the
twenties under any set of assumptions a priori (Figure 2b,d,f). Table 7

TABLE 7 Posterior probabilities related to the presence of an “accident hump” in different models

Model Non-informative prior Preindustrial prior (see Table 4)
Probabilities P(sd25 > 5d30) P(10d20 > 10d30) P(sd25 > 5d30) P(30020 > 10d30)
Stationary 0.6225 0.8164 0.6215 0.8018
Stationary with correction 0.6131 0.8135 0.6187 0.7976

Stable with correction 0.6127 0.8015 0.6241 0.7914

Lisbon reference population 04167 0.2541 0.4469 0.2440

No reference population 0.9234 0.9944 0.9235 0.9940

Source: Own elaboration based on the skeletal material.
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presents two sets of posterior probabilities of such “accident hump”
in the Scythian population, defined as P(sdos > sds0) and P
(10020 > 10d30), for different model specifications and under different
prior assumptions. It can be seen that in most cases, these probabilities
are high, in the range of 0.61-0.62 for the former and to 0.79-0.81 for
the latter, except for the Lisbon reference population, where the lack of
an accident hump can be explained by the nature of the reference col-
lection and the effect of “age mimicry” (see Figure 5).

Besides warfare, another possibility of the relative excess of
young adults in the cemetery sample is underrepresentation of old
adults. Some bioarchaeological studies have shown, that bones are
more fragile and less strong at the end of life cycle due to early life
experiences, including diet and nutrition, activity patterns, and repro-
duction. However, in the examined sample dense bone tissue and
strong bones were observed also in senile individuals, likely due to
high mechanical loading during lifetime, supporting the notion of
context-specific patterns of bone status (see Agarwal, 2008, 2016).

Survivorship and life expectancy in human populations depend not
only on their involvement in violence, but also an interplay of biological
and environmental factors, including living conditions, health status, and
diet (see Pinhasi, 2008). In our sample, the prevalence of the examined
stress markers prevalence was relatively low in comparison with other
contemporaneous human populations, which can be indicative of rela-
tively good health (Tables S9 to S11). This conclusion is similar to the
ones reported in previous studies (Eukasik, 2015). It should be under-
lined, however, that those indicators belong to nonspecific stress
markers, and are only general measures of health in past populations
(Lewis & Roberts, 1997; Ortner & Buikstra, 2019; Steckel & Rose, 2003).

On the other hand, any frequent stress episodes would have affected
the whole population in an age-indiscriminate way, rather than being con-
centrated among young adults, who normally exhibit the highest levels of
immunological resistance and are typically the strongest in the population
(see Elgert, 2009, p. 65). Additionally, the relatively high value of life
expectancy at birth (eg) suggests that the Scythian population under
study was rather well-adapted to environmental constraints. This addi-
tionally supports the hypothesis that the decrease of survivorship of
young Scythian adults could be attributed to lifestyle factors, such as
wars and conflict—not very dissimilar to the “accident hump” of mortal-
ity among contemporary populations, especially young men.

For past human populations engaged in warfare a high prevalence
of skeletal traces of violence can be expected (see Martin &
Harrod, 2015; Mayor, 2014; Owens, 2007; Walker, 1989). With ongo-
ing excavations at Glinoe sites, which provide relatively well-
preserved skeletal remains of Scythians as compared with previous
samples, a new perspective of trauma analysis has arisen. The paleo-

pathology of trauma in Scythians is planned for future research.
6.2 | Comparison of life expectancy between
Scythian nobles and commoners

Slight differences in the values of ey and e;g between nobles and com-

moners were noticed, but the size of these effects proved to be well
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within the error bounds. According to historical sources, individuals from
both social strata were involved in military actions, but their battle posi-
tions were different (Herodotus, 1920, IV, 65). Most probably, the Scyth-
ian commoners fought mainly in the front line, in the closest range from
the enemy, while the nobles stayed in the back line. The latter played a
similar role to an army commander in the modern warfare. Taking into
account the positions of Scythian warriors during military actions, it can
be supposed that the probability of death among the nobles was rela-
tively lower than of the commoners, with a higher value of e for the
former group. Another factor, which might affect the values of ey and
eoo, Were the biological features of Scythians. The analysis of linear
enamel hypoplasia shows that the Scythian nobles were characterized by
somewhat better health than the commoners (Eukasik, 2015).

6.3 | Comparison of life expectancy between the
classical Scythian phase and late Scythian phase

Some differences in the value of life expectancy between individuals
from the Classical Scythian and Late Scythian period were noticed. As
expected, slightly higher value of e, was found in individuals coming
from the Classical Scythian phase, than the Late Scythian phase.
According to historical sources, the Classical phase (the 5th and the
4th century BCE) was a period of Scythian dominance in Eurasia,
when their economic, political and cultural development reached its
peak (Melyoukova, 1995). At that time, the Scythians overcame other
populations and occupied a large territory of the Eurasian continent.
Therefore, it is not surprising that the values of e, were higher at that
time than in the Late Scythian phase. Also of note is a higher number
of child skeletons in the sample from the Classical Period, which may
reflect changes in burial practices.

In Scythian history, the 3rd century BCE is considered as the begin-
ning of decline in their dominance (Melyoukova, 1995). However, it
remains unknown, why this group disappeared from the pages of history.
Nevertheless, several factors might have been involved in this phenome-
non. Firstly, the lost war against the army of Philip Il of Macedon partially
weakened the Scythian position (Wendelken, 2000). Additionally, constant
Sarmatian attacks also might have contributed to the decline of their
power and strength (Martenko & Vinogradov, 1989; Melyoukova, 1995).
Moreover, climate changes in the Black Sea region (steppe formation) dur-
ing the Late Scythian period might have affected the economic stability of
Scythian populations (Melyoukova, 1995). All those factors are presumably
reflected in the values of paleodemographic parameters of Scythians from
the Late phase (the low value of e, and the high value of g,). Interestingly,
the impact of climate change on the group's demographics has been also
suggested for the Scythians from Central Asia (Panyushkina, 2012).

7 | CONCLUSIONS

Confirming earlier findings (Lukasik et al., 2017), the current skeletal
material indicates that Glinoe Scythians were characterized by a rela-

tively high probability of death in early adulthood. The results suggest
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that the demographic structure could depend on their lifestyle (con-
flicts, wars), which contributed to the elevated mortality of young
adults, despite their relatively good health, as corroborated by a
detailed analysis of the skeletal material. In purely descriptive terms,
some slight differences between subgroups under study, such as
nobles and commoners, or the early and late period, have been identi-
fied. Still, the probabilistic estimates confirm that the samples are not
large enough to allow for definite conclusions, as all these differences
fall within the wide error bounds and are sensitive to model specifica-
tion and the selection of prior assumptions.

The size of the sample, large estimation errors, and high sensitiv-
ity to the choice of prior assumptions and reference populations
about the age structure pose natural limits on the interpretation of
the presented results. These limitations notwithstanding, this study
hopes to make a methodological contribution by providing sugges-
tions and considerations for using subjective prior distributions in
situations when reference populations are not available or not appro-
priate, and which at the same time enable formally assessing the
uncertainty of estimation of age structures.

Even though the original method we followed (Caussinus &
Courgeau, 2010) assumes proper (i.e., existing) reference populations,
the matrix Dirichlet prior, which we elicited instead, can be
reconceptualized as a link structure in model (1), connecting observed
skeletal stages with age groups. At the same time, it is worth noting
that even the empirical (observed) reference priors may not be appro-
priate for a given population, which can also give grounds to some
form of mimicry, given that ultimately the information on age-stage
structures needs to come from somewhere.

We argue that such elicited link structures, explicitly acknowledging
the uncertainty of age classification, can form a useful addition to the
existing paleodemographic toolkit. The method we propose is but an
approximation of a fully informative reference prior and our subjective
reference population is still a placeholder, which would require further
refinement. Recognizing that the experts undertaking classification are
also biased, and subjective hypothetical priors can be thus also subject to
the mimicry effect, more work is clearly needed on the elicitation process
itself, possibly also to establish standards for creating hypothetical refer-
ence populations, as was done in other disciplines (see O'Hagan
et al., 2006). Such approaches could use different aging methods for the
same indicator or involving many experts, so including yet another source
of cross-expert and cross-method uncertainty.

The potential prize for pursuing this path is worth reaching out for: a
comprehensive description of uncertainty coming from the observed vari-
ability in the data sample as well as the errors of measurement (age
assessment), acknowledging its imperfections, formally combined
together through the means of Bayesian statistics. In the case of Glinoe
Scythians, the high levels of this uncertainty are but an inherent feature
of currently available skeletal information about this fascinating, if not
very well-known, historical population.
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