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A B S T R A C T

In the field of material culture, seriality refers to the serial production of nearly the same object in terms of shape
and size, yielding visually identical artefacts. Subtle variations may nevertheless occur, depending on the
technologies used, or the number and reliability of moulds, for example. Geometric morphometrics based on
landmark analysis, along with accompanying statistical techniques, provides methods well-suited for identifying
small but archaeologically significant variations in shape and size within such datasets. In this study, we
exemplify the efficiency of geometric morphometrics in a context of seriality, using a large series of centimetric-
sized gold wild boars decorating a case for bow and arrows, discovered in the Arzhan-2 barrow of the early
Scythian time. A total of twenty-seven 2D landmarks was collected for each specimen to assess the level of
similarity between individuals with high precision, and to investigate the presence of subgroups, possibly
indicating the use of several models. However, due to the homogeneous nature of the dataset, notable mea-
surement errors may obscure the sought-after archaeological signal. To mitigate this, each specimen was
measured twice by three different operators. Boas coordinates of the six replicates were then averaged, resulting
in a reduction of the effect of measurement errors. Two distinct shape groups are identified, consisting of an
approximately equal number of individuals. These findings suggest that the entire set of wild boars could have
been produced via two separate manufacturing chains, possibly running in parallel, where two distinct, albeit
very similar, solid models were involved. Within each group, discreet variations in size were observed. They are
probably due to variable shrinkage during casting. These observations would have been difficult for the naked
eye, even for an expert in the field, because the striking similarity within the series and the post-processing by the
goldsmith obscure the shape signal originating from the moulds. Besides the original information provided here
about the gold wild boars of Arzhan-2, it is worth emphasizing that the use of these techniques should be
encouraged, particularly when applied to the study of seriality. The workflow described can easily be reproduced
and adapted for almost any serially produced archaeological assemblage.

1. Introduction

In archaeology, serial production refers to objects produced as a
series or belonging to a series. Seriality refers to another, more

restrictive concept, involving the production of a large number of
visually identical artefacts (Stockhammer, 2017). This type of produc-
tion developed early in the third millennium BCE in the Near East, with
the introduction of bronze casting (Stockhammer, 2017), and reached
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Europe in the Early Bronze Age at the beginning of the second millen-
nium BCE (Sørensen, 2012; Johannsen, 2015; Gabillot et al., 2017).
Over time, seriality flourished, with numerous technical innovations
and the introduction of a broader array of raw materials. Seriality
encompassed a great variety of artefacts, from common utilitarian ob-
jects, such as ceramics (e.g., Roberts, 1997), clay relief tiles (e.g., Fu,
2002), fibulae (e.g., Kruta, 1971), bronze weapons (e.g. Martinón-Torres
et al., 2014), and palstaves (e.g., Webley and Adams, 2016), to more
prestigious items made of precious metals (Liu et al., 2021), often pro-
duced in smaller quantities. The highest degree of resemblance was
often sought for prestigious ornamental objects, especially when pre-
sented together as a set. The effect of repetition, particularly arranged in
a geometric pattern, reinforces the sense of rhythm, quality, and abun-
dance. To achieve this level of repeatability, several metalworking
techniques were developed, such as openwork, lost-wax casting, and
sheet-metal embossing (Armbruster, 2000; Minasyan, 2014, 2016;
Ambruster and Meyer, 2024). More detailed research into the produc-
tion of such sets should seek to identify the level of standardisation and
specific aspects of the chaine opératoire. Grouping these nearly identical
objects into series and even subseries may provide insights into crafts-
people’s habitus (Mauss, 1936; Bourdieu, 1977), and therefore into the
economic structure of past communities, such as the organisation of
labour, craft specialization, trade routes, and exchance networks
(Rowlands, 1971; Costin, 1991; Costin, 2001; Bertemes and Furtwän-
gler, 2008; Korol’ and Naumova, 2017; Kuijpers, 2017). However, the
identification of series within serially produced artefacts is a challenging
task, as morphological variations are often too small to be identified
with the naked eye, making fine typological classifications difficult or
impossible. Other methods must therefore be used to identify groups, for
example material analyses (Freestone et al., 2009; Martinón-Torres
et al., 2014; Birch 2018) or geometric morphometrics (Wilczek et al.,
2014, 2015; Birch and Martinón-Torres, 2019; Castiñeira-Latorre et al.,
2024). This technique, used by biologists (e.g., Rohlf and Marcus, 1993;
Adams et al., 2004, 2013; Mitteroecker and Schaefer, 2022), palae-
ontologists (e.g., Schaeffer, 2020; MacLeod, 2018), and archaeologists
(e.g. Cardillo, 2010; Okumura and Araujo, 2019; Lundström et al., 2023;
Pineda et al., 2023; Fernández Navarro et al., 2024; Jeanty et al., 2024),
is specifically designed to quantify variation in form (a concept
encompassing both size and shape). It is able to identify mathematically
defined features to assess the level of similarity between items with a
high degree of precision. Beyond the mathematical quantification of
variation in both size and shape, this approach generates comprehensive
visuals that enhance the interpretation of this complex issue
(Klingenberg, 2013).

Our goal here is to demonstrate that geometric morphometrics can
be highly effective in the context of seriality, to identify groups and
possibly informative size variations. As a case-study, we apply this
method to a set of very similar gold artefacts discovered in the Arzhan-2
barrow (Tuva Republic, Russian Federation), dating from the early
Scythian period. Besides the two bodies buried in this tomb were 9000
artefacts, of which 5600 are of gold (total weight of gold ~20 kg; Par-
zinger, 2017). This collection has already been studied macro- and
microscopically, to identify tool marks and other production-related
features (Armbruster, 2009, 2017; Minasyan, 2004, 2014; Armbruster
and Meyer, 2024). Metallographic, microwear, compositional, and iso-
topic analyses, among others, may also provide insights into the tech-
nology used and the potential origin of the raw materials (e.g., Pernicka,
2014; Leusch et al., 2014; for the origin of the rawmaterials used to craft
the gold objects from Arzhan-2, see Zaykov et al., 2015). Here, we
applied geometric morphometrics to a set of visually identical gold wild
boars decorating a case for bow and arrows (gorytos) found in the
barrow. In practice, a set of 2D landmarks, corresponding to homologous
points (Bookstein, 1991; Webster and Sheets, 2010), was captured from
the pictures of wild boars, placed to best describe the overall shape,
while minimizing ambiguity about their position. This task is far from
trivial, as these one-piece gold wild boars possess complex motifs,

smooth finishing, and post-casting work by the craftsman.
Operator-induced measurement error during landmark digitalization
may therefore contribute significantly to the observed variance, which
from the intrinsic nature of seriality should be low. To address this issue,
acquisition was performed by three operators, each of them duplicating
landmark capture, to quantify both among-operator and digitalization
errors. These sources of error were then reduced as much as possible.
The potential presence of artefact subgroups was investigated, as such
subgroups could indicate the use of several models to cast the objects.
Conclusions are drawn regarding the causes of variation in form and the
manufacturing processes involved.

Beyond the study of this specific set of gold wild boars, we provide
guidelines for the use of geometric morphometrics in the broader
context of seriality in material culture (where shape variations are ex-
pected to be very small), paying special attention to the statistical
techniques that will allow the extraction of pertinent information from
very similar objects. We also provide an extensively commented code
and a set of functions to facilitate the reproduction and adaption of the
workflow to almost any serially produced archaeological assemblage.

2. Material and methods

Corpus. One of the most remarkable exemplars of seriality in Proto-
history is the multitude of gold zoomorphic artefacts discovered in the
Arzhan-2 elite barrow, located in the Uyuk Valley, Tuva Republic
(Fig. 1a). The princely tomb (grave n◦5) constructed by nomadic pop-
ulations in the 7th century BCE (Zaitseva et al., 2004) remained undis-
turbed until its excavation, from 2000 to 2004 (Chugunov et al., 2001,
2010, 2017). Within this tomb, among other artefacts, was a large
number of nearly identical gold panther figures adorning the garments
of each of the two bodies (2632 and 2297 respectively), with 244 large
and 68 small gold wild boars in the form of decorative plaques for a
gorytos. All these artefacts bear witness to great mastery of gold
metalwork (see the reconstitution of the decorated costumes and
equipment of the elite couple in Fig. 1b, and also Alexeyev, 2021, for an
overview of Scythian gold artefacts). Currently, 50 of the 244 large gold
wild boar plaques are curated by the State Hermitage Museum (St.
Petersburg), while the remaining 194 are curated by the National
Museum of the Republic of Tuva (Kyzyl). The obverse of the plaques is
convex (Fig. 1c), and the reverse is concave; they measure approxi-
mately 2.5× 1.5× 0.4 cm (Chugunov et al., 2010). On the reverse of the
plaques are soldered ribbon-shaped eyelets, to attach them to the
organic material tightly covering the gorytos (Fig. 1d, note that photo-
graphs of the reverse are available for only a few items). Among them,
111 individuals have three eyelets, while 133 have only two. This dif-
ference was used to construct two variants (Chugunov et al., 2010:44)

As a partial but well-documented 2D photographic record (including
scale bar) of the large wild boars was available, this set was selected for
analysis (Fig. 1c). Most of these items had already been photographed by
the staff of the National Museum of the Republic of Tuva, using a Nikon
D5200 DSLR equipped with a 45 mm lens (approximately 67 mm full-
frame equivalency). During this step, the camera was maintained
perpendicular to the main plane defined by the objects as much as
possible to minimize optical distortion. All the 98 photographs of the
boars with an inventory number in the state collection (i.e. #10517946
to #10518045, excluding #10518032, which has no scale), cropped and
rescaled at 1200 × 1200 (resolution of ca. 0.03 mm/px), were down-
loaded from the State Catalogue of the Museum Fund of the Russian
Federation (http://goskatalog.ru, no longer accessible in the EU since
2022). Twenty-eight photographs with no inventory number, at various
resolutions, supposed to depict other items from the tomb, were also
provided by the museum staff, forming an initial dataset of 126
individuals.

According to Minasyan (2004, 2014), the process of casting plaques
involved the use of bi-valve clay moulds, created either fromwaxmodels
or from pre-made objects. The initial step was to craft a model of the
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intended plaque from wood, or more commonly from wax. This model
was then used to create an impression in the obverse valve of the casting
mould. Molten wax was poured into the mould, and excess wax was
removed, leaving a thin convex-concave wax model, used to make the
reverse clay valve. This bi-valve mould was then employed to cast the
series. Armbruster (2010, 2017), and more recently Armbruster and
Meyer (2024), have published a different description of the casting
process. According to these authors, the plaques were cast using the
lost-wax method. Wax models were mass-produced using a stone mould
or the impression in clay of a solid model. They also suggested that items
were not cast one by one but in lots, with several wax replicas connected
to a wax rod as the central sprue. After casting, among other techniques,
items could be finished with chisel and scraper, smoothed and polished,
and poorly cast parts would be straightened.

Data acquisition. A set of 27 homologous landmarks to describe the
artefacts was carefully selected to fulfil two main criteria: (i) compre-
hensively cover the entire morphology of the gold boar plaques, and (ii)
be easily recognisable (Fig. 1c). In the field of biology, the second cri-
terion corresponds to a discrete juxtaposition of tissues or defined by a
single point without ambiguity, referred to as Type I landmarks ac-
cording to Bookstein’s classification (Bookstein, 1991). However, due to
the nature of the target, in one piece, Type I landmarks could not be
identified. Instead, Type II Bookstein landmarks, based on curvature
characteristics, were therefore used throughout the study, despite being
notoriously more challenging to acquire. A detailed investigation of
measurement error was conducted to optimise measurement accuracy.
This is a crucial step for objects that are very similar, such as the gold
boars, where any morphological differences are expected to be slight.

Fig. 1. (a) Map of Asia, with the location of the Arzhan-2 site; (b) Reconstitution of costumes and equipment of the buried couple made by the experts of the
Hermitage Museum. Picture from the Hermitage Museum (https://siberiantimes.com/science/casestudy/features/f0212-focus-on-tuva-stunning-treasures-and-mac
abre-slaughter-in-siberias-prehistoric-valley-of-the-kings/), the white arrow indicates the gorytos to which the gold wild boars were attached; (c) obverse and (d)
reverse sides of one of the gold wild boars, photographed by the staff at the National Museum of the Republic of Tuva; on (c): the locations of the 27 landmarks; in
red, the landmarks collected on the surface of the items, in white on their contour. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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The entire landmark configuration was therefore acquired by three
different operators, each performing landmark acquisition twice, with a
minimum of one week between sessions. This workflow ensured that
each individual was digitized 6 times. Scale information was recorded
simultaneously with the position of the 27 landmarks, using the scale
bar depicted in all images (Fig. 1c). After completing the two data
collection sessions, each operator thoroughly reviewed his own dataset,
correcting landmark positions, if necessary, as operator practices may
evolve over time. At this step, it became apparent that several in-
dividuals were illustrated by the same photograph in the state catalogue
database (i.e. a single photo is repeated for items including #
[1051]-7955, − 7970, − 7971, − 7972, − 7999, − 8000, − 8012, − 8018,
− 8035, and − 8040). In these cases, only one individual was kept per set.
As a result, the dataset to be processed decreased from 126 to 107 in-
dividuals. From a statistical standpoint, although photographs of the
entire set of individuals decorating the gorytos were unfortunately not
available for analysis, a sample of approximately 50% of the total pop-
ulation (107 out of 244) provides sufficient representativity.

Geometric morphometrics. A partial generalised Procrustes analysis
was first applied to the full set of scaled 2D landmark coordinates
(Gower, 1975; Rohlf and Slice, 1990; Dryden and Mardia, 1998). After
removing size by scaling the landmark configuration to unit centroid
size, this procedure superimposes the landmark configuration on a
common 2D space, using iterative processes of translation and rotation,
based on least-square optimisation. This analysis decomposes the
morphology of the items into two components: (i) a pure shape
component, represented by Procrustes coordinates, and (ii) a size
component, represented by the centroid size equal to the square root of
the sum of the squared distances of each landmark from the centroid.

The orientation and translation transformations are not of particular
interest here because they depend on the conditions in which the images
were captured. In contrast, size is an important parameter since it is
directly related to the production of the objects. For this reason, co-
ordinates combining both size and shape information (Bookstein, 2021;
Klingenberg, 2022) were preferred over Procrustes tangent coordinates,
which focus only on the shape component of form. Several approaches
have been proposed to produce size-and-shape spaces: (i) augmenting
shape by the natural logarithm of the centroid size, resulting in the form
space (Mitteroecker et al., 2004); (ii) suppressing the scaling step from
the Procrustes superimposition, resulting in the conformation space
(Dryden and Mardia, 1998; Klingenberg, 2022); (iii) unscaling the
Procrustes-aligned coordinates, resulting in the Boas coordinate space
(Bookstein, 2021). Approaches (ii) and (iii) resolve some of the problems
associated with the size-and-shape space by providing consistent
unscaled coordinates. They differ in approach: either considering size
variation during the rotation step of the superimposition or using an
unscaling step after the rotation step (Klingenberg, 2022). Here, Boas
coordinates were chosen over conformation to ensure an alignment
based on shape alone. In our context, variations in size are nonetheless
small enough to provide similar results for all approaches. These Boas
coordinates can be processed using Principal Component Analysis (PCA)
to drastically reduce the dimensionality of the problem at hand (i.e. the
number of landmarks × 2 (for X- and Y-coordinates) – 3). If the first two
principal components (PCs) carry enough information, the shape and
size of the individuals can be efficiently represented on a plane, resulting
in a 2D morphospace with, in most cases, the first axis representing
allometry, which is defined as the change in shape related to size
(Klingenberg, 2022).

As all individuals were digitized by all three operators the same
number of times, the experimental design is a balanced hierarchical
repeated measurement. It can be modelled as a mixed model including
two crossed factors: an operator term, considered as a fixed factor, and
an individual term, considered as a random factor; each measurement is
replicated twice (Nakagawa and Schielzeth, 2010; Liljequist et al.,
2019). Setting the operator factor as fixed was chosen due to concerns
that modelling a random effect variance with only three operators may

result in inappropriate generalization to the broader population of po-
tential operators (Gomes, 2022). With this model, the total Procrustes
variance can be partitioned into an “explained” component, corre-
sponding to archaeologically meaningful shape variation (among-indi-
vidual variation), and a “residual” component, which can be subdivided
into intra-operator error (digitizing error) and inter-operator error.
Within this framework, inter-operator error can advantageously be
further decomposed into bias, i.e., a systematic error made by the op-
erators (among-operator error), and a random effect, corresponding to
the interaction between individuals and the operator factor, i.e., similar
operator errors for the two replicates depending on the individuals. Note
that, in the context of morphometric measurement errors, such a model
is less frequently used than the nested model (Bailey and Byrnes, 1990;
Yezerinac and al., 1992; Muñoz-Muñoz and Perpiñán, 2010). However,
the latter collapses operator effects into a single component, preventing
the separate assessment of systematic and random operator errors. With
our balancedmixedmodel, variance components are obtained according
to the expected mean squares of each term, with the among-individual
variance, σ2ind =

MSind − MSind×oper
nind×noper , the among-operator variance σ2oper =

MSoper − MSind×oper
nind×nrep , and the random component of the operator variance,

σ2ind×oper =
MSind×oper − σ2e

nrep , where σ2e = MSresidual represents the residual
variance, i.e., the digitization error. The term nrep is the number of
replicates, noper is the number of operators, and nind is the number of
individuals. The systematic error made by the operator, the operator
error related to the individual, and the digitizing error (%ME) were then
computed as a proportion of their corresponding variance components
(σ2oper, σ2ind×oper, σ2e ), in relation to the total variance, which is σ2total =
σ2ind + σ2oper + σ2ind×oper + σ2e . The two operator components can also be
summed to provide the inter-operator error. Repeatability, R, was also
computed as the intra-class correlation coefficient for consistency
(Liljequist et al., 2019): R = σ2ind/

(
σ2ind + σ2e

)
, and reproducibility, R*, as

the intra-class correlation coefficient for agreement: R∗ = σ2ind/σ2total.
The potential presence of multiple groups within the set of gold boars

was investigated by applying multivariate Gaussian mixture models to
the PCA scores (McLachlan and Peel, 2000). The aim of this modelling
technique is to cluster individuals into k groups, in an unsupervised
manner, using a probabilistic approach, with the assumption that a finite
number of subpopulations are normally distributed and mixed to form
the final dataset. For each group considered, the mean (μ), the covari-
ance matrix (Σ), and the mixing probability (π) were optimally
computed with an Expectation–Maximization algorithm (Dempster
et al., 1977). Since the number of groups is a priori unknown, multiple
cases with increasing k values were considered. The final model was
selected using the Bayesian information criterion (BIC), which prevents
overfitting, using penalisation when the number of parameters (groups)
increases. Note that several options are possible regarding the modelling
constraints applied on the covariance structure of the groups: e.g.
spherical with equal volume, ellipsoidal with equal volume, etc. (Fraley
and Raftery, 2006).

Practical implementation. Data acquisition was performed with the
stereomorph library written for the R language, version 4.1.2 (https://
www.r-project.org/, R Core Team, 2021). The code for data process-
ing was produced with the geomorph (Adams and Otárola-Castillo,
2013) and mclust (Fraley and Raftery, 2006) libraries, combined with
RStudio (https://posit.co/downloads/, RStudio Team, 2019). All soft-
ware and packages used here are freely available. The images, along
with all landmark coordinates and the code used for processing the data
and generating the following figures and tests, are made available in a
ZIP file as Supplementary Material SM1(https://search-data.ubfc.fr/FR-
13002091000019-2024-05-27_Seriality-in-material-culture-by-Ge
ometric.html, DOI:10.25666/dataubfc-2024-05-27).
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3. Results and discussion

Landmark selection. Since each operator acquired the landmarks
twice, it was possible to identify, for each operator, using a simplified
version of the above explained model without operator and summing
Procrustes variances across x-y coordinates of each landmark, the
landmarks with the highest percentage of measurement errors (%ME)
compared to the variation observed within the entire dataset. On
average, the total %ME produced by the three operators accounted for
between 13.9 and 16.5% of the total variance, corresponding to the sum
of the among-individual variation plus the residual variation (Fig. 2).
Interestingly, notable differences were observed at the scale of land-
marks, since %ME ranged from less than 5% to more than 50% (Fig. 2).
Despite prior agreement among the operators regarding the interpreta-
tion of images and placement of points, the relatively large differences in
pattern observed between Fig. 2a, b, and 2c clearly illustrate the
inconsistency inherent in personal interpretation by each operator.
Indeed, identifying the precise position of tricky Type II landmarks may
be somewhat subjective. Unsurprisingly, all three operators encountered
difficulties with the same three landmarks (#16, #25, and #26). Note,
however, that %ME calculation per landmark leads to an approximation
because, with Procrustes registration, the position of each landmark
depends to some extent on the position of all the others (Bookstein,
1991; Fruciano, 2016; Robinson and Terhune, 2017). Landmarks #16,
#25, and #26 were therefore excluded from further analyses, so that
computation was performed using only the remaining 24 more reliable
landmarks. As a result, the total %ME by operator decreased to
11.7–14.2%. Although these values may seem relatively high, it is
important to keep in mind that these percentages refer to minimum
among-individual variations, which characterize the high-quality serial
production of the gold boars.

Intra- and inter-operator errors. The PCA computed from the Boas
coordinates of the six replicates (i.e. without landmarks #16, #25, and
#26) is presented in Fig. 3. From the scree plot, the dataset appears to be
mainly structured around the first two PCs, which account for 27.5%
and 9% of the total variance (Fig. 3a), while from PC3 and beyond, the
proportion of variance explained tends to taper off. This suggests that a
projection on to the first two PCs may be sufficient for an initial
exploratory analysis of the main drivers structuring the variance of the
dataset (Fig. 3b), at least if genuine archaeological variations (e.g.,
presence of different moulds or progressive changes in the outputs of the
fabrication pipeline) outweigh any random or systematic noise intro-
duced by operators during acquisition or by post-casting work produced
by craftsmen. If this is the case, the shape variations of interest should
manifest primarily along the first few axes. At this step, it is informative
to visually evaluate intra- and inter-operator errors by highlighting a
few individuals chosen to cover the entire diagram (Fig. 3b). Based on
the positions of these few examples, both types of errors (digitizing and
among-operator) appear relatively small in comparison with among-
individual variation. No clear preferential direction in the error com-
ponents could be visually identified on the first two PCs of the total

variation (Fig. 3b), whether between the duplicates made by each
operator, or between operators, suggesting that these errors do not
correlate strongly with the main variation in form observed in the
dataset. This result explains the high repeatability and reproducibility of
the first two PCs, whereas the third PC presents a much lower level of
reproducibility (Table 1). Overall, the values for intra- and inter-
operator errors are very similar (12.1% and 11.3%, respectively). In
other studies of this type, inter-operator error is often greater than
digitization error (e.g. Wilson et al., 2011). This is not the case here:
each operator may have lacked consistency during duplication because
of the complexity of the dataset, but all operators followed the pre-
defined guidelines for landmark digitization reasonably well. Conse-
quently, only about half of the inter-operator error (6.2%) is related to
systematic bias. As a result, reproducibility, R*, remains high when the
measurements from the three operators are taken together (Table 1).
Although intra- and inter-operator errors represent a similar amount of
variance, the former appears to be isotropically distributed
(Supplementary Material SM2a), indicating that this source of error is
essentially random. Inter-operator error is more structured, with one
major direction accounting for 43.6% of inter-operator variance
(Supplementary Material SM2b). This result suggests that the posi-
tioning of at least a few of the landmarks was different for each operator.
The main changes in form within the dataset corrected for measurement
error can then be calculated from the among-individual variance
component, σ2ind, and depicted as vector changes from the mean shape
(Fig. 3c).

Clustering items and identifying size variations. As directional differ-
ences between operators remain acceptable, averaging replications
should reduce the residual variance of the problem at hand, and hence
improve the statistical power of further analyses by lowering the Type II
error rate. All six measurements were therefore combined, and the
resulting Boas coordinates of the individuals were projected on to the
PCs of the among-individual variance, σ2ind, the first two increasing
notably, and now accounting for 34.3% and 10.6% of the total variance
(Fig. 4a).

A set of Gaussian mixture models was then applied, with different
covariance structures for the groups, increasing the number of groups
from 1 to 9 and the number of PCs included in computation from 2 to 5
(as an example, see Supplementary Material SM3, computed with the
first 5 PCs, which account for about 60% of the total variance). Note that
in the present scenario, a simpler K-means algorithm yields exactly the
same results, as demonstrated in Supplementary Material SM4. How-
ever, Gaussian mixture models are generally a preferable choice due to
their increased flexibility, especially regarding the covariance structures
of the groups and the soft thresholding on group membership. In all of
these cases, two groups optimally emerged here, both containing
approximately the same number of individuals, i.e. 49 vs 58. They are
strongly differentiated by PC1, but cover approximately the same range
of values on PC2 (Fig. 4a). Unlike what is often observed in size-and-
shape space (Klingenberg, 2016, 2022), here PC2 (and not PC1) is
clearly associated with the centroid size. This is demonstrated by a

Fig. 2. Measurement error per landmark, expressed in percentage of total variation (%ME), for each of the three operators (A, B, and C). The total measurement error
is also reported for each operator (%METotal).
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strong inverse correlation between PC2 and centroid size (r = − 0.84, p
< 10− 6; Fig. 4b). Besides this general observation, the two groups pre-
viously identified plot disjointedly in Fig. 4b, forming two linear re-
gressions, for which differences were tested using an ANCOVA. No
difference was observed in terms of slope values (F1, 103= 2.4, p= 0.12),
but y-intercepts were significantly different (F1, 103 = 142.3, p < 10− 6),
indicating that PC2 could not only be driven by size, but also to some
extent by shape. A slight but significant difference in centroid sizes was
also noticed between the two groups (t105 = − 3.9, p = 2 × 10− 4). The
angle between the allometric vector (represented by PC2) and the iso-
metric vector is 34.7◦, a value much smaller than the angle between two
random vectors (p = 2.2 × 10− 13). Form changes associated with
increased PC2 values correspond to an overall change to a more compact
shape, with a decrease in size (Fig. 4c). All vectors point roughly to the
centroid, but not perfectly, nor with the same magnitude, underlining
the slightly allometric nature of the shape changes.

To visually evaluate the differences in terms of shape (not size), two
samples possessing approximately the same centroid size value (namely
#10517953 and #10517978) were chosen from the middle of the two

groups. The Boas coordinates of their landmarks were plotted in the
same diagram, together with their contours (Fig. 5). With such a rep-
resentation, it becomes clear that beyond the remarkable homogeneity
of shape, the most notable difference between the two groups is captured
by landmarks #18 and #19, located under the belly of the animal. The
shape of the ear is also probably discriminating, but no clear landmark
could be recognized on its contour, except to some extent landmarks #4
and #5. In any case, attempting to define the exact shape of the entire
ear would probably have been inefficient, as this part of the animal
underwent significant finishing by the goldsmith. Unsurprisingly,
landmarks #4, #18, and #19 were also those depicting the greatest
among-individual variation within the entire population (Fig. 3c).

Interestingly, the projections in the 2D morphospace of the two
distinct groups of shapes identified by geometric morphometrics do not
overlap at all (Fig. 4a). This absence of overlap definitely rules out any
gradual transition from one form to another that might be expected with
progressive alteration of themoulds or imprints used to cast waxmodels,
for example. Interpreting centroid size variation is not straightforward,
as this feature, although carrying information, may lack meaning for the
archaeologist. A more common variable would be the length of the
objects, which could easily have been measured manually at sub-
millimetre precision, for example with an electronic calliper. In this
study, the distance between landmarks #1 and #9 is taken as a surrogate
of total length. As expected, this distance appears to be positively
correlated with centroid size (r = 0.64, p < 10− 6; cf. Supplementary
material SM5). The range for this distance is about 1.5 mm for both
groups, representing ~6% of the length of the longest individual in each
group. To attribute such variation to presentation-related errors during
the photography process would imply that some individuals would have
been tilted by 20◦ relative to the horizontal plane, if all individuals were
of the same size. This value is obviously far too high to be realistic,
meaning that length variations, albeit small, exist in both groups. It is

Fig. 3. (a) Scree plot for principal components and variance using the Boas coordinates of all replications as input. (b) Projection of the Boas coordinates on the first
two principal components using a circle symbol for operator A, a square for operator B, a diamond for operator C, and a solid line linking the couples of duplicates;
Nine specific individuals are highlighted and plotted using a different colour. (c) Vector change (intensity and main direction) of among-individual variation per
landmark in relation to the mean shape. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Repeatability, expressed as R, and reproducibility, expressed as R* (i.e.,
repeatability given that different operators have taken measurements).

Level R R*

Procrustes SS
All operators 0.86 0.76
Operator A 0.87
Operator B 0.86
Operator C 0.88

PC1 0.98 0.97
PC2 0.95 0.87
PC3 0.81 0.45
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worth noticing that once the centroid sizes of both groups are centred
and gathered, the skewness of the distribution appears to be significantly
negative (skewness = − 0.45, z = − 1.98, p = 0.024) with a d’Agostino
skewness test (D’Agostino, 1970), suggesting asymmetry in the distri-
bution with the tail towards lower values (see Supplementary Material
SM6a). Taken separately, the skewness values of the two groups are
negative: 0.60 and − 0.34, but only the first value appears significantly
negative: z = − 1.81, p = 0.035 and z = − 1.16, p = 0.12 (see Supple-
mentary Material SM6b). This behaviour is fully compatible with a
shrinkage effect of mould, wax model or gold, or a combination of these
factors: most of the individuals would present a relatively steady size
reduction in relation to the solid original models from which they derive
(possibly made of wax), while a few others would be slightly more
affected by shrinkage. It is common for biologists to describe how the
morphology of living creatures changes with size, using allometric re-
lationships where correlations are sought between shape variables and
size (Klingenberg, 2016). Based on shape (i.e., the Procrustes tangent
coordinates, instead of the Boas coordinates), the amount of linear
correlation between the shape component and other factors (here size,
grouping factor, and their interaction) is tested using a Procrustes
ANOVA (Goodall, 1991). As anticipated, there is a significant effect of
the grouping factor (i.e., the two groups differ in terms of shape), and
this effect accounts for about 28% of the total shape variance (Table 2).
The effect of size on shape is also significant (p = 0.003), indicating the
presence of allometry; in other words, size change induces modifications
in shape. However, this effect remains modest, as it represents only 1%
of the total shape variance. Note that this finding was already identified

Fig. 4. (a) Projection of the averaged Boas coordinates on the first two principal components; in blue and red, the two shape groups identified. (b) PC2 vs centroid
size; the two shape groups are also reported in blue and red, while the solid lines correspond to the linear regressions. (c) Form changes associated with positive
increase along PC2 after scaling the eigenvectors. They are magnified to exemplify the shrinkage of the objects. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Boas coordinates of the landmarks of the individuals #10517978 and
#10517953, taken as representatives of blue and red shape groups. Both in-
dividuals are plotted on the same diagram together with their contours. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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by the low value of the angle between PC2 and the isometric vector,
suggesting only a small overall allometric effect. Interestingly, the
allometric relationships are not significantly different in the two groups
(p = 0.591), suggesting that the underlying retraction processes
involved are the same. At this point, it is worth noting that almost
two-thirds of the total shape variation can be considered as noise
induced by casting and post-processing operations. Such a high value
explains why the archaeological signal is not easy to perceive with the
naked eye alone.

Archaeological implications. Considering the number of artefacts
buried in the Arzhan-2 barrow, the use of gold and the high level of
similarity achieved for serially produced goods, it is fair to assume that
these artefacts were produced in the framework of a “retainer work-
shop” in Costin’s (1991) classification. This type of production is
described as a “large-scale operation with full-time artisans working for
an elite patron or government institution within a segregated, highly
specialized setting or facility” (Costin, 1991). However, several aspects
of the organisation of production remain unclear. How many crafters
were involved? How long did they work on the gold objects from the
Arzhan-2 barrow? Were the crafters full-time specialists or did they
work on a seasonal basis? Given the near-total absence of archaeolog-
ical, iconographic, or written sources regarding early Scythian gold
production (Armbruster, 2009; Lifantii, 2023), accurately answering
these questions is very difficult. Yet indirect evidence from the investi-
gation of goldsmiths’ productions can provide further insight into their
techniques and organisation. The observation of the objects found in the
Arzhan-2 barrow shows that the artefacts can be grouped in five main
technological categories: “cast products […], simple sheet-metal prod-
ucts, pressed sheet-metal work, objects with granulation, filigree, or
enamel, and precious metal inlays in iron” (Armbruster and Meyer,
2024). Such technological variability could indicate production
involving different workshops.

Here, shape variations observed within the entire set cannot be
explained by progressive changes in the morphology of the moulds. On
the contrary, two distinct solid models (one very slightly smaller than
the other) must have been involved in the production of this set of gold
wild boars. The presence of one or more additional shape groups re-
mains theoretically conceivable, but should more groups be present,
their differences with the groups already recognized would be too subtle
to be statistically identified. The two groups previously identified by
authors working on this set were based solely on the number of eyelets
on the reverse side and not on shape. From Fig. 5, which presents a
representative item from each group, it might seem that distinguishing
the two shape groups within the set of objects is actually a trivial task.
However, it is important to remember that post-casting refinements
carried out by the goldsmiths resulted in variations within each group,
further blurring the overall picture. Even if shape variations had been
identified among the plates composing the set, determining with the
naked eye that the items are organized in clear groups would have been
very difficult.

Taking as a hypothesis the scenario involving lost-wax casting pro-
posed by Armbruster (2010, 2017), the size variation observed could be
explained by the cumulative effect of several sources of shrinkage: (i)
progressive shrinkage by drying of the mould used to produce wax
replicas, (ii) variable shrinkage during wax cooling, producing models a
few percent smaller than the cavity from which they derive, and (iii)

variable shrinkage of gold on solidification (which may easily reach 2%
compared to the wax model; Hollenback and Skinner, 1946; Fusayama
and Ogata, 1966). With the scenario proposed by Minasyan (2004), the
bi-valve clay mould and the gold cast are both subject to shrinkage. Our
approach cannot determine whether production involved wax models
for casting, as proposed by Armbruster (2010), or “splash” casting and
the use of bi-valve moulds, as suggested by Minasyan (2004). The pro-
cess applied must nevertheless have been compatible with the size
variations observed. It is worth mentioning that the partition of 49
versus 58 items belonging to each group is not statistically different from
the 45% versus 55% distribution previously observed using eyelets (χ2
= 0.004, p = 0.95). If reverse pictures had been available, it would have
been possible to see if the groups established based on shape and those
based on the number of eyelets correspond. However, as the distribution
observed is also not significantly different from a 50%–50% split (χ2 =
0.75, p = 0.38), this might suggest changes in mould or model, and thus
in shape, either consecutive to an accidental defect that occurred at the
middle of casting operations or, more probably, the existence of two
distinct production lines, possibly running in parallel.

Geometric morphometrics therefore provides additional information
regarding the organisation of the production of the gold wild boar fig-
urines, as it allows for the identification of production batches, which
are not based on chemical composition (Freestone et al., 2009; Mar-
tinón-Torres et al., 2014), but on subtle shape variations, matching
different moulds or patterns. Combined with technological investigation
or material analyses, this method produces a finely tuned model of the
organisation of production, suggesting the existence of two production
lines within the workshop where the wild boar figurines (also slightly
affected by variable shrinkage) were produced. Although the results of
this study of wild boar figurines do not quite have the far-reaching
archaeological significance of the technological investigations carried
out by Armbruster or Minasyan, they demonstrate the major contribu-
tion of geometric morphometrics to the better understanding of the
organisation of serial productions. Indeed, in the absence of direct
archaeological, written, or iconographic sources, our knowledge of
ancient metallurgy relies mostly on indirect evidence from the investi-
gation of artefacts. For instance, traces left by metalworkers are scarce
throughout much of the Bronze and Early Iron Ages in Europe (Molloy
and Mödlinger, 2020). Within this framework, typology, including
classifications based on stylistic features, has been commonly used to
identify groups of artefacts and discuss the economic aspects of their
production and diffusion based on artefacts perceived as local or foreign
(Costin, 1991, 2001; Olausson, 1988). However, this method is not
suitable for studying seriality, which consists of one or more series of
visually identical artefacts. Even more than other methods, such as
material analyses, geometric morphometrics provides a way to investi-
gate the organisation of serial production through the identification of
batches based on very slight morphological variations.

4. Conclusion

Because the number of individuals here remains low enough to be
processed by the naked eye, an expert could have reached the same
conclusions as those exposed above, by measuring with high precision
the total length of the individuals, and by focusing attention under the
belly of the animal. Nonetheless, focusing on this specific region of

Table 2
Procrustes ANOVA computed to test the influence of different variables (size, grouping variable, and interaction of both) on shape variation.

Df SS MS R2 F Z Pr (>F)

Size 1 0.0009 0.0009 0.014 2.2643 3.1207 0.003
Group 1 0.0181 0.0181 0.283 44.3316 4.9258 0.001
Size:Group 1 0.0004 0.0004 0.006 0.9109 − 0.2107 0.591
Residuals 103 0.0420 0.0004 0.657
Total 106 0.0640
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interest is only easy when one already knows where to look. Indeed,
none of the previous authors working on this dataset had detected the
presence of two distinct shapes with such subtle size differences. It is
doubtful that a traditional approach would perform as well as geometric
morphometrics in other instances of seriality, where a considerable
number of very similar items are involved. The main advantage of the
procedure described here is that the shape is mathematically defined, so
that conclusions can be based on objective statistical inferences.
Increasing the set of samples to be processed is therefore beneficial to
the quality of the conclusions drawn, without introducing any further
complexity in the analysis; it merely requires more time and effort to
collect the landmarks (here, acquisition took two half-days per oper-
ator). As demonstrated in the present study, which deals with seriality
reached by casting and thus moulds, the use of Boas coordinates is an
asset, as they contain both shape and size information. The projection of
individuals on to a common morphospace advantageously provides
clearer visualization and interpretation for the problem at hand. It must
however be mentioned that the procedure is not immune to problems, or
at least difficulties. In a context of seriality, the dataset is homogeneous
by nature, so measurement errors may drastically obscure the sought-
after archaeological signal. Replicating acquisition in an appropriate
way is advisable to evaluate the influence of this possibly deleterious
source of variation. Even if presentation during the photographic session
is carefully standardized, the position of the objects relative to the
camera unavoidably leads to bias due to parallax. This is even truer for
objects with substantial relief. A 3D approach remains possible, but it is
known to be more time-consuming and demanding in terms of materials
and computational resources. Despite such drawbacks, the use of these
techniques should be encouraged because of their objectivity, especially
when they are applied to the analysis of seriality. The workflow
described can easily be adapted for nearly all archaeological sets pro-
duced in a serial manner. Nonetheless, researchers should be aware that
geometric morphometrics, which focuses solely on form, may not
address all inquiries. Combining it with other approaches such as
microwear studies, chemical and isotopic analyses, and others may be
necessary for a more comprehensive understanding of the production
techniques employed by our ancestors.
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Kulturgeschichte des Schwarzmeerraumes 11, 252.

Birch, T., 2018. Standardised manufacture of iron Age weaponry from southern
Scandinavia: constructing and provenancing the havor lance. In: Dolfini, A.,
Crellin, R.J., Horn, C., Uckelmann, M. (Eds.), Prehistoric Warfare and Violence:
Quantitative and Qualitative Approaches, Quantitative Methods in the Humanities
and Social Sciences. Springer International Publishing, Cham, pp. 247–276. https://
doi.org/10.1007/978-3-319-78828-9_12.

Birch, T., Martinón-Torres, M., 2019. Shape as a measure of weapon standardisation:
from metric to geometric morphometric analysis of the Iron Age ‘Havor’ lance from
Southern Scandinavia. J. Archaeol. Sci. 101, 34–51.

Bookstein, F.L., 1991. Morphometric Tools for Landmark Data: Geometry and Biology,
1991 – Mathematics – 435. Cambridge University Press.

Bookstein, F.L., 2021. A new method for landmark-based studies of the dynamic stability
of growth, with implications for evolutionary analyses. Evol. Biol. 48, 428–457.

Bourdieu, P., 1977. Outline of a Theory of Practice. Cambirdge University Press.
Cardillo, M., 2010. Some applications of geometric morphometrics to archaeology. In:

Ashraf, M.T., Elewa (Eds.), Morphometrics to Nonmorphometricians. (Lecture Notes
in Earth Sciences). Springer, pp. 325–341.
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Anhalt, pp. 165–182.

Lifantii, O., 2023. Looking at the evidence of local jewellery production in Scythia. Arts
12 (4), 151. https://doi.org/10.3390/arts12040151.

Liljequist, D., Elfving, B., Roaldsen, K.S., 2019. Intraclass correlation – a discussion and
demonstration of basic features. PLoS One 14, e0219854.

Liu, Y., Tan, P., Yang, J., Ma, J., 2021. Social agency and prestige technology: serial
production of gold appliqués in the early Iron Age north-west China and the Eurasian
steppes. World Archaeol. 53, 741–761.

Lundström, F., MacLeod, N., Isaksson, S., Glykou, A., 2023. The harpoon stands yonder:
shape variation and functional constraints in Mesolithic complex weapon points
from the circum-Baltic Sea area. J. Archaeol. Sci. Rep. 51, 104148.

MacLeod, N., 2018. The quantitative assessment of archaeological artifact groups:
beyond geometric morphometrics. Quat. Sci. Rev. 201, 319–348.

Martinón-Torres, M., Li, X.J., Bevan, A., Xia, Y., Zhao, K., Rehren, T., 2014. Fourty
thousand arms for a single emperor: from chemical data to the labor organization
behind the bronze arrows of the terracotta army. J. Archaeol. Method Theor 21,
534–562.

Mauss, M., 1936. Les techniques du corps. J. Psychol. 32 (3–4), 271–293.
McLachlan, G., Peel, D., 2000. Finite Mixture Models. John Wiley and Sons, New York,

p. 456.
Minasyan, R., 2004. Sekrety skifskikh yuvelirov. In: Arzhan – Istochnik V Doline Tsarey.

Arkheologicheskiye Otkrytiya V Tuve. Slaviya, St. Petersburg, pp. 40–44 (in
Russian).

Minasyan, R., 2014. Metalworking in Ancient Times and the Middle Ages. State
Hermitage Publishers, St. Petersburg, p. 472 (in Russian).

Minasyan, R., 2016. Ancient methods of production of the articles with embossed
images. Moscow: Sobranie Scripta Antiqua 5, 279–292 (in Russian).

Mitteroecker, P., Gunz, P., Bernhard, M., Schaefer, K., Bookstein, F.L., 2004. Comparison
of cranial ontogenetic trajectories among great apes and humans. J. Hum. Evol. 46,
679–698.

Mitteroecker, P., Schaefer, K., 2022. Thirty years of geometric morphometrics:
achievements, challenges, and the ongoing quest for biological meaningfulness. Am.
J. Biol. Anthropol. 178, 181–210.

Molloy, B., Mödlinger, M., 2020. The organisation and practice of metal smithing in later
bronze age Europe. J. World PreHistory 33 (2), 169–232. https://doi.org/10.1007/
s10963-020-09141-5.
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