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Abstract

This paper presents a new method for differentiating postcranial bone remains of red deer (Cervus elaphus), fallow deer
(Dama dama), and roe deer (Capreolus capreolus) from European archaeological contexts. These species have very simi-
lar bone morphology and partly overlapping size ranges, often preventing species-level identification in zooarchaeological
research. Traditional methods, such as the use of diagnostic morphological criteria, or aDNA analysis, present practical
and methodological limitations. In this study, bone biometric data from modern specimens, sourced from various institu-
tions across northern and southern Europe, are analysed to determine size ranges and shape indices that can separate the
three species, focussing on both adult and immature individuals. By comparing measurement values from archaeological
remains against these biometric criteria, species identification can be attempted. The low-tech nature of this approach and
the transparent, diagrammatic presentation of biometric results make the new method objective and highly accessible.
In European and Mediterranean historical archaeology, the species-level identification of cervid remains is crucial in the
investigation of biogeography, trading activities, hunting strategies, cultural values, and social status.
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Introduction source of food and other materials, whether as part of subsis-

tence or recreational activities, held significant religious and

Red deer, fallow deer, and roe deer are currently among the
most widespread large- and medium-sized wild mammals
in Europe and, not surprisingly, have often played an impor-
tant role in human society. These animals were hunted as a
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magico-medicinal meaning, and could represent, alive or on
the table, a symbol of social differentiation. As such, deer
has been the subject of extensive literature (e.g., Chapman
and Chapman 1975; Grant 1988; Soderberg 2004; Holmes
2014; Schmidt 2014; Miller and Sykes 2016; Albarella and
Aniceti 2024; Almeida et al. 2024). In the last two decades,
zooarchaeological research on this taxon has benefitted
from methodological improvements and the application of
new analytical techniques, from ageing tools (Bowen et al.
2016; Marin et al. 2024), to isotopic and genetic analyses
(Skog et al. 2009; McDevitt and Zachos 2014; Sykes et al.
2016; Baker et el. 2024a; Baker et al. 2024b), to biometry
(Carden et al. 2012; Sykes et al. 2013; Karastoyanova et al.
2020). This paper aims to contribute to a fundamental yet
often overlooked aspect of cervid archaeological research,
functional to many of the studies and techniques mentioned
above, namely species-level identification of faunal remains.
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Fig. 1 Two female red deer (Norway). Photo credit: Bjorn Reidar
Olsson

In zooarchaeology, the identification of the remains
of red deer (Cervus elaphus), fallow deer (Dama dama —
namely, the European fallow deer), and roe deer (Capreo-
lus capreolus) has often posed significant challenges (Figs.
1, 2, and 3). The geographical distribution of these three
species changed over time but often overlapped in Europe
and other regions of the Mediterranean. Their bone morpho-
logical similarities and partial size overlaps, in addition to
the fragmented nature of most faunal materials, often pre-
vent species-level identification, limiting the interpretative
potentials of the zooarchaeological evidence. The problem
of identification of European cervid remains from historical
times arises from the introduction and spread of the Euro-
pean fallow deer in the Continent since at least Roman times
and then, more consistently, during the Middle Ages (Davis
and MacKinnon 2009; Masseti and Vernesi 2014; Baker et
al. 2024a, b). Indeed, this species partly overlaps in size with
the red deer, which is larger, and, more rarely, with the roe
deer, a smaller animal. The extent of such size overlaps in
past animal populations is, however, often difficult to assess,
due to substantial diachronic and spatial size variability. The

Fig. 2 A male fallow deer (United Kingdom). https://pixabay.com/
(royalty-free stock photos)
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Fig. 3 A male roe deer (Norway). Photo credit: Bjern Reidar Olsson

factors determining deer size ranges and their fluctuations
are multiple. Sexual dimorphism is especially strong in red
deer and fallow deer (Post et al. 1999; McElligott et al. 2001;
Milosevi¢-Zlatanovic et al. 2016), implying size overlaps of
large male fallow deer and small female red deer. Climatic
conditions also impact on deer size, cervids being larger in
colder periods or regions and therefore in the centre-north of
the Continent (Toigo et al. 2006; Apollonio and Chirichella
2023), as do specific geographical contexts such as islands
and isolated regions, where these animals are smaller (Lister
1989; Mulville 2010). Predation as well can impact deer
population structure and body size (Kjellander et al. 2004;
Heurich et al. 2016). Finally, anthropogenic factors such as
hunting pressure, habitat reduction, forced relocation, and
emparkment have also shown to lead to a reduction in size
(Serrano et al. 2007; Karastoyanova et al. 2020). In faunal
assemblages, the potential presence of immature individu-
als, whether identifiable or not as such, leads to even greater
size overlaps and can further compromise species-level
identification. Currently, the separation of red, fallow, and
roe deer archaeological remains is attempted through differ-
ent and sometimes complementary methodologies:

e Size analyses. When large assemblages are available
and through comparisons with data from related sites,
it is sometimes possible to identify size clusters that can
be attributed to different species (Davis and MacKinnon
2009; Aniceti et al. 2021; Albarella and Davis 1996).
Large samples of cervid biometric values are, however,
rarely available; in addition, size overlaps between spe-
cies are frequent, for the reasons mentioned above, lim-
iting the efficiency of species-level identification based
on size alone.

e Morphological criteria. These have long been estab-
lished for the distinction between red and fallow deer
(Di Stefano 1995; Lister 1996), while general osteo-
logical atlases can offer additional support (e.g., Prat


https://pixabay.com/

Archaeological and Anthropological Sciences (2026) 18:24

Page30f 30 24

1970; Pales and Garcia 1981). The use of morphologi-
cal criteria, however, is inevitably biased by a certain
degree of subjectivity and by the level of expertise of
different researchers, and ideally requires the assistance
of abundant reference material; in addition, not all cri-
teria are equally diagnostic (Lister 1996), implying that
taxonomic separation is more difficult and less reliable
on some zones. More importantly, the results of such
attempts cannot be objectively scrutinised by other
researchers.

e Ancient DNA (aDNA). Genetic analyses can be very
effective when enough collagen is preserved. aDNA
analyses are not used with the specific purpose of sep-
arating fallow deer and red deer remains but rather to
investigate genetic structures and past zoogeographical
dynamics in these species; in doing so, however, some
specimens considered in these studies are shown to be-
long to the other species and excluded (e.g., Baker et al.
2024a; Beglane et al. 2018). Despite their effectiveness,
genetic analyses are nonetheless constrained by severe
cost limitations and are destructive. Zooarchaeology by
Mass Spectrometry (ZooMS), on the other hand, can-
not currently separate between red and fallow deer re-
mains (Buckley and Whitcher Kansa 2011). In addition,
this technique too involves destructive procedures and
can be economically impacting when applied to large
samples, despite being less time-consuming and more
affordable compared to genetic analyses.

This study introduces a new method for the separation of
fallow deer from red deer and roe deer remains, that can
be applied to European and central-western Mediterranean
regions where these species co-existed — often as a result of
human-mediated dispersals that began at least in the Roman
period. The method consists in the use of biometric indices
and size ranges, derived from modern cervid skeletons of
known species, against which indices and raw measurement
values from archaeological material can be plotted for com-
parison. Such approach implies a key set of advantages:

e [t allows for more objective identification attempts, as
these are represented graphically and therefore open to
scrutiny;

e The separation potentials of size and shape are com-
bined to maximize chances of reliable species-level
identification;

e In some skeletal elements, diagnostic indices can also be
used on immature individuals, when size alone is of no
use, or on zones where no morphological criteria exist
(e.g., long bone shafts);

e Lastly, the method relies on the use of the calliper and
osteometric board and is therefore widely accessible.

The new method does not aim to replace the identification
methods listed above, nor to dismiss any potential future
improvements to such methods or the importance of an
appropriate use of reference collections. Rather, it aims to
provide additional support to the study of the history of cer-
vids in Europe and the Mediterranean; in phylogenetic stud-
ies of fallow deer in a specific period or region, for example,
the use of an efficient, objective, and inexpensive biometric
method may assist in the identification of a more reliable
sample of fallow deer bones on which to focus funds for
genetic analyses. This biometric method relies on an exten-
sive dataset which, on the other hand, is not exhaustive of
all regions and available modern cervid skeletons; however,
the variability in size ranges covered and the consistency
in the distribution of shape index values ensure the appli-
cability of the method to other regions, provided critical
interpretation of the results is always used. Ultimately, more
widespread and correct identification of cervid archaeo-
logical remains will contribute to the reconstruction of past
biodiversity, human-animal-environment interactions, and
socio-economic and cultural practices.

Materials and methods

Biometric data from modern red, fallow, and roe deer
skeletal elements were collected between 2019 and 2024
from various institutions in northern and southern Europe
(Table 1). The taxonomic and, when available, exact or esti-
mated age-at-death, sex, and provenance information were
recorded for each specimen.

The skeletal elements and zones to measure were selected
based on the presence of measurable features, the likelihood
of preservation in the archaeological record (i.e., denser and
more robust elements/zones), and the probability of being
recovered through hand-collection during excavation (i.e.,
larger elements) (Table 2). This prompted the exclusion of
elements or zones such as the femur, as the late stage at
which its epiphyses fuse, as well as its structure, mean this
bone often lacks well-preserved measurable features; the
proximal ends of the humerus and tibia, as well as the distal
end of the radius, for the same reasons (although greatest
length measurements, involving both the proximal and dis-
tal ends, have been analysed); and phalanges, as, although
often recovered whole, they are more easily missed dur-
ing hand-collection (like other smaller elements), and their
anatomical position (as part of forelimbs or hindlimbs) can
affect measurement ratios but is often difficult to determine.
In addition, the atlas, axis, scapho-cuboid, and pelvis were
excluded in the course of the study as preliminary analyses
showed no potential for species-level identification. Finally,
teeth were not considered in this study due to limitations in

@ Springer



24 Page 4 of 30

Archaeological and Anthropological Sciences (2026) 18:24

Table 1 List of visited institutions with numbers of modern complete and partial skeletons measured for each species. * Includes specimens from

the UK only
Country Institution Red deer Fallow deer Roe deer
Austria Natural History Museum, Wien 23 14 16
Greece Malcolm H. Wiener Laboratory for Archaeological Science, ASCSA* 1 3 3
Hungary Hungarian Natural History Museum, Budapest 11 24 4
Italy Department of Physical Sciences, Earth and Environment, Siena 7 19 6
Natural History Museum, Venice 3 2 5
Norway Department of Natural History-University Museum, Bergen 24 - 6
UK Department of Archaeology, Sheffield 12 10 14
Historic England, Portsmouth 30 17 24
Sheila Hamilton Dyer’s reference collection, Southampton 4 5 10
Total 115 94 88

selecting multiple distinct measurements required for com-
bined size and shape analysis, owing to their conformation
and the variability introduced by wear — characteristics that
may make them better suited to geometric morphometric
approaches. In sum, this selective focus allowed for the
concentration of time and resources on those commonly
recovered elements or zones with the greatest potential for
species identification based on the employed morphometric
criteria: scapula (glenoid cavity and neck), humerus (dis-
tal end and shaft), radius (proximal end), metacarpal (distal
end and shaft), tibia (distal end and shaft), astragalus, calca-
neum, and metatarsal (distal end and shaft).

Measurements were taken on the bones of adult and
immature individuals. In this study, individuals were con-
sidered immature when one or more epiphyses of the ele-
ment being measured were unfused. Most of the analyses of
specific zones focused on specimens for which all epiphyses
were fused or fusing, or fully ossified; for selected zones,
immature specimens were analysed in separate graphs. The
measurements chosen to develop the biometric method
include standard ones, as well as new ones created to trans-
late morphological traits, some of which had been previ-
ously identified as diagnostic (Di Stefano 1995; Lister 1996)
(Table 2; Online Resource 1). All measurements were taken
using 15-cm Mitutoyo digital callipers with a precision to
the tenth of a millimetre, with the exception of long bone
greatest lengths for which an osteometric board was used,
with a precision to the millimetre. Raw data for all selected
elements are available in Mendeley Data (https://data.men
deley.com/datasets/vn43dpvbzr/1), allowing researchers to
reproduce the graphs and plot their own archaeological val-
ues against modern ranges.

The inter- and intra-observer errors were estimated in
order to assess the reliability of use of each measurement,
some of which are new or adapted, as well as the repeat-
ability of results. The recording protocol was shared with
seven zooarchaeologists from the Sheffield Zooarchaeology
Laboratory (UK) with different levels of expertise in bio-
metric analyses; therefore, the total number of researchers

@ Springer

involved, including the authors, was nine. Each researcher
took the measurements listed in Table 2 on modern adult
skeletons of red deer (ID: 1205), fallow deer (ID: 1207), and
roe deer (ID: 1584) from the laboratory’s reference collec-
tion. To evaluate the consistency in data recording among
observers, the Intraclass Correlation Coefficient (ICC) was
employed, a standard statistical method for assessing repro-
ducibility and inter-observer agreement in quantitative stud-
ies (Koo and My 2016). For the assessment of intra-observer
reliability, the authors measured the same three specimens
repeatedly across three days at different times of the day.
The inter- and intra-observer error results are reported and
discussed in Online Resource 2. In general, very high ICC
values were obtained, indicating an excellent inter-observer
and intra-observer reliability for most measurements.
Absolute measurement values and relative values (i.e.,
shape indices) were grouped and analysed by species (three
variables) and age (synthesized in two variables, adult and
immature, as described above), without any further separa-
tion based on sex or geographical provenance. The exclu-
sion of sexual and geographical variables reflects the fact
that their influence on size and shape ranges can change
substantially through time, as a consequence of climatic
and environmental changes (Apollonio and Chirichella
2023), changes in local faunal composition (Heurich et al.
2016), animal mobility, or anthropogenic factors (Sykes et
al. 2013). Therefore, while the nature of such variables, as
discernible from the available dataset, is of significant inter-
est for current cervid morphometry (Aniceti et al., in prep.),
they should not be taken into account when constructing a
method intended for application to archaeological materials:
restricting value ranges based on the selection of regional
data assumes that no morphometric changes occurred in
deer species over centuries or millennia, creating the illu-
sion of easier taxonomic identification, while separately
marking values from female and male specimens would
lead to a similar overinterpretation of the archaeological
evidence. In sum, the present method captures as much
variability as possible based on the available modern data,
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Table 2 List of measurements taken on each element. Italic: measurements also used in analyses focussing specifically on immature elements. +:
newly introduced measurements. For visual descriptions of the new measurements see Online Resource (OR) 1

Element Measurement ~ Description Reference(s)
scapula SLC Smallest length of the collum scapulae (neck) von den Driesch 1976
GLP Greatest length of the processus articularis von den Driesch 1976
LG Length of the glenoid cavity von den Driesch 1976
BG Breadth of the glenoid cavity von den Driesch 1976
ASG Shortest distance from the base of the spine to edge of glenoid cavity Salvagno and Albarella
2017, adapted from Fernan-
dez 2001°s DEB
humerus GLC Greatest length from the caput (head) von den Driesch 1976
SD Smallest breadth of the diaphysis von den Driesch 1976
+ SD1 Smallest depth of the diaphysis ORI Fig. 1
BT Greatest breadth of the trochlea von den Driesch 1976
Bd Greatest breadth of the distal end von den Driesch 1976
HTC Vertical/smallest diameter of the trochlea at its central constriction Payne and Bull 1988
+ HX Lateral height of the trochlea ORI Fig. 2
+ HTL Vertical/smallest diameter of the capitulum at its constriction ORI Fig. 2
radius GL Greatest length von den Driesch 1976
SD Smallest breadth of the diaphysis von den Driesch 1976
+ SD1 Smallest depth of the diaphysis (only when the ulna is not attached to the ORI Fig. 3
radius)
Bp Greatest breadth of the proximal end von den Driesch 1976
BFp Greatest breadth of the facies articularis proximalis von den Driesch 1976
Dp Greatest depth of the proximal end (only when the ulna is not attached to the ~ Salvagno and Albarella
radius) 2017, adapted from Fernan-
dez 2001°s DAPpA-DAPpM
+ A" Medial height of the insertion for the lateral ulnar articulation for the radius ORI Fig. 4
(red deer and fallow deer only; only when the ulna is not attached to the
radius; taken with the caliper upper jaws)
tibia GL Greatest length von den Driesch 1976
SD Smallest breadth of the diaphysis von den Driesch 1976
+ SD1 Smallest depth of the diaphysis ORI Fig. 8
Bd Greatest breadth of the distal end von den Driesch 1976
Dda Depth of the distal end on the medial side Salvagno and Albarella
2017, renamed after von den
Driesch 1976
Ddb Depth of the distal end on the lateral side Salvagno and Albarella 2017
astragalus GLI Greatest length of the lateral half von den Driesch 1976
GLm Greatest length of the medial half von den Driesch 1976
H Height of the central constriction (i.e., minimum length) Salvagno and Albarella 2017
D1 Greatest depth of the lateral half von den Driesch 1976
Bd Greatest breadth of the distal end von den Driesch 1976
calcaneum c Length of the articular facet of the os malleolare Fernandez 2001
d Length from the distal end of the articular facet of the os malleolare to the end adapted from Salvagno and
of the proximal end of the calcaneum. Adapted from S&A, where the measure- Albarella 2017
ment is taken from where the articular facet starts projecting out
B Breadth of the articular surface of the os malleolare Boessneck et al. 1964
+ Bd Greatest breadth of the distal end ORI Fig. 6
+ Dd Greatest depth of the distal end, taken with the caliper jaws parallel to the ORI Fig. 7
dorsal crest
metapodials  GL Greatest length von den Driesch 1976
Bp Greatest breadth of the proximal end von den Driesch 1976
Dp Greatest depth of the proximal end von den Driesch 1976
SD Smallest breadth of the diaphysis von den Driesch 1976
+ SD1 Smallest depth of the diaphysis ORI1 Fig. 8
BFd Breadth of the distal articular facet Davis 1996
aor WCM Medio-lateral width of the medial condyle taken in the middle Payne 1969; Davis 1996
b or WCL Medio-lateral width of the lateral condyle taken in the middle Payne 1969; Davis 1996
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Table 2 (continued)

Element Measurement  Description Reference(s)

1 or DEM Antero-posterior diameter of the external trochlea of the medial condyle, taken Payne 1969; Davis 1996
at its constriction

2 or DVM Antero-posterior diameter of the verticillus of the medial condyle Davis 1996

3 or DIM Antero-posterior diameter of the internal trochlea of the medial condyle Davis 1996

4 or DEL Antero-posterior diameter of the external trochlea of the lateral condyle, taken Payne 1969; Davis 1996
at its constriction

Sor DVL Antero-posterior diameter of the verticillus of the lateral condyle Davis 1996

6 or DIL Antero-posterior diameter of the internal trochlea of the lateral condyle Davis 1996

providing a baseline on which to plot values from archaeo-
logical specimens; a similar approach can be found in meth-
odological works focussing on other animal taxa, such as
Payne (1969), Tomek and Bocheniski (2009), Salvagno and
Albarella (2017), and Poland (2018).

The assessment of distribution and degree of separa-
tion of values from the three species primarily relied on
data visualisation using scatterplots, often combining size
ranges and shape indices (e.g., distal tibia: Bd vs Ddb/Dda);
this approach aims to optimise the separation potentials of
dimensional and morphological differences. For most zones,
scatter plots with shape indices only are also presented, in
order to offer additional evidence from morphological anal-
yses. The results are summarized by presenting the shape
index value means for each element and species, displayed
in a linear graph and expressed as Logarithmic Size Index
(LST) values using the red deer means as the standard; LSI,
like other size index scaling techniques, compares each
value (in this case, those of shape indices) to a standard one
(here, the red deer mean values), thus producing relative
values that can be compared on the same scale (Meadow
1999; Albarella 2002). The values of each shape index
are also displayed in notched box plots, further describing
and comparing the value distributions of the three species
(Online Resource 3).

The groups of shape index values were statistically tested
using the software R; statistical tests were performed using
the R prcomp function (R Core Team 2025). In detail, the
statistical significance of differences between shape index
values were calculated for comparisons of fallow deer with
red deer and roe deer; both the Mann—Whitney U test and
the Student’s t-test of significance were used. The result-
ing p-values are reported in tables; for each element, the
p-values are also displayed graphically (Online Resource 4),
providing a complementary visual summary.

The Principle Component Analysis (PCA) was run for
specific element zones using shape indices (Table 3), to pro-
vide an additional assessment of morphological differences
among red deer, fallow deer, and roe deer. The exclusion of
absolute size data from the PCA analyses ensured that the
latter focused exclusively on morphology, rather than giving
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precedence to the more straightforward, but often insuffi-
cient separation potential offered by size; such analyses were
conducted on mature specimens only, with the exception of
the articular end of the calcaneum, for which separate anal-
yses were performed on mature and immature specimens.
PCA is an unsupervised data reduction technique, capturing
the maximum variance without using class labels in the com-
putation. For each zone, it reduced all shape indices to two
dimensions (PC1, PC2), that provided the best separation of
the three cervid species. Multivariate outliers were identified
and removed using the Mahalanobis distance method with a
threshold 0of 0.975 (i.e., p<0.025); this method measures data
points’ distance from the multivariate centre while account-
ing for correlations between variables. PCA was performed
using the R prcomp function (R Core Team 2025), defined
in the stats package (version 3.6.2); results were visualized
with ggplot2 (version 3.5.2; Wickham et al. 2025) and are
presented in Online Resource 5.

Results
Scapula

The size ranges of the greatest length of the processus
articularis (GLP; Fig. 4, graph A) show partial over-
lap between fallow deer and red deer, particularly in the
42-48 mm range. This overlap indicates that, in this case,
size alone can be insufficient for reliable species identi-
fication. By contrast, roe deer forms a distinct cluster of
smaller values, clearly separated from those of fallow deer
and red deer. The shape index ASG/GLP offers good mor-
phological separation of fallow and red deer: fallow deer
exhibits lower values, suggesting that this species’ scapu-
lae have a proportionally shorter distance between the base
of the spine and the edge of the glenoid cavity compared
to red deer and roe deer. In fallow deer and red deer, there
also seems to exist a negative allometry whereby larger
specimens tend to have lower index values; such allom-
etries follow different regression lines, favouring separa-
tion of the two species.
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Fig. 4 Size and shape index ranges for the scapula. A. GLP vs ASG/
GLP; B. ASG/LG vs ASG/GLP; C. SLC vs SLC/GLP. The means of
shape index values (D) from the three species are expressed as LSI

In graph B, the same index is plotted against ASG/LG,
resulting in a partial isolation of fallow deer values in the
bottom-left part of the graph.

In graph C, the smallest length of the collum scapulae
(SLC) is plotted against its ratio to GLP. Fallow deer and
red deer distributions show a positive allometry, a conse-
quence of the fact that SLC size increase with age is greater
than in other measurements; however, the former species
presents lower SLC/GLP values, suggesting that the collum
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values, using the mean values of red deer indices as the standard
(box plots for the shape indices analysed in this study are available in
Online Resource 3: Fig. 1)

scapulae of fallow deer is proportionally narrower relative
to the length of the processus articularis.

The shape index value means in graph E summarise
well the observations made above, highlighting the extent
to which different indices allow to isolate fallow deer
specimens; the results of statistical tests fully support such
separation potentials (Table 3). Also the results of the PCA
confirm the good separation provided by biometric analyses
for fallow deer specimens (Online Resource 5: Fig. 1).
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Table 3 p-values from Mann—Whitney U tests (MWU) and Student’s
t-test (St) for the shape indices of the scapula. A graphical representa-
tion of the results is available in Online Resource 4: Fig. 1

Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer

MWU St MWU St
ASG/LG <0.001 <0.001 <0.001 <0.001
ASG/GLP <0.001 <0.001 <0.001 <0.001
SLC/GLP <0.001 <0.001 <0.001 <0.001
BG/LG 0.002 0.001 0.039 0.014
Humerus

In Fig. 5, graph A highlights some degree of overlap of Bd
fallow deer and red deer values; HX/Bd values, however,
tend to be lower in fallow deer, ensuring almost complete
separation of the two clusters. Such lower values compared
to red deer may reflect the separation criterion presented in
Di Stefano (1995: Fig. 5 therein), where it is suggested that,
in fallow deer, the trochlea is directed laterally with a more
acute angle. There is also a clear negative allometric relation
between size and the shape index, at least in fallow deer and
red deer, although such allometries rely on different regres-
sion lines. In graph B, two other shape indices (HTL/BT
and HTL/Bd) separate well fallow deer and roe deer, as the
two species present respectively the lowest and highest val-
ues in both indices; red deer values lie in between, therefore
partly overlapping with fallow deer values. As both indices
involve the diameter of the capitulum (HTL), it seems that
this latter is, on average, proportionally smaller in fallow
deer. The same explanation may apply to the lower HTL/
HTC index values of fallow deer in graph C, which allow
to overcome the only slight HTC size overlap with red deer.
Two other shape indices employing distal end height mea-
surement values (HTC/HX and HTL/HX) provide mild
separation of fallow deer values from red deer and roe deer
ones (graph D).

Shape indices combining shaft and distal end mea-
surements (graph E, SD/HTC vs SDI/HTC), and the
combined plotting of shape indices of the shaft and dis-
tal widths (graph F, SD1/SD vs BT/Bd) provide the best
morphological separations, although in the latter graph
this applies to the separation of fallow deer and red deer
specimens only.

The smallest breadth of the shaft (SD) highlights a sig-
nificant size overlap between fallow deer and red deer
specimens but the fallow deer shape index (SD1/SD) values
plot lower (graph G), indicating that this species’ humerus
shaft is more tubular while the red deer’s is more project-
ing antero-posteriorly. To some extent, this characteristic
applies to immature specimens as well (graph H), where
size overlap is substantial; however, there seems to be a
positive allometry along similar regression lines in fallow
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deer and red deer, which may compromise the effectiveness
of morphological separation.

In mature specimens, the greatest length from the caput
(GLC) values displays substantial dimensional overlap
between fallow deer and roe deer and, to a smaller extent,
between fallow deer and red deer (graph I). Both graphs I
and J highlight the greater slenderness of roe deer humeri,
whose shape index values plot on the bottom-left area of
the graphs. Fallow deer and red deer shape index values are
also well separated; in graph I, this is probably the result of
the capitulum being proportionally smaller in fallow deer
(as seen in graphs B, C), while in graph J such separation
reflects the different proportion between shaft measure-
ments (as seen in graphs F-H).

The shape index value means (graph K) broadly support
the observations made for graphs A-J. The overall slender-
ness shape indices see the fallow deer closer to the red deer,
as do many of the distal end indices though with useful
exceptions. Shaft morphology, on the other hand, differenti-
ates to a good degree red deer from the two smaller spe-
cies, as do most shape indices combining shaft and distal
end measurements. The results of statistical tests for the
shape index measurements support the observations above
(Table 4). The results of the PCA reflect well both the partial
separation of fallow deer and red deer specimens, and the
greater isolation of roe deer (Online Resource 5: Fig. 2).

Radius

The value range of Bp indicates some dimensional overlap
between fallow deer and red deer values, while roe deer val-
ues separate well from fallow deer’s (Fig. 6, graph A). The
BFp/Bp shape index values of fallow deer are on average
lower compared to red deer’s, reflecting a more pronounced
lateral bicipital tuberosity in the former species and ensur-
ing complete separation of the two clusters; in addition, bio-
metrical data from both species reveal a negative allometric
relation between size and the shape index values, although
following different regression lines and thus favouring spe-
cies separation. BFp values also show some dimensional
overlap between the two larger species but the shape index
V/BFp produces lower values for the fallow deer, as the
insertion for the lateral ulnar articulation is often less pro-
nounced in this species (graph B) — possibly a reflection of
character 6 from Lister (1996: Fig. 2, Part 4 therein). The
shape indices employing the proximal depth and widths
present substantial overlaps, but fallow deer values run
partly parallel to red deer’s and roe deer’s (graph C).

The proportions between the smallest depth of the shaft
(located close to the proximal end) and the proximal widths
display a wider range of values for the red deer relative to the
fallow deer, that does not seem driven only by differences
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Fig.5 Size and shape index ranges for the humerus. For the distal end:
A. Bd vs HX/Bd; B. HTL/BT vs HTL/Bd; C. HTC vs HTL/HTC; D.
HTC/HX vs HTL/HX. Graphs E (SD/HTC vs SD1/HTC), F (SD1/SD
vs BT/Bd) combine distal end and shaft measurements. For the shaft:
SD vs SD1/SD for adult (G) and immature (H) specimens. For overall
proportions of complete mature humeri: I. GLC vs HTL/GLC; J. SD/
GLC vs SD1/GLC. The means of shape index values (K) from the

in sample size, while they provide some separation between
the two smaller species (graph D). Similarly, the shaft shape
index (SD/SD1) does not separate fallow deer and red deer,
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three species are expressed as LSI values, using the mean values of
red deer indices as the standard; for the shaft shape index, the means
of immature specimens (proximal end unfused, distal end unfused,
fusing or fused) are also presented (IM.: immature; box plots for the
shape indices analysed in this study are available in Online Resource
3: Fig. 2)

which also present substantial size overlap, but provides
some mild separation between fallow and roe deer (graph
E).

@ Springer



24 Page 10 of 30

Archaeological and Anthropological Sciences (2026) 18:24

E humerus - SD/HTC vs SD1/HTC
1,35
° ®
1,25 o °o§2’ 0
o) o Q.O ° )
©
1,15 & Q@ ©
o @Q%s'é’ o °9
O e °
L 1,05 R, 900 70
2 RSP A
%) GO o
095 oo 0% i

X %
0,75 o
0,65 0,75 0,85 0,95 1,05 1,15
SD/HTC
G humerus - SD vs SD1/SD
1,44
e}
oo 9099 o o
1,36 © o
O%v 00 o
128 = x o 5 3
q LR 0 Q
% %XX ® o 8 $ ©°
2 12 % 00 Rob O 0 ©
a xEXx @ © o
%) g® ©
% o o O
1,12 325K W Q@
e
X %
1,04 X% ®
X o
0,96
9 12 15 18 21 24 27 30
SD (mm)
O Red deer

Fig. 5 (continued)

In mature specimens (both ends' epiphyses fused or fus-
ing), the robustness index SD/GL efficiently describes the
greater slenderness of roe deer radii, separating them well
from the cluster of fallow deer values despite a substantial
size overlap; fallow deer and red deer values are well sepa-
rated by size as well as by positive allometries along differ-
ent regression lines (graph F).
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The shape index value means (graph G) broadly sup-
port the observations made for graphs A-F. Most indices
highlight substantial morphological similarities between
fallow deer and red deer, with the important exceptions
of all indices involving measurement V and, to a lesser
extent, of indices employing BFp. Roe deer, on the other
hand, separates well from the fallow deer, displaying a
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Fig. 5 (continued)

@ Fallow deer X Roe deer

Table 4 p-values from Mann—Whitney U tests (MWU) and Student’s t-test (St) for the shape indices of the humerus. A graphical representation of

the results is available in Online Resource 4: Fig. 2

Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer Shape index Fallow-red deer Fallow-roe deer
MWU St MWU St MWU St MWU St
SD/GLC <0.001 <0.001 <0.001 <0.001 SD/HTC <0.001 <0.001 <0.001 <0.001
SD1/GLC 0.021 0.008 <0.001 <0.001 SDI/HTC 0.606 0.890 <0.001 <0.001
BT/GLC 0.003 0.001 <0.001 <0.001 BT/Bd <0.001 <0.001 0.014 0.010
Bd/GLC 0.714 0.679 <0.001 <0.001 HTC/BT 0.019 0.010 <0.001 <0.001
HTC/GLC 0.443 0.646 <0.001 <0.001 HX/BT 0.738 0.960 <0.001 <0.001
HTL/GLC <0.001 <0.001 <0.001 <0.001 HTL/BT 0.001 <0.001 <0.001 <0.001
SD1/SD <0.001 <0.001 0.146 0.210 HTC/Bd 0.026 0.027 <0.001 <0.001
SD1/SD-IM <0.001 <0.001 0.014 0.002 HX/Bd <0.001 <0.001 <0.001 <0.001
SD/BT <0.001 <0.001 <0.001 0.002 HTL/Bd <0.001 <0.001 <0.001 <0.001
SD1/BT 0.417 0.233 0.015 0.026 HTC/HX 0.005 0.010 <0.001 <0.001
SD/Bd <0.001 <0.001 <0.001 <0.001 HTL/HTC <0.001 <0.001 0.013 0.007
SD1/Bd 0.092 0.287 <0.001 <0.001 HTL/HX <0.001 <0.001 <0.001 <0.001
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Fig. 6 Size and shape index ranges for the radius. For the proximal
end: A. Bp vs BFp/Bp; B. BFp vs V/BFp; C. Dp/Bp vs Dp/BFp. Graph
D (SD1/Bp vs SD1/BFp) combines distal end and shaft measurements.
For the shaft: E. SD vs SD1/SD for mature specimens. For overall
proportions of complete mature radii: F. GL vs SD/GL. The means
of shape index values (G) from the three species are expressed as LSI

greater overall slenderness and different average values

for most proximal end and shaft indices. The results of
statistical tests for the shape index measurements support
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values, using the mean values of red deer indices as the standard; for
the shaft shape index, the means of immature specimens (proximal end
unfused, distal end unfused, fusing or fused) are also presented (IM.:
immature; box plots for the shape indices analysed in this study are
available in Online Resource 3: Fig. 3)

the observations above (Table 5). The results of the PCA
highlight the partial separation of fallow deer from red and
roe deer, as well as the efficiency of shape indices using
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Fig. 6 (continued)

Table 5 p-values from Mann—Whitney U tests (MWU) and Student’s
t-test (St) for the shape indices of the radius. A graphical representation
of the results is available in Online Resource 4: Fig. 3
Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer

MWU St MWU St
SD/GL 0.206 0.161 <0.001 <0.001
SDI/GL 0.822 0.617 <0.001 <0.001
BFp/GL 0.047 0.022 <0.001 <0.001
SD1/SD 0.347 0.538 <0.001 <0.001
SD1/SD-IM 0.853 0.969 0.654 0.921
SD1/Bp 0.463 0.516 <0.001 <0.001
SD1/BFp 0.018 0.020 <0.001 <0.001
BFp/Bp <0.001 <0.001 <0.001 <0.001
Dp/Bp 0.552 0.619 <0.001 <0.001
Dp/BFp 0.003 0.005 <0.001 <0.001
V/Bp <0.001 <0.001 - -
V/BFp <0.001 <0.001 - -

V/Dp <0.001 <0.001 - -

© Fallow deer X Roe deer

measurement V in separating fallow and red deer (Online
Resource 5: Figs. 3, and 4).

Metacarpus

Biometric data show no substantial dimensional overlap in
the absolute values of measurement a among the three spe-
cies, only fallow deer and red deer values slightly overlap-
ping in the range 14—16 mm; the shape index a/2 maximises
the separation of the three clusters as the fallow deer index
presents higher values (Fig. 7, graph A). In both the fallow
deer and the red deer, there seems to be a positive allometric
relation between size and the shape index used, although
along different regression lines. Two shape indices from the
medial condyle, a/3 and 3/2 (graph B), also perform well
in separating the three species: the resulting distribution
assumes a clover-shaped pattern, with only partial overlap
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Fig. 7 Size and shape index ranges for the metacarpus. For the distal
end: A. avs a/2; B. a/3 vs 3/2; C. b vs b/5; D. b/6 vs 6/5; E. a/Bd vs
b/Bd. Graph F combines distal end and shaft measurements. For the
shaft: SD vs SD1/SD for adult (G) and immature (H) specimens. For
overall proportions of complete mature metatarsi: GL vs SD/GL (I)

of red deer and fallow deer values, thus reinforcing the diag-

nostic value of the medial condyle’s biometric proportions.
In graph C, measurement b shows a similarly low degree

of dimensional overlap between fallow deer and red deer,
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and SD1/GL vs Bd/GL (J). The means of shape index values (K) from
the three species are expressed as LSI values, using the mean values
of red deer indices as the standard (IM.: immature; box plots for the
shape indices analysed in this study are available in Online Resource
3: Fig. 4)

while the shape index b/5 enhances cluster separation, par-
ticularly between the two larger species; similar allome-
tric relations to those in graph A are observed. Despite a
slightly higher degree of overlap between fallow and red
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Fig. 7 (continued)

deer, the b/6 and 6/5 shape indices still provide good sepa-
ration of the three taxa (graph D). Overall, distal widths
of the metacarpus in fallow deer are proportionally less
reduced relative to depths than in red deer and roe deer. In
addition, the roe deer exhibits more pronounced propor-
tional differences between the antero-posterior diameters
of the verticillus and of the internal trochlea compared to
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the two larger species. Similar results were also obtained
for the metatarsus.

Proportions between condylar widths and the total
width of the distal articular facet are assessed in graph E.
Despite some overlap, fallow deer values tend to cluster in
the top-right part of the graph, suggesting the condyles of
this species are less spaced. Shape indices related to shaft
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Fig. 7 (continued)

morphology, particularly SD1/BFd and SD1/SD, indicate
that fallow deer (and roe deer) has a proportionally flat-
ter shaft compared to red deer (graph F). This pattern is
consistent with findings from other postcranial elements,
pointing to a characteristically flatter shaft profile in fal-
low deer.

When the smallest breadth of the shaft (SD) is plotted
against the shaft index SD1/SD (graph G), size overlap
between fallow and red deer is substantial, but the two spe-
cies are well separated by the combination of size and shape
analyses. Similar observations can be made for immature
specimens (graph H), where fallow deer continues to dis-
play lower shaft index values.

In mature specimens, greatest length (GL) values for the
metacarpus (graph I) show almost no dimensional overlap
between fallow and red deer, and a much greater degree of

@ Springer

overlap between roe deer and fallow deer; however, shape
indices incorporating GL—such as SD/GL, SD1/GL, and
BFd/GL (graphs I and J)—highlight the consistently greater
slenderness of roe deer metacarpi. In addition, graph I indi-
cates a negative allometric relation between roe deer meta-
carpus length and slenderness.

In graph J, also the fallow deer separates relatively well
from the red deer.

The mean values of shape indices across species (graph
K) summarise well the trends observed in the scatter plots.
In detail, indices involving shaft measurements highlight the
greater flatness of fallow deer bones, as do those describ-
ing condylar morphology, while roe deer bones are more
slender. The results of statistical tests support the separation
potentials of most indices (Table 6). Also the results of the
PCA confirm the excellent degree of separation of red deer,
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Table 6 p-values from Mann—Whitney U tests (MWU) and Student’s t-test (St) for the shape indices of the metacarpus. A graphical representation

of the results is available in Online Resource 4: Fig. 4

Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer

Shape index Fallow-red deer Fallow-roe deer

MWU St MWU St MWU St MWU St

SD/GL 0.658 0.836 <0.001 <0.001 a/2 <0.001 <0.001 <0.001 <0.001
SD1/GL <0.001 <0.001 <0.001 <0.001 a/3 <0.001 <0.001 0.159 0.764
BFd/GL <0.001 <0.001 <0.001 <0.001 1/2 <0.001 <0.001 0.846 0.482
Bp/Dp <0.001 <0.001 <0.001 <0.001 1/3 <0.001 0.001 <0.001 <0.001
SD1/SD <0.001 <0.001 <0.001 0.168 3/2 0.277 0.124 <0.001 <0.001
SD1/SD-IM <0.001 <0.001 0.092 0.066 b/4 <0.001 <0.001 <0.001 <0.001
SD/BFd <0.001 <0.001 0.208 0.765 b/5 <0.001 <0.001 <0.001 <0.001
SD1/BFd <0.001 <0.001 0.271 0.466 b/6 <0.001 <0.001 0.843 0.181
b/a <0.001 <0.001 0.006 0.244 4/5 <0.001 0.001 0.858 0.525
a/BFd <0.001 <0.001 <0.001 0.708 4/6 <0.001 0.013 <0.001 0.019
b/BFd <0.001 <0.001 <0.001 0.626 6/5 0.883 0.443 <0.001 <0.001
a/l <0.001 <0.001 <0.001 <0.001

fallow deer, and roe deer specimens (Online Resource 5:
Fig. 5).

Tibia

The size values of the distal breadth of the tibia (Fig. 8,
graph A) display limited overlaps between fallow deer and
red deer in the range 36-38 mm. The shape index Ddb/
Dda (i.e., the proportion between the medial and lateral
distal depths) separates well the fallow deer from the red
and roe deer, although with some overlap between the two
larger species. This separation indicates that the difference
between the two depths is proportionally greater in fallow
deer, although values from red deer and fallow deer seem
distributed according to a positive allometric relation along
similar regression lines, potentially compromising the diag-
nostic potentials of this shape index.

Differences in the proportions of the tibia distal end mea-
surement values are also visible in the shape indices of graph
B, where both the proportions between the distal breadth
and the two depths contribute to separate well the fallow
deer from the two other cervids. The fallow deer shape
index values run parallel to those of red deer and roe deer,
indicating that in this species the medial depth is proportion-
ally greater, and the lateral one proportionally smaller, than
the distal breadth.

In graph C, the smallest breadth of the shaft (SD) dis-
plays a much greater degree of size overlap between fallow
deer and red deer values, the former species mostly plotting
with the smaller third of the latter species. The proportion
between the shaft breadth and depth (shape index SD1/SD),
however, separates well the fallow deer from the roe and red
deer. The shape index values of the first species plot lower,
indicating that the fallow deer tibia shaft is consistently
“flatter’ than that of the other two species; the proportionally

larger breadth of the shaft in fallow deer also explains the
considerable size overlap with red deer values. In addition,
fallow deer and red deer values seem characterised by nega-
tive allometric relations along different regression lines.
The same shape index also works on immature specimens
(graph D), where fallow deer size values can overlap with
both red and roe deer ones.

Although complete adult long bones are rarely recov-
ered from archaeological contexts, graph E shows that roe
deer tibiae are overall much more slender than those of the
other cervids. SD being proportionally larger in fallow deer
(graphs C, D) also provides some mild separation between
this species and red deer, though with considerable overlap.

The shape index value means (graph F), calculated
as LSI values using the red deer means as standard, well
describe the observations made for graphs A-E. The results
of statistical tests for the shape index measurements fully
support the observations above (Table 7). Also the results of
the PCA confirm the good degree of separation provided by
biometric analyses for the three species (Online Resource
5: Fig. 6).

Astragalus

The size and shape index range analyses for the astraga-
lus focus on fully ossified specimens only. The size ranges
display some dimensional overlap between fallow deer
and red deer values, while roe deer values are, as usual,
better detached from those of the larger species. Both the
shape indices GLm/GLI and Bd/H provide very little sepa-
ration of fallow deer and red deer values, the latter plot-
ting slightly lower, while the shape index values of the two
smaller species overlap (Fig. 9, graphs A, B). Graph B,
however, highlights negative allometric relations between
size and the values of the shape index of fallow deer and red
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Fig. 8 Size and shape index ranges for the tibia. For the distal end: A.
Bd vs Ddb/Dda; B. Dda/Bd vs Ddb/Bd. For the shaft: SD vs SD1/SD
for adult (C) and immature (D) specimens. For overall proportions of
complete mature tibiae: SD/GL vs Bd/GL (E). The means of shape

deer, following different regression lines and thus possibly
enhancing species separation potentials.

In graph C, two other shape indices display substantial
overlap of values from the three species but with the red
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index values (F) from the three species are expressed as LSI values,
using the mean values of red deer indices as the standard (IM.: imma-
ture; box plots for the shape indices analysed in this study are available
in Online Resource 3: Fig. 5)

deer cluster slightly skewed towards the bottom-left of the
graph compared to fallow deer’s. The shape index value
means (graph D) reflect these slightly different dimensional
proportions between red deer specimens and the two other
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Fig. 8 (continued)

Table 7 p-values from Mann—Whitney U tests (MWU) and Student’s
t-test (St) for the shape indices of the tibia. A graphical representation
of the results is available in Online Resource 4: Fig. 5

Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer
MWU St MWU St
SD/GL <0.001 <0.001 <0.001 <0.001
Bd/GL <0.001 <0.001 <0.001 <0.001
Ddb/Dda <0.001 <0.001 <0.001 <0.001
Dda/Bd <0.001 0.002 <0.001 <0.001
Ddb/Bd <0.001 <0.001 <0.001 <0.001
SD1/SD <0.001 <0.001 <0.001 <0.001
SD1/SD-IM <0.001 <0.001 <0.001 <0.001

species, whose shape index average values are higher. The
results of statistical tests for the shape index measurements
only partly reflect those from data visualization, sometimes
producing highly significant differences that do not translate
into actual visual separation (Table 8). The results of the
PCA, on the other hand, confirm the little efficiency pro-
vided by shape index analyses alone in separating astragali
from the three cervid species (Online Resource 5: Fig. 7).

Calcaneum

The value ranges of measurements Bd and, to a lesser extent,
¢ highlight some dimensional overlap between fallow deer
and red deer, while size overlaps are negligible or absent,
in the sample used here, between fallow deer and roe deer
(Fig. 10, graphs A, B). Combined with the shape indices Bd/

F tibia, shape index value means
0,02 o )
0.3 8~—g—O—a———o
®» 004 © ——eo
ok *
-0,1
¢ & &£ &£ &L N
» & O > ®) N N
¢ FSFSE
90
O Red deer @ Fallow deer X Roe deer

Dd and c/d, however, size differences provide a good sepa-
ration also between the two larger species, the fallow deer
index values plotting higher in graph A and running parallel
to red deer’s in a bottom-left to top-right direction in graph
B, as a consequence of positive allometric relations follow-
ing different regression lines. The separation potentials of
the same shape indices are presented together in graph C.
The higher values of the Bd/Dd shape index in fallow deer
and roe deer reflect that the dimensions of the calcaneum
distal end are proportionally more similar in these species,
although the limited extent of such difference and different
sizes make this difficult to observe by eye. Similarly, mea-
surement values ¢ and d are proportionally closer in fallow
deer and roe deer compared to red deer.

The value ranges of two other shape indices from the prox-
imal end display substantial overlap but with the cluster of red
deer values slightly skewed towards the top-right of graph D;
this reflects different proportions between the lengths (c, d)
and width (B) of the proximal end, roe deer’s and especially
fallow deer’s being ‘more slender’. The same shape indices
are used to assess the distributions of values from immature
specimens (i.e., with unfused distal end); despite the smaller
sample sizes, the same observations made for graph D apply
to graphs E. The shape index value means (graphs F) are in
line with the observations made for graphs A-E, as are the
results of statistical tests (Table 9). The results of the PCA
provide a better separation of fallow and red deer than that
observed on scatter plots, with the exception of immature
individuals (Online Resource 5: Figs. 8 and 9).
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Metatarsus

The sample used in this paper does not highlight any sub-
stantial dimensional overlap of measurement a (width of
the medial condyle) values among the three cervid species,
with shape index a/2 maximizing the separation of the three
clusters (Fig. 11, graph A). Two other shape indices from
the medial condyle (a/3 and 3/2, graph B) separate well
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LSI values in graph D, using the mean values of red deer indices as
the standard (box plots for the shape indices analysed in this study are
available in Online Resource 3: Fig. 6)

the values from the three species, creating a clover-shaped
distribution. Measurement b (width of the lateral condyle)
values present a greater degree of dimensional overlap but
the three shape indices work well in enhancing value cluster
separations (graphs C, D), with a slightly greater overlap
of fallow deer and red deer values in graph D. The consis-
tency of the evidence from both condyles indicates that, in
fallow deer, distal widths are proportionally less small than
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Table 8 p-values from Mann—Whitney U tests (MWU) and Student’s
t-test (St) for the shape indices of the astragalus. A graphical represen-
tation of the results is available in Online Resource 4: Fig. 6

Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer
MWU St MWU St
GLm/GL1 <0.001 <0.001 0.734 0.686
Bd/H 0.036 0.032 0.689 0.897
DI/GL1 0.013 0.002 <0.001 <0.001
DI/H 0.365 0.164 0.017 0.032

depths compared to red deer’s, while in roe deer the dimen-
sional differences between the antero-posterior diameters of
the verticillus and of the internal trochlea are proportionally
greater than in the two larger species. In addition, similarly
to the metacarpus, fallow deer and red deer values from both
condyles display positive allometric relations between size
and shape index, following different regression lines and
thus favouring species separation (graphs A, C).

Graph E plots the proportions between the condy-
lar widths and the total width of the distal articular facet;
despite substantial overlaps, the cluster of fallow deer val-
ues is slightly skewed to the top-right of the graph, suggest-
ing that, in this species, the two condyles are proportionally
closer to each other. In graph F, two other shape indices show
that the smallest depth of the diaphysis (SD1) is proportion-
ally smaller in fallow deer. The shaft index (SD1/SD) is also
used, along with SD, in graph G: size overlap between fal-
low deer and red deer is significant but the value clusters
from these two species remain well separated through the
combination with the shape index; this latter suggests that,
as in other elements, fallow deer metatarsus shafts are ‘flat-
ter’ than in red deer and roe deer. Such characteristic is also
detectable in immature specimens, despite some degree of
overlap with red deer outlier values (graph H).

In mature specimens, the metatarsus greatest length (GL)
values show substantial dimensional overlap between fal-
low deer and roe deer, and minimal size overlap between
the two larger species (graph I). However, all GL shape indi-
ces (graphs I, J) highlight the usual greater slenderness of
roe deer specimens, while fallow deer and red deer values
present positive allometric relations along different regres-
sion lines (graph I). In fallow deer, the smaller size of the
shaft smallest depth (SD1), proportionally to all other mea-
surements (as well as, to a lesser extent, the proportionally
smaller BFd), shows up in graph J, with fallow deer values
constrained in the bottom-left part of the red deer value dis-
tribution range.

The shape index value means (graph L) broadly support
the observations made for graphs A-J. The fallow deer lower
SD1/SD index mean value in both mature and immature
specimens reflects the flatter shape of the metatarsus shaft
of this species, as displayed in graphs F-H. The different

dimensional proportions of distal widths and depths in the
three cervid species are visible in the fallow deer and roe
deer higher LSI mean values of some shape indices from
both condyles. The low values of all roe deer robustness
indices (SD/GL, SD1/GL, and Bd/GL) reflect the greater
slenderness of this species’ skeletal elements. The results
of statistical tests for the shape index measurements fully
support the observations above (Table 10). Also the results
of the PCA confirm the excellent degree of separation of red
deer, fallow deer, and roe deer specimens (Online Resource
5: Fig. 10).

Discussion

The analysis of size and shape indices highlights a variable
degree of success in the separation of red deer, fallow deer,
and roe deer values from post-cranial elements.

In mature specimens, size often provides good separation
of the three species, from complete separation to mild over-
laps. The use of biometric data from populations of north-
ern, central, and southern Europe, including Great Britain
and part of the Italian peninsula, where red deer is smaller,
allows to display a varying set of size ranges. As suggested
in previous sections, however, such dimensional ranges are
far from complete. The existence of smaller red deer than
the specimens used here is of special concern when the
proposed methodology aims to separate this species from
the fallow deer, a slightly smaller animal. Iberian, southern
Italian, south-eastern European, and north African red deer
individuals, on average among the smallest representatives
from continental mainlands (Mattioli and Ferretti 2014,
Becciolini et al. 2016), are missing in the dataset; similarly,
specimens from extant populations inhabiting medium- and
small-sized islands, where red deer underwent varying and
often complex processes of size decrease (Vigne 1988; Mul-
ville 2010), have not been sampled. In addition, red deer
being an especially successful species due to its adaptabil-
ity, its size fluctuates substantially to fit climatic change,
geography, changes in habitat and dietary resources, and
hunting pressure, both on long (Lister 1984; Di Stefano et
al. 2015) and much shorter chronological scales (Mattioli
and Ferretti 2014; Mitchell et al. 1977).

In sum, wider ranges of red deer bone size values than
those displayed in this study should be borne in mind, espe-
cially regarding the existence (past and present) of smaller
red deer. As a consequence, greater degrees of bone dimen-
sional overlaps must be considered in graphs that combine
size ranges and shape index values. Nevertheless, the dimen-
sional analyses presented here can at least suggest with
which elements and measurements size overlaps are more
likely to occur (e.g., the scapula SLC and GLP, the shaft
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Fig. 10 Size and shape index ranges for the calcaneum. For selected the three species are expressed as LSI values, using the mean values
combinations of size ranges and shape indices: A. Bd vs Bd/Dd; B. of red deer indices as the standard (IM.: immature; box plots for the
¢ vs c/d. The two shape indices of graphs A, B are plotted together in shape indices analysed in this study are available in Online Resource
graph C. For two other shape indices: D. B/c vs B/d. For immature 3: Fig. 7)

specimens: E. B/c vs B/d. The means of shape index values (F) from
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Fig. 10 (continued)

Table 9 p-values from Mann—Whitney U tests (MWU) and Student’s
t-test (St) for the shape indices of the calcaneum. A graphical represen-
tation of the results is available in Online Resource 4: Fig. 7

Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer
MWU St MWU St
Bd/Dd <0.001 <0.001 <0.001 <0.001
c/d <0.001 <0.001 0.704 0.834
B/c <0.001 <0.001 0.061 0.111
B/d <0.001 <0.001 0.289 0.137
c/d-IM 0.066 0.078 0.317 0.222
B/c-IM <0.001 <0.001 0.062 0.052
B/d-IM 0.005 0.003 0.181 0.149

measurements of all elements, in addition to the humerus
and calcaneum Bd, the radius Bp, and the metapodials b),
and which ones can instead be used more confidently to
assist in taxonomic identification (e.g., the astragalus Bd
and the metatarsus a).

Shape indices present a varying degree of success in the
taxonomic separation of the three species. When separa-
tion is provided, by one index or by a combination of two
indices, this can either be in terms of isolation of the fal-
low deer cluster, when its values plot differently from both
red deer’s and roe deer’s (e.g., the scapula ASG/GLP, the
combination of humerus indices in graph E, the metapodials
shape indices from both condyles, the tibia Ddb/Dda and
SD1/SD), or in terms of isolation of one of the other species
(e.g., the combination of humerus indices in graph F, the
combination of metatarsus indices in graphs E and F). In
the latter case, other measurements and shape indices can
be plotted, if available, to facilitate or confirm species-level
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0,04
0,02 o
2 C\Q?W
-0,02
-0,04 7o)
-0,06 (0]
-0,08
6\06 ® X Q>\6 \® N \Q
2% C}b Q)\0 Q)\b
O Red deer @ Fallow deer X Roe deer

identification. An example is provided by the distal meta-
tarsus, where, in addition to size, two shape indices per
condyle allow to separate the three cervids: the width-depth
proportions to separate fallow and red deer (a/3 and b/6),
and the proportion of two depths for separating fallow and
roe deer (3/2 and 6/5) (Fig. 11, graphs B, D).

The different distributions produced by some shape
indices reveal subtle morphological differences between
species, which had not been previously observed; this may
be a reflection of such differences being too slight to be
detected by the eye, and/or being more easily missed due
to the co-occurrence of size discrepancies. For example,
one morphological trait that seems to characterise many
fallow deer elements and zones is a distinct proportion
between widths and depths, in this species often more in
favour of widths: in most elements, the shaft shape index
employing the smallest width and depth (SD1/SD) is
lower in fallow deer, indicating that its shafts are ‘flatter’
in comparison to red deer’s and roe deer’s; similarly, in
the metatarsus distal condyles of fallow deer, widths are
proportionally less smaller than depths compared to red
deer’s (Fig. 11, graphs B, D). A more visible morphologi-
cal trait is the greater depth of the insertion for the lateral
ulnar articulation for the radius in red deer (Fig. 6, graph
B; probably a reflection of character 6 from Lister (1996:
Fig. 2, Part 4 therein)), which prompted the introduction
and analysis of measurement V, or, in the same element
and zone, the slightly less pronounced lateral bicipital
tuberosity of red deer (Fig. 6, graph A). On the other hand,
the biometric translation of the diagnostic character from
Di Stefano (1995: Fig. 5 therein) on the distal humerus
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Fig. 11 Size and shape index ranges for the metatarsus. For the distal
end: A. avsa/2; B.a/3 vs 3/2; C. bvs b/5; D. b/6 vs 6/5; E. a/Bd vs
b/Bd. Graph F combines distal end and shaft measurements. For the
shaft: SD vs SD1/SD for adult (G) and immature (H) specimens. For
overall proportions of complete mature metatarsi: GL vs SD/GL (I)

(whereby in fallow deer the trochlea is directed laterally
with a more acute angle), achieved by taking multiple
height and width measurements, has not been particularly
successful, only one index (HX/Bd) possibly reflecting
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and SD1/GL vs Bd/GL (J). The means of shape index values (K) from
the three species are expressed as LSI values, using the mean values
of red deer indices as the standard (IM.: immature; box plots for the
shape indices analysed in this study are available in Online Resource
3: Fig. 8)

such character (Fig. 5, graph A). Complete bone robustic-
ity indices involving greatest length measurements consis-
tently isolate the roe deer, whose long bones appear far
more slender than the other two species’.
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Fig. 11 (continued)

Importantly for the aims of this study, shape index values
from immature individuals (long bone shafts, proximal cal-
caneum) often follow similar distribution patterns to those
observed in mature animals; as dimensional separation is
more difficult with juvenile specimens, and the degree of
ossification alone cannot be used to estimate adult size, these
results may prove particularly relevant in the taxonomic
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identification of remains from younger cervids. In addition,
the effectiveness of shaft shape indices (SD1/SD) in mature
and immature individuals alike is also very important, as
it suggests that it may now be possible to attempt species-
level identification of fragmented cervid bones missing
either or both ends (where diagnostic morphological criteria
are described).
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Fig. 11 (continued)

Table 10 p-values from Mann—Whitney U tests (MWU) and Student’s t-test (St) for the shape indices of the metatarsus. A graphical representation
of the results is available in Online Resource 4: Fig. 8

Mann—Whitney U test and Student’s t-test: p-values

Shape index Fallow-red deer Fallow-roe deer Shape index Fallow-red deer Fallow-roe deer

MWU St MWU St MWU St MWU St
SD/GL 0.915 0.826 <0.001 <0.001 a2 <0.001 <0.001 <0.001 <0.001
SD1/GL <0.001 <0.001 <0.001 <0.001 a/3 <0.001 <0.001 0.936 0.886
BFd/GL 0.310 0.107 <0.001 <0.001 1/2 0.007 0.003 <0.001 <0.001
Bp/Dp 0.078 0.178 <0.001 <0.001 1/3 0.018 0.010 0.007 0.005
SD1/SD <0.001 <0.001 <0.001 <0.001 32 0.468 0.641 <0.001 <0.001
SD1/SD-IM <0.001 <0.001 0.013 0.023 b/4 <0.001 <0.001 0.942 0.720
SD/BFd 0.222 0.154 <0.001 <0.001 b/5 <0.001 <0.001 <0.001 <0.001
SD1/BFd <0.001 <0.001 0.525 0.609 b/6 <0.001 <0.001 0.438 0.776
b/a <0.001 <0.001 0.192 0.323 4/5 <0.001 <0.001 <0.001 <0.001
a/BFd 0.007 0.003 <0.001 <0.001 4/6 <0.001 <0.001 0.778 0.988
b/BFd <0.001 <0.001 <0.001 <0.001 6/5 0.745 0.543 <0.001 <0.001
a/l <0.001 <0.001 0.035 0.026
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In many instances, graphs combining size and shape
index values reveal allometric relations between them.
These are important to consider, as they contribute to
assess the reliability and potentials of species-level identi-
fication. Using the cases reported above, for example, the
‘flatness’ of the tibia shaft (Fig. 8, graphs C, D), as well as
the metatarsus’ (Fig. 11, graph G), increases (i.e., SD1/SD
values become lower) with size in both fallow deer and red
deer, although following different regression curves; this
increased flatness is also observed for the distal metatarsus
condyles described above, again with red and fallow deer
values distributed along distinct curves (Fig. 11, graphs
A, C). Similarly, the lateral angle created by the trochlea
of the humerus, generally more acute in fallow deer than
in red deer (Di Stefano 1995: Fig. 5 therein), becomes
increasingly more acute with increased size in both spe-
cies (Fig. 5, graph A), while the lateral bicipital tuberosity
of the proximal radius becomes more pronounced (Fig. 6,
graph A). These trends are the result of width measure-
ments presenting a positive allometry (i.e., growing faster
than other measurements). Other allometries are visible in
the astragalus (Fig. 9, graph B) and the calcaneum (Fig. 10,
graph B), in this case also involving the roe deer. The exis-
tence of allometries following different regression lines
is especially useful in this study, as size and shape index
overlaps are partly overcome by the different distributions,
along similar ranges, of values from different species. The
limited success of the ¢/d shape index of the calcaneum in
taxonomic separation, for example, is overturned when the
index is plotted against an absolute measurement, as its
values increase with increased size along different regres-
sion lines for fallow deer and red deer. On the one hand,
these trends highlight the importance of combining size
and shape index values to maximise taxonomic separation;
on the other, they warn against the acritical use of shape
indices, as different shape index value distributions for dif-
ferently-sized species may also be the result of allometric
relations along similar regression curves: this could be the
case of the tibia Ddb/Dda index values for the fallow and
red deer, although in this case the regression trends remain
unclear (Fig. 8, graph A). In this regard, it is also worth
noting that, while the little efficiency of the astragalus’
shape indices is partly overturned by allometric relations
following different regression lines (Fig. 9, graph B), the
PCA of shape indices produced three largely overlapping
clusters: despite the optimization of taxonomic separation
offered by more sophisticated data processing, therefore,
the use of the PCA turns out, in this case, to be less effi-
cient than a critical combination of size and shape analyses
in scatter plots.

In sum, the results of the biometric analyses highlight
that:

e The size ranges for the three species produce different
degrees of dimensional overlaps for different elements
and measurements, roe deer size values often separating
from fallow deer’s better than red deer’s do;

e The selected shape indices separate the values from the
three species with varying degrees of success, alone or
in combination with size or other shape indices. Such
distinct distributions are a reflection of both previously
undetected and published morphological differences;

o Some shape indices remain effective when applied to the
taxonomic separation of immature individuals, for which
size overlaps are substantial and prevent identification;

e Shaft shape indices are often effective, extending spe-
cies-level identification attempts to fragmented materi-
als with no published diagnostic morphological traits;

e The value distribution of many shape indices, plotted
against size, reveal the existence of allometric relations
between them. In many instances, such allometries rely
on different regression lines for different species, ampli-
fying the taxonomic separation potentials of combined
shape and size analyses.

e The results of PCA analysis of shape indices often re-
flect and sometimes reinforce the taxonomic separations
provided by the comparisons of size and shape index
value ranges presented in scatter plots, linear graphs,
and box plots; however, it should be used alongside
these latter analyses, to ensure a critical use of both size
and shape data.

Conclusions

The biometric analyses presented in this paper rely on data
from nine modern reference collections and different Euro-
pean regions. They describe dimensional and morphological
criteria that can be used to assist species-level identification
of archaeological cervid bones. This is especially important
for the separation of fallow deer remains; despite its known
historical and ecological significance, indeed, this rela-
tively rarer species has often been overlooked and some-
times its bones misidentified in European zooarchaeological
research, leading to limited visibility in the archaeological
record. Such underestimation biases our understanding of
past human-cervid-environment interactions, calling for
more accurate and objective approaches such as the one
offered by this biometric method.

The obtained results show that size remains important
evidence to use with caution, while the clustering of shape
index values separately for the three species, despite the
disparate origins of the modern skeletons, indicates that the
method can be applied to materials from different regions
and time periods. In addition, the many allometric relations
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between size and shape index values seem to support the
existence of broadly similar morphometric characters; the
often-different regression lines followed by such relations in
each species prove useful in species-level separation.

Only two published morphological diagnostic criteria
(Di Stefano 1995: Fig. 5 therein; Lister 1996: Fig. 2, Part 4,
character 6 therein) were translated biometrically; all other
shape indices reflect more subtle differences and can be con-
sidered ‘new’ evidence. This characterises the method pro-
posed here as an independent, complementary tool to use in
addition to others (use of appropriate reference collections,
assessment of morphological criteria).

Equally important is the fact that the method is grounded
in what are now frequently referred to—often with a some-
what dismissive connotation—as ‘traditional analyses’,
as it consists of straightforward biometry. In a research
landscape increasingly spellbound by techniques such as
ZooMS, ancient DNA, and isotopic analyses, this study
offers a timely and valuable re-evaluation of foundational
methods. While scientifically advanced techniques undoubt-
edly expand the analytical potentials of faunal research,
they often require substantial financial investment, special-
ised equipment and staff, and access to dedicated labora-
tory infrastructures—resources that are not always readily
available to researchers. In addition, the (justified) sense of
novelty conveyed when these techniques start being applied
to certain materials, animal species, regions or periods, as
well as the greater consideration implied by higher resource
investments, may often lead to neglecting a proper integra-
tion of results with other lines of zooarchaeological evi-
dence and within the broader archaeological and historical
context. It has now become important to remind and value
the primary role of methodologically sound and cost-effec-
tive ‘traditional analyses’, firmly grounded in archaeologi-
cal reasoning and accessible to all.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12520-0
25-02380-7.
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