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ARTICLE INFO ABSTRACT

Keywords: Zooarchaeology by Mass Spectrometry (ZooMS) has been widely used for taxonomic identification of fragmented
Zooarchaeology bones, yet most direct comparisons with morphological identifications originate from European Palaeolithic
ZooMS

contexts. This study provides a general assessment of the two taxonomic identification approaches of one Late
Upper Palaeolithic and three Early Neolithic bone assemblages, all located in the northeastern Iberian Peninsula.
The results confirm previously reported patterns where large-bodied taxa, especially Bos sp., were either more
abundant in the ZooMS component or showed close similarity between identification methods regardless of local
subsistence economy. These trends were broadly consistent across temporal, cultural, and environmental con-
texts, as well as in comparison with 27 other contexts from previously published studies comparing ZooMS and
morphological data. However, variation among cervid taxa suggests that finer taxonomic subdivisions may prove
important for further comparisons between identification methods. Although broad taxon- and body-size-related
patterns are evident across bone assemblages, their expression within individual assemblages remains dependent
on context specific taphonomic histories. Such trends should therefore not be interpreted as intrinsic properties
of particular taxa, but as the outcome of taphonomic events that differentially influence taxonomic identifiability
within fragment size classes.

Early Neolithic

Late Upper Palaeolithic
Iberian Peninsula
Mammalian fauna

1. Introduction increasing during the last approx. ten years (Brown et al., 2021b; Hol-
loran et al., 2024; Lee-Michaelis et al., 2026; Oertle et al., 2025; Sinet-

The taxonomic identification of large-scale archaeological bone as- Mathiot et al., 2019). Such large-scale taxonomic identifications of
semblages through the palaeoproteomic method Zooarchaeology by osseous material have been enabled by the cost-effectiveness and

Mass Spectrometry (ZooMS) (Buckley et al., 2009) has steadily been rapidity of the ZooMS approach (Buckley et al., 2009). ZooMS is a
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method of peptide mass fingerprinting (PMF) that relies on collagen type
I (COL1) to enable taxonomic identifications, typically at the family,
genus, or even species level depending on the spatiotemporal context
and peptide markers detected (Buckley et al., 2010, 2009). Thus far,
research has focused, among other things, on highly fragmented bone
assemblages dated to the Pleistocene exploring Denisovan (Brown et al.,
2021b; Xia et al., 2024), Neanderthal (Ruebens et al., 2023, 2022), and
Homo sapiens (Nel et al., 2023; Pothier Bouchard et al., 2020; Smith
et al., 2024) subsistence strategies, while studies on Holocene sites have,
especially, focused on the taxonomic identification of different bovids in
addition to modes of subsistence (Bondetti et al., 2021; Culley et al.,
2021; Janzen et al., 2021; McGrath and da Montes, 2026; Peters et al.,
2021; Pilaar Birch et al., 2019). ZooMS has also been incredibly valuable
in providing taxonomic identifications of specimens where diagnostic
features have been modified, usually the more fragmented portion of
bone assemblages, and discovering new taxa that were previously not
recognised morphologically (Sinet-Mathiot et al., 2019).

Studies focusing on these large Pleistocene bone assemblages have
usually employed and compared two taxonomic identification methods:
ZooMS and a morphology-based assessment of bone specimens,
comparing diagnostic features with a reference collection in order to
obtain taxonomic identifications, a well-known and commonly used
approach in archaeology (Fagan, 2022; Peters et al., 1999; Sana Segui,
2011). The identification methods usually also represent two different
fragmentary states; ZooMS analysed bone specimens commonly
reflecting a more advanced fragmentation. Moreover, these methods
and fragmentary states may reflect substantial variations in their taxo-
nomic compositions (Morin et al., 2023; Sinet-Mathiot et al., 2023).
Particular attention has been given to the proportional increase of larger
ungulates within ZooMS identifications of Pleistocene bone assem-
blages, especially Bos sp./Bison sp. Discamps et al., 2024. However, no
studies have yet addressed this formation process issue in detail on
Neolithic bone material, representing a contrasting subsistence
economy.

To address this issue, we analyse highly fragmented bone remains
from three Early Neolithic sites (Chaves, Fosca, and La Draga) and one
Late Upper Palaeolithic site (Matutano) in the northeastern Iberian
Peninsula using ZooMS and compare their taxonomic composition with
previously published morphology-based identifications. The Early
Neolithic sites encompass two year-round settlements characterised by
complex husbandry and agricultural practices and one site, Fosca, that
may have functioned primarily as a sheepfold (Castanos Ugarte, 2004;
Estévez, 1988; Sana Segui, 2011; Sierra, 2019; Watson, 1999), while
Matutano functions as a temporal and subsistence economic outlier
(Watson, 1999). Though several studies within the Iberian Peninsula
analysing bone assemblages with the implementation of ZooMS exist
(Garcia-Vazquez et al., 2021; Sierra et al., 2024; Vinas-Caron et al.,
2022), only two studies has so far compared the two taxonomic identi-
fication methods on Palaeolithic bone assemblages from the Iberian sites
of La Vina (Torres-Iglesias et al., 2024) and Cova Eirds (Bal-Garcia et al.,
2026). Here, we compare the proportional taxonomic compositions
obtained through the two identification methods across the four sites
and assess whether differences in representation are associated with
taxon, bone fragmentation, site-specific taphonomic histories, and sub-
sistence practices. We further place these results within a broader
comparative framework of previously published ZooMS and
morphology-based datasets to evaluate whether patterns observed in
northeastern Iberian Peninsula persist across wider temporal,
geographic, and cultural contexts. Through these analyses, we aim to
assess how bone fragmentation degrees and assemblage formation in-
fluence taxonomic representation between ZooMS and morphological
identification methods and, consequently, the extent to which the two
approaches provide complementary perspectives on archaeological
faunal assemblages.
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1.1. Archaeological sites

Four sites representing different spatiotemporal contexts were
selected for this study. Each site included mammalian bone specimens
that had previously been taxonomically identified based on morpho-
logical diagnostic features, as well as specimens that could not be
morphologically identified, making the latter well suited for ZooMS
analysis.

One Late Upper Palaeolithic (LUP) site, Matutano Cave, represents a
temporal outlier (Fig. 1). Within relatively close proximity of Matutano
Cave in the northern mountainous region of Valencia, lies the Early
Neolithic (EN) site of Fosca Cave. The third cave site, Chaves, is located
further north in the Aragonese pre-Pyrenees and is dated to the EN as
well. Lastly, the EN site of La Draga, located in Catalonia, differs from
the others as an open-air site. The three Neolithic sites each exhibit
somewhat distinct subsistence economies. Detailed descriptions of the
contexts included can be found in SI A.

2. Material and methods
2.1. Specimen selection and sampling

A total of 925 highly fragmented bone specimens, taxonomically
unidentifiable based on morphology, were randomly selected for ZooMS
analysis. Specifically, 278 bone fragments from Matutano Cave, Sector
3, Level 6/A, were selected, and 320 fragments from two levels origi-
nating from Chaves Cave. These were 267 specimens from Level Ia and
53 specimens from the older Level Ib. The smallest number of bone
fragments was selected from Fosca Cave, 136 specimens in total. This
was in part due to the amount of fully burned bone fragments that are
generally not suitable for ZooMS (Hansen et al., 2024b; Yates, 2013),
and the low quantity of specimens available from the Neolithic layers of
Phase I-1I, Sector B. Lastly, 191 bone fragments were selected from two
of La Draga’s four sectors, Sector A (n = 141) and Sector D (n = 50).

The specimens were sampled using a plier, obtaining approx. 5 mg
per specimen, into either 1.5 mL microtubes (Protein LoBind, Eppen-
dorf) or 400 pL 96-well plates (Thermo Scientific), followed by HCl
(hydrochloric acid) demineralisation for best proteomic output (Evans
et al., 2023; Hansen et al., 2024a). Each 96-well plate had one cell
functioning as a blank, while samples processed in tubes had one blank
per batch consisting of various amounts. Instruments and surfaces were
cleaned in between each sampling using 0.07 M NaOCl (bleach) and
1.19 M CH3CH>0H (ethanol). Cortical bone was sampled if possible, as
collagen is less deteriorated in cortical bone compared with trabecular
bone (Asmundsdéttir et al., 2024).

2.2. Protein extraction and MALDI-ToF analysis

All samples were left overnight in 100 pL 0.05 M NH4HCO;
(ammonium bicarbonate, hereafter AmBic) at 4 °C. After centrifugation
at 10,000 rpm for one minute and discarding the AmBic, the samples
were demineralised in 150 pL 0.6 M HCl for 24 h at 4 °C. The HCI was
then removed and samples were rinsed three times with 100 pL 0.05 M
AmBic, vortexed shortly, and centrifuged between rinses. 100 pL 0.05 M
AmBic was then finally added for a one hour incubation at 65 °C. 50 pL
of the supernatant was transferred to a 1.5 mL microtube along with 0.4
pg trypsin (Promega, #V115A) for digestion at 37 °C using a heating
block (Thermal Shake lite, VWR) for 18 h. Following digestion, the
protease was deactivated by adding 1 pL of 0.13 M CF3CO2H (Tri-
fluoroacetic acid, hereafter TFA). Using a C18 Hypersep™ plate
(Thermo Fisher) the samples were desalted and purified for subsequent
spotting on an MTP 384 target ground steel MALDI plate (Bruker) in
triplicates consisting of 1 pL eluted peptides and 1 pL of a-cyano-4-
hydroxycinnamic acid (CHCA) matrix solution (Buckley et al., 2009;
Welker et al., 2016).

141 samples with insufficient taxonomic identification were selected
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Fig. 1. Location of the four sites located within the eastern Iberian Peninsula. The yellow dots indicate bone material collected from EN sites and/or levels, while the
green dot indicates material retrieved from an Upper Palaeolithic site. The map was created using USGS ArcGIS Online Map Viewer (U.S. Geological Survey, 2024).

for reprocessing with a sodium hydroxide (NaOH) washing step to
remove humic contaminants (Szpak et al., 2017). 95 samples from La
Draga were directly processed with the NaOH washing step incorporated
into the initial extraction as humic contaminants were detected through
a previously processed batch of 96 samples. The remaining 50 pL 0.05 M
AmBic from the gelatinised samples processed previously was removed
and 100 pL 0.1 M NaOH was added, followed by a brief vortex of no
more than 30 s. After centrifuging at 10,000 rpm for one minute, the
NaOH was discarded. The pellet’s pH was then neutralised by rinsing
three times with 100 pL of 0.05 M AmBic, briefly vortexing, centrifuging
for one minute at 10,000 rpm, and discarding the AmBic after each
wash. Next, 100 pL 0.05 M AmBic was added for subsequent incubation
at 65 °C for one hour. Hereafter, the protocol was repeated as previously
described.

Mass spectra were acquired using two different mass spectrometers.
Initially, all samples and 61 reprocessed samples were run through a
Bruker UltrafleXtreme MALDI-ToF MS in reflector mode, positive po-
larity, set to a laser intensity of 50-70 %, and a mass range of 799-4,000
m/z. Each sample was externally calibrated against adjacent spots con-
taining a mixture of six peptides (des-Argl Bradykin m/z = 904.681,
Angiotensin I m/z = 1295.685, Glul-Fibrino- peptide Bm/z = 1750.677,
ACTH (1-17 clip) m/z = 2093.086, ACTH (18-39 clip) m/z = 2465.198
and ACTH (7-38 clip) m/z = 3657.929).

80 out of the 141 reprocessed samples were run on a Bruker timsTOF
fleX MALDI-tims-Q-ToF in reflector mode, positive polarity, set to a laser
intensity of 40 %, and a mass range of 799-4,000 m/z. Because the laser
impacts the calibration spot in an orthogonal geometry and the time-of-
flight analyser is highly stable, only a single calibration spot is typically
required. However, in this study, three calibration spots were used, with
the latter two serving to verify the consistency of the first. The calibra-
tion mixture comprised the six peptides listed above. Samples were
analysed on different mass spectrometers due to time constraints and
availability.

Lastly, triplicate MALDI spectra were merged using MALDIquant
v.1.22.2 (Gibb and Strimmer, 2012) and MALDIquantForeign v.0.14.1
(Gibb, 2023) and analysed using mMass (Niedermeyer and Strohalm,
2012) as described previously (Le Meillour et al., 2024)..mzXML files
were converted into separate.txt files using mzXMLConverter v.480fe6e

using the software Python (Van Rossum and Drake, 1995). Deamidation
values were calculated using the software Betacalc3 (Wilson et al.,
2012). Proteomic data,.txt files, are available on Zenodo.org (ID:
https://doi.org/10.5281/zenodo.17288657).

2.3. Registration variables

The bone fragments were assigned to a skeletal element (France,
2009), and fraction thereof, sex, age, fusion stage (Dammers, 2015;
Davis et al., 2012), and size class, as well as taphonomic characteristics if
applicable and possible. Size classes were based on the work of Bunn
(1986) and Torres-Iglesias et al. (2024) entailing small terrestrial
mammals 1 (STM1), <2 kg; STM2, approx. 2-20 kg; STM3, approx.
20-35 kg; medium terrestrial mammals (MTM), 35-230 kg; large
terrestrial mammals (LTM), >230 kg. Taphonomic factors included
weathering stage (Behrensmeyer, 1978), degree of thermal application
(Stiner et al., 1995), anthropic alterations, and tissue type. Furthermore,
the maximum length and maximum cortical thickness were measured.
Bone elements were also assigned to a broader type of body categories,
including cranium, axial, limb, forelimb, hindlimb, and non-determined
bones; however, more specific assignments of anatomical elements were
assigned when possible. All this information can be found in SI B.

Additionally, a subset of bones taxonomically identified morpho-
logically from La Draga were subject to further measurements. 354
bones identified as Bos sp., Caprinae, and Sus sp., originating from
various sectors and excavation years, had their maximum length and
maximum cortical thickness measured (SI G).

2.4. Statistical analyses and tests

All visualisations and statistical analyses were produced and calcu-
lated via various packages using the software R (R Core Team, 2021) and
Rstudio (Posit team, 2023).

More specifically, visualisations, resampling method, and signifi-
cance tests, including two-way ANOVA, Mann-Whitney U, John Tukey’s
HSD, two-tailed one-sample t-test, Chi-square, and Welch Two-Sample t-
test, were created using tidyverse v.2.0.0 (Wickham et al., 2019),
ggplot2 v.3.4.4 (Wickham, 2016), paletteer v.1.6.0 (Hvitfeldt, 2021),
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dplyr v.1.1.4 (Wickham et al., 2023), tidyr v.1.3.1 (Wickham et al.,
2024), ggpubr v.0.6.0 (Kassambara, 2023), car v.3.1.2 (Fox and
Weisberg, 2019), multcomp v.1.4.26 (Hothorn et al., 2008), cowplot
v.1.1.3 (Wilke, 2024), boot v.1.3-28.1 (Canty and Ripley, 2022), and
pheatmap v.1.0.12 (Kolde, 2019).

In order to investigate the potential differences between the two
methods’ taxonomic identifications across sites and taxa, a bootstrap
simulation was implemented. After filtering out taxonomic groups
covering diverse body-size groups, only Bos sp./Bison sp., Caprinae,
Cervidae, Equidae, and Suidae were retained. The relative proportions
of identifications were reshaped into a site-by-taxon format, establishing
paired values for ZooMS and morphology-based datasets (.R-script and
SI D). The standard deviation based on the percentages was calculated
separately for each identification method per taxon. These were then
combined to extract a pooled measure of uncertainty. Using these
standard deviations, 1000 bootstrap replicates were generated per site-
taxon combination by sampling from a normal distribution centered on
the observed difference, with the variance adjusted to the variability of
each row. For code, search for Table 3 and Fig. 4, bootstrap analysis in
the.R-script.

Moreover, a script was developed to estimate the species composi-
tion within specimens identified within the sub-family of Caprinae. To
determine the lowest taxonomic rank possible across both morpholog-
ical and proteomic identification methods, the.R-script developed was
based on a defined taxonomic hierarchy within the Caprinae subfamily.
The script recursively allocates percentages from higher-order taxa (e.g.
Caprinae, Caprinae (not Capra sp.), or O. aries/C. hircus) to their most
specific descendants, depending on which species were present at each
context. Morphological data was first used to establish the most specific
taxonomic level, and this resolution was then used as the basis for
resolving ambiguous proteomic data. Once all taxa were assigned, the
morphological and proteomic proportions were averaged to produce a
combined composition estimate, with both data types weighted equally
(Table 2).

Journal of Archaeological Science: Reports 75 (2026) 106017
2.5. Taxonomic reasoning: Morphology and ZooMS

The taxonomic identifications are based on a combination of the
zooarchaeological record within the Iberian Peninsula and the peptide
markers observed via the ZooMS analyses. In Table 1. an overview of the
species covered by the various taxonomic categories are listed. The
geographic context and chronological period further constrain the range
of possible taxonomic identifications. The broadest taxonomic category
will mostly be used throughout this paper.

Both Bos primigenius and Bos taurus have been morphologically
identified at the EN sites of La Draga (Sana Segui, 2011), Chaves
(Castanos Ugarte, 2004; Sierra, 2019), and Fosca Estévez, 1988.
B. primigenius and B. taurus cannot be distinguished from each other
through ZooMS (Buckley et al., 2017, 2009; Buckley and Collins, 2011;
Kirby et al., 2013; Welker et al., 2016). Consequently, the ZooMS ana-
lysed bone fragments from these sites are identified as Bos sp. For the
LUP site of Matutano Cave, B. primigenius is the most likely candidate, as
Bison priscus is believed to have gone extinct in the northern and central
parts Iberian Peninsula sometime during the Late Pleistocene (MIS 3/2)
(Castanos et al., 2016; Lopez Gonzalez et al., 1999). Moreover, B. priscus
is entirely absent in the southwest from at least 23,000 to 17,000 cal BCE
(de Carvalho et al., 2022; Pfeiffer, 1999; Sala et al., 2010).

Ovis aries and Capra hircus has been morphologically identified at the
three EN sites, while the wild goat counterpart Capra pyrenaica was
securely identified at Chaves (Castanos Ugarte, 2004; Sierra, 2019) and
La Draga (Sana Segui, 2011). C. pyrenaica and Rupicapra rupicapra were
morphologically identified at Matutano (Watson, 1999). Though it is
secure to relate ZooMS identifications of the bone fragments originating
from Matutano to C. pyrenaica and R. rupicapra, the ZooMS analysed
portion from the EN sites cannot be exclusively determined to C. hircus
and O. aries (Buckley et al., 2017, 2010, 2009; Buckley and Collins,
2011; Kirby et al., 2013; Welker et al., 2016), though it is likely that
these two domestic species represent the majority of the EN settlement
identifications. Within the Iberian Peninsula C. pyrenaica (Alados, 1985;
Gonzales, 1982) and R. rupicapra (or Rupicapra r. pyrenaica) (Cardoso
and Antunes, 1989; de los Terreros, J.Y.S., 2001) are suggested to have
been present during the EN and LUP. Therefore, the taxonomic

Table 1
Possible taxa existing during the Late Upper Palaeolithic and Early Neolithic within the regions of Aragon, Catalonia, and Valencia.
Taxonomic ID Late Upper Early Neolithic References
Palaeolithic
Valencia Aragon, Catalonia,
and Valencia
Bos sp. Bos primigenius Y Y Buckley et al., 2017, 2009; Buckley and Collins, 2011; Castanos Ugarte, 2004;
Bos taurus N Y Estévez, 1988; Kirby et al., 2013; Sana Segui, 2011; Sierra, 2019; Van Vuure, 2005;
Welker et al., 2016
Caprinae Capra sp. Capra hircus N Y Alados, 1985; Buckley et al., 2017, 2010, 2009; Buckley and Collins, 2011; Cardoso
Capra Y Y and Antunes, 1989; Castanos Ugarte, 2004; de los Terreros, 2001; Estévez, 1988;
pyrenaica Gonzales, 1982; Kirby et al., 2013; Sana Segui, 2011; Sierra, 2019; Watson, 1999;
Caprinae (not Ovis aries N Y Welker et al., 2016
Capra sp.) Rupicapra Y Y
rupicapra
Carnivora  Felis silvestris/Lynx pardinus Y Y Buckley et al., 2017, 2009; Buckley and Collins, 2011; Castanos Ugarte, 2004;
Mustelidae Y Y Estévez, 1988; Kirby et al., 2013; Sana Segui, 2011; Sierra, 2019; Welker et al., 2016
Ursus arctos Y Y
Vulpes vulpes Y Y
Cervidae Capreolus capreolus Y Y Buckley et al., 2009; Buckley and Collins, 2011; Castanos Ugarte, 2004; Davis and
Cervus elaphus Y Y MacKinnon, 2009; Estévez, 1988; Gomez-Olivencia et al., 2013; Jensen et al., 2020;
Kirby et al., 2013; McGrath et al., 2019; Sana Segui, 2011; Sierra, 2019; Watson,
1999; Welker et al., 2016
Equus sp. Equus ferus Y Y Bernaldez-Sanchez et al., 2024; Buckley et al., 2017, 2009; Buckley and Collins,
Equus hydruntinus Y N? 2011; Castanos Ugarte, 2004; Desmond et al., 2018; Estévez, 1988; Kirby et al.,
2013; Lira et al., 2010; Sierra, 2019; Strani and DeMiguel, 2023; Welker et al., 2016
Homo sapiens Y Y Buckley and Collins, 2011; Buckley and Kansa, 2011; Welker et al., 2016
Leporidae  Lepus sp. Y Y Alves et al., 2008; Buckley et al., 2017, 2009; Castanos Ugarte, 2004; Estévez, 1988;
Oryctolagus cuniculus Y Y Llorente Rodriguez, 2010; Marques et al., 2017; Sana Segui, 2011; Sierra, 2019;
Welker et al., 2016
Sus sp. Sus scrofa Y Y Buckley et al., 2017, 2009; Buckley and Collins, 2011; Castanos Ugarte, 2004; Sana

Sus scrofa domesticus N Y

Segui, 2011; Watson, 1999; Welker et al., 2016




J. Hansen et al.

specificity for Caprinae species in the EN sites is lower: Caprinae (not
Capra sp.) covers O. aries or R. rupicapra, while Capra sp. entail C. hircus
or C. pyrenaica. As ZooMS relies on COL1 peptide markers observed in
MS1 spectra (Buckley et al., 2009), its taxonomic resolution is generally
lower than that achieved with sequenced proteomic data, which in-
volves fragmenting precursor ions (MS1) to generate fragment ion
spectra (MS2) containing amino acid sequence information (Riither
et al., 2021). Additionally, COL1, and collagens in general, evolve at a
slower rate than non-collagenous proteins. In particular, COLlal,
COLla2, and COL2a1 exhibit relatively slow evolutionary rates (Zazueta
et al., 2024). Because ZooMS is based exclusively on MS1 peptide
markers and COL1, this partly explains the difficulty in distinguishing
between closely related taxa such as C. pyrenaica and C. hircus, or O. aries
and R. rupicapra.

Various Carnivora species have been identified amongst the EN sites
morphologically, though none have been registered in the LUP layer
included in this study (Watson, 1999). Canis familiaris (including Canis
sp. at Chaves), Felis silvestris, and Vulpes vulpes were all found in the
zooarchaeological material at Chaves and La Draga (Castanos Ugarte,
2004; Sana Segui, 2011; Sierra, 2019). Ursus arctos and Lynx pardinus
were exclusively uncovered at Fosca Cave (Estévez, 1988). Meles meles
and Martes foina/Martes sp. were morphologically recorded across all EN
sites (Estévez, 1988; Sana Segui, 2011; Sierra, 2019). These species are
not restricted to a single temporal period within the scope of this study.
However, here ZooMS represents several taxonomic limitations as well.
It is not possible to distinguish between F. silvestris and L. pardinus using
ZooMS (Buckley et al., 2009; Buckley and Collins, 2011; Welker et al.,
2016), and although other Ursiduae species beyond U. arctos can be
excluded based on their geographical distributions, ZooMS cannot
differentiate among those taxa (Buckley et al., 2017; Buckley and
Collins, 2011; Kirby et al., 2013; Welker et al., 2016).

Cervus elaphus and Capreolus capreolus are the only Cervidae species
uncovered through the sites morphologically (Castanos Ugarte, 2004;
Estévez, 1988; Sana Segui, 2011; Sierra, 2019), except for at Matutano
where C. elaphus was exclusively recorded (Watson, 1999). Though
these two species can be distinguished through ZooMS they are mainly
grouped together under the category Cervidae in this paper as very few
C. capreolus have been identified in the ZooMS analysed bone fragments
(Buckley et al., 2017, 2009; Buckley and Collins, 2011; Jensen et al.,
2020; Kirby et al., 2013; McGrath et al., 2019; Welker et al., 2016).
Dama dama has been excluded as it was first introduced during the
Roman period (Davis and MacKinnon, 2009) as well as Rangifer tarandus
since it was limited to the Cantabrian region and northeastern part of
Catalonia during the Pleistocene (Gomez-Olivencia et al., 2013).

Morphologically, Equus sp. have been registered at Chaves (Castanos
Ugarte, 2004; Sierra, 2019) and Fosca (Estévez, 1988). Both Equus ferus
and Equus hydruntinus are well attested in the Iberian Peninsula during
the Late Pleistocene, although E. ferus is consistently the dominant and
more widely distributed taxon, while E. hydruntinus appears in lower
frequencies and more patchily (Bernaldez-Sanchez et al., 2024; Lira
et al., 2010; Strani and DeMiguel, 2023). However, their precise distri-
bution remains difficult to reconstruct, which is an issue continuing into
the EN. Although E. hydruntinus is well attested in the Late Pleistocene,
its persistence into the EN is uncertain and it is generally considered to
have disappeared by the end of the Pleistocene or early Holocene
(Bernaldez-Sanchez et al., 2024; Strani and DeMiguel, 2023). ZooMS
identifications based on trypsin digestion do not allow differentiation
between these closely related equids (Buckley et al., 2017, 2009;
Buckley and Collins, 2011; Desmond et al., 2018; Kirby et al., 2013;
Welker et al., 2016). Therefore, most analysed specimens are assigned to
Equus sp., although E. ferus is the most likely candidate for many of these
identifications.

Oryctolagus cuniculus and Lepus sp. have been morphologically
identified at all EN sites included in this study (Castanos Ugarte, 2004;
Estévez, 1988; Sana Segui, 2011; Sierra, 2019), with the majority of
remains attributed to O. cuniculus. Although no Leporidae were
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identified in the specific Magdalenian layer of Matutano analysed here
(Watson, 1999), both O. cuniculus and Lepus sp. were present in the
Iberian Peninsula during the LUP and EN. Within Iberia, Lepus sp. most
likely comprised Lepus europaeus and Lepus granatensis (Llorente
Rodriguez, 2010), however, mtDNA introgression from the now
locally extinct Lepus timidus has been detected in modern populations of
both species, particularly in northern Iberia (Alves et al., 2008; Marques
et al., 2017). L. timidus was likely completely replaced sometime after
the Last Glacial Maximum (Marques et al., 2017). As ZooMS cannot
distinguish between the aforementioned Lepus species and O. cuniculus
(Buckley et al., 2017, 2009; Welker et al., 2016), all identifications are
referred to as Leporidae throughout this study.

Both Sus scrofa and Sus scrofa domesticus have been recorded at the
EN sites of La Draga (Sana Segui, 2011) and Chaves (Castanos Ugarte,
2004), however, at Fosca, identifications could not be specified
beyond Sus sp. Estévez, 1988. In the Magdalenian layers of Matutano,
only S. scrofa has been identified, as domestic forms had not yet been
introduced during this period (Watson, 1999). As ZooMS cannot
distinguish between S. scrofa and S. s. domesticus (Buckley et al., 2017,
2009; Buckley and Collins, 2011; Welker et al., 2016), all specimens are
hereafter classified as Sus sp., although those from Matutano can be
assigned to S. scrofa.

3. Results and discussion

3.1. General metric, taphonomic, and skeletal element characteristics of
the ZooMS analysed material

For the LUP site of Matutano, the bone assemblage was generally in
good condition with little to no weathering (0.26 + 0.5 SD out of 5).
There were some appearances of root marks and fissures or microcracks.
Limb bones (n = 135) were the largest broader skeletal element group
identified, of which 12 could be determined as forelimb and 29 as hin-
dlimb (Fig. 2). Axial bones made up the second largest group (n = 101)
(SI Tab. A.2). The bone fragments were on average 38.15 mm =+ 15.16
SD in maximum length and 2.97 mm + 1.75 SD in maximum cortical
thickness. 11 specimens out of 278 had cut marks evenly split between
limb and axial bones (excl. cranial elements) which derived from Cer-
vidae (n = 6, C. elaphus being securely represented), Caprinae (n = 4,
both C. pyrenaica and R. rupicapra), and one Equus sp. (SI B) indicating
butchery activities. This interpretation is further supported by the
morphologically analysed bone assemblage from contemporaneous
levels in Sector 2, where burning, cut marks, and marrow extraction
provide evidence of on-site carcass processing (Albiol et al., 1999).

Little weathering (0.89 + 0.83 SD out of 5) was observed within the
bone fragments from Chaves Cave (n = 320), levels Ia and Ib. Level Ia
and Ib maximum lengths were of similar measurements, 42.24 mm +
17.72 SD and 41.97 mm + 12.99 SD, respectively. A significant differ-
ence in cortical thickness was found between the two layers (Mann-
Whitney U, p = 0.029), Ia being 3.17 mm =+ 3.07 SD and Ib being 4.08
mm =+ 3.30 SD in maximum cortical thickness. This could be due to
sample size differences, or a higher intensity of activities during the
Level Ia occupation, e.g., marrow extraction, butchering, artefact pro-
duction, and mechanical pressure (Bovy et al., 2019). One rib and three
long bones were observed with cut marks, all from Level Ia, originating
from two Capra sp., one Sus sp., and one indeterminate. Additionally,
sawing traces were observed on one Bos sp. long bone fragment from
Level Ia (SI B). In general, across both stratigraphic layers, limb bones
were the largest group represented (n = 156). As seen at Matutano,
hindlimbs (n = 50) were the more abundant group compared to fore-
limbs (n = 32). It is however noteworthy that the bone element
composition, in general, is similar between the levels Ia and Ib, except
for the forelimb and hindlimb distribution, where it is equal between
them within Level Ib, while approx. 30 % more hindlimbs compared
with forelimbs can be observed in Level Ia. Axial bones constituted the
same relative fraction at Chaves as seen within the sites of Matutano and
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Fig. 2. Broad grouping of anatomical elements across taxonomic identifications and sites in NISP. Data is based on ZooMS identifications (SI B; SI Tab. A.2).

La Draga, however, approx. 12-16 percentage points fewer axial bone
specimens were observed within Fosca (SI Tab. A.2). Paying exclusive
attention to the EN sites, this could suggest that Chaves and La Draga
had a higher degree of on-site butchery processing activities compared
with Fosca, focusing on local domestic animals. For Chaves in particular,
it is interesting that the skeletal element composition of Cervidae is
similar to the local domestic animals. It may be that whole carcasses
were transported back to the site rather than selectively targeting high
meat-yield body parts. In general, the skeletal element composition of
Chaves Cave seems to be similar between the ZooMS analysed assem-
blage and the morphologically assessed specimens (excl. teeth) (Sierra,
2019).

At Fosca Cave, little weathering (1.33 + 0.99 SD out of 5) has been
recorded in the studied bone fragments (n = 136), though corrosion,
root marks, and manganese oxide traces were registered across 54
specimens. The bone fragments were on average 42.19 mm + 19.47 SD
and 3.14 mm + 1.56 SD maximum length and cortical thickness,
respectively, similar to those seen at the sites of Matutano and Chaves
(Level Ia). Six fragments had been thermally altered, all originating from
long bones except one rib. One C. elaphus specimen showed clear signs of
cut marks (SI B). Limb bones constituted 74.27 % (n = 101), which is
approx. 1.5 times more than observed at the sites of Matutano, Chaves,
and La Draga. This correlates with what has been observed in the
morphological taxonomically identified assemblage from Sector B,
levels N-I and N-II (Estévez, 1988). Fosca Cave’s lack of evidence of
indirect markers of crop cultivation (Y1l and Olaria, 1988) and its likely
primary use as a sheepfold (Llorente-Rodriguez et al., 2014), together
with the pronounced amount of limb bones originating from Cervidae,
implies a higher degree of off-site butchery practices compared with
Chaves and La Draga as well as a stronger reliance on hunted meat for
on-site consumption. Furthermore, a resemblance between the forelimb

and hindlimb bones studied here and the bones assessed morphologi-
cally by Estévez (1988) has been found in that there is no noticeable
difference in the proportion between them (SI Tab. A.2).

At La Draga (n = 191), a significantly higher weathering stage was
observed in Sector A (1.25 + 1.09 SD out of 5) compared to Sector D (0.1
+ 1.09 SD out of 5) (John Tukey’s HSD, p = 0.001). Microcracks in bone
were especially found within Sector A. In fact, the weathering stages at
Fosca, Chaves, and La Draga (Sector A) were all significantly higher in
contrast to the site of Matutano and La Draga (Sector D) (John Tukey’s
HSD, p = 0.001) (SI Fig. A1). Explanations for the low weathering stage
at Matutano can be difficult to assess, though at La Draga, the exposure
to subaerial weathering and the dry environment of Sector A may
explain its more advanced weathering to that of the anaerobic and
saturated Sector D (Sana et al., 2013). Gnawing marks constituted 4.71
% (n = 9) and root marks 11.52 % (n = 22) of the specimens from La
Draga, though exclusively found in specimens from Sector A, which is in
agreement with a previous study (Sana et al., 2013). 38 specimens had
been burned, mostly at the extremities of the bones, the majority
belonging to Sector D, though this should not necessarily be considered a
characteristic for Sector D (SI B). The skeletal composition at La Draga is
somewhat similar to the sites of Chaves (Level Ia) and Matutano in
regards to axial and limb fragments registered, though the forelimbs and
hindlimbs recorded were equally abundant, similar to Fosca and Chaves
(Level Ib) (SI Tab. A.2). Fewer cranium parts were found (n = 6, 3.14 %)
in the ZooMS analysed portion compared with the morphologically
assessed assemblage, though this is likely due to the inclusion of teeth in
the latter assessment (Sana Segui, 2011). In general, the distribution of
skeletal elements corresponds to that observed at Chaves, suggesting a
site characterised by complex husbandry practices and predominantly
on-site butchery of domestic animals (Antolin et al., 2014; Revelles
et al., 2016), complemented by a small contribution of hunted
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mammals, although the latter appears more pronounced at Chaves.
Lastly, the recorded maximum length and cortical thickness were
respectively 24.89 + 13.36 SD and 2.47 + 1.05 SD. These measurements
both differ from what has been reported at the sites of Matutano, Chaves,
and Fosca. This could be due to sample size and, in general, the local
formation history.

3.2. Taxonomic compositions

Sufficient taxonomic identifications, reaching family or genus level,
through ZooMS were possible at various success rates across the four
sites of Matutano (n = 231/278, 83.09 %), Chaves (level Ib, n = 50/53,
94.34 %,; level Ia, n = 232/267, 86.89 %), Fosca (n = 131/136, 96.32
%), and La Draga (n = 86/191, 45.03 %). The identification rate and
preservation is further discussed in Section 3.3. Meanwhile, the com-
bined 730 out of 925 (78.92 %) successful taxonomic identifications
retrieved through ZooMS were compared with species identified
through bone morphology from previous studies (Castanos Ugarte,
2004; Estévez, 1988; Sana Segui, 2011; Sierra, 2019; Watson, 1999) (SI
E). The morphologically identified specimens were typically less
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fragmented than those selected for ZooMS. While taxonomic data were
available for comparison across all four sites, comparable metric data
were only available for La Draga, where maximum bone length and
cortical thickness were also recorded for a subset of morphologically
identified specimens. Consequently, direct comparisons of these metrics
between ZooMS analysed and morphologically identified specimens
were restricted to La Draga.

As ZooMS does not allow for differentiation between domesticated
and wild taxa and generally does not have the same taxonomic resolu-
tion a morphological assessment can provide, some taxa have been
grouped together, following the logic from Section 2.5., to enable a
comparison between the two taxonomic identification approaches
(Fig. 3). Though some species have been grouped together, consequently
reducing taxonomic specificity, an initial understanding of the domestic
and wild taxa distribution present has been indicated in Fig. 3 (upper
panel) via the morphologically assessed specimens. Here it is again
obvious that amongst the EN sites, Fosca differs from Chaves and La
Draga. This feeds into the narrative of there being a different subsistence
economy present at Fosca compared with La Draga and Chaves, despite
the two latter representing two different site forms, a cave and an open-

Fosca Cave La Draga
CcA DA
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
Domestic
Cc.2 D.2
U
75% 75%
49.61%
n=64
62.35%
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41.89% 43.02%
n=2020 n=37
31.01%
25% n=40 25%
24.52%
n=282
M Z M zZ

Cervidae . Equus sp. . Sus sp.

Fig. 3. The upper panel illustrates the ratio of domestic to wild taxa among the specimens from the four archaeological sites (A.1) Matutano Cave (Watson, 1999);
B.1) Chaves Cave Level Ia (Castanos Ugarte, 2004) and Level Ib (Castanos Ugarte, 2004; Sierra, 2019); C.1) Fosca Cave (Estévez, 1988); D.1) La Draga (Sana Segui,
2011)), whereas the lower panel shows the taxonomic distribution as determined by both morphological (M) and ZooMS (Z) identifications. The standard deviation
bars for the upper panel’s domestic-wild ratio plots were calculated using known morphologically assessed domestic and wild taxonomic identifications and often
using genus-based classifications as deviation (SI C, explanations for symbols within SI C can be found in the “read me” file). The taxonomic compositions are A.2)
Matutano Cave M (n = 20) (Watson, 1999) and Z (n = 229); B.2) Chaves Cave M Ia (n = 3,367) (Castanos Ugarte, 2004), Z Ia (n = 224), M Ib (n = 6,216) (Castanos
Ugarte, 2004), M* Ib (* indicates another zooarchaeologist’s assessment of the bone material from Chaves Ib; n = 4,992) (Sierra, 2019), and Z Ib (n = 49); C.2) Fosca
Cave M (n = 1,150) (Estévez, 1988) and Z (n = 129); D.2) La Draga’s taxonomic composition for M (n = 4,822) (Sana Segui, 2011) and Z (n = 86) (SI D).
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air site.

In general, the same families and genera were represented when
comparing the ZooMS and morphology-based taxonomic identifications
(Fig. 3, lower panel). Using ZooMS, Leporidae was identified at the sites
of Matutano (n = 2), Chaves (n = 3), and Fosca (n = 3), while six
H. sapiens fragments were identified at Chaves, Layer Ia. These two taxa
have, however, been excluded from Fig. 3, both from the ZooMS and
morphology parts. Leporidae have been omitted as human activities
likely have little to do with the accumulation of Leporidae, but rather
represent regurgitated pellets from birds of prey, probably mainly Bubo
bubo (Llorente Rodriguez, 2010). In addition, the sheer amount of Lep-
oridae registered within the morphologically assessed assemblages at
the caves of Chaves, Matutano, and Fosca would skew the general
taxonomic composition drastically. H. sapiens has been excluded from
further analysis as well since our focus lies on non-human mammals.

Furthermore, accounting for ZooMS identifications, two new genera,
Bos sp. and Equus sp., were identified at Matutano, though Bos sp. has
been recorded morphologically within a younger stratigraphic level of
Matutano (Watson, 1999).

In addition, focusing on major findings, Cervidae identified through
ZooMS is mainly C. elaphus, though four C. capreolus have been identi-
fied across the EN sites. The absence of C. capreolus at Matutano corre-
lates with the morphologically assessed bones (Watson, 1999).
Nevertheless, 50 % of all cervid identification could only be identified as
Cervidae mainly due to the lack of the peptide marker COL1a2 793-816
(Brown et al., 2021a; Buckley et al., 2009).

Focusing on the Caprinae identifications, the combination of a pro-
teomic and morphological approach may help untangle two issues, one
for each identification technique. In the case of Caprinae, ZooMS has a
taxonomic specificity limitation which means that, in the spatiotem-
poral context of the EN Iberian sites, Caprinae (not Capra sp.) could be
either O. aries or R. rupicapra, while Capra sp. could be C. hircus or
C. pyrenaica. For the LUP site, Matutano Cave, however, we can assume
that ZooMS-based identifications of Caprinae (not Capra sp.) and Capra
sp. relate respectively to R. rupicapra and C. pyrenaica. Additionally, the
sites of Chaves and La Draga deal with the issue of having large portions
of O. aries/C. hircus classifications within the morphologically assessed
component, between 60-80 %, a well-known issue amongst zooarch-
aeologists (Boessneck, 1970; Payne, 1969).

Using a hierarchical approach, suggestive ratio estimates of the
Caprinae composition for all contexts have been provided in Table 2.
Based on the output values, the three EN contexts of Chaves and La
Draga seem to have mainly been composed of C. hircus and O. aries,
though the majority consisted of the latter, especially for Chaves level Ib
(approx. 77 %). The predominance of O. aries within the Caprinae
assemblage suggests that sheep constituted the principal caprine
resource within the broader mixed farming economy (Antolin et al.,
2014), especially for Chaves (Sierra, 2019). The lower representation
of C. hircus indicates a complementary but secondary role for goats
(Navarrete et al., 2019), while the near absence of C. pyrenaica suggests
that hunting of wild caprines was of minimal economic significance
(Sana Segui, 2011). Matutano’s C. pyrenaica and R. rupicapra-ratio of
approx. 6:1 appears somewhat unchanged.

In the case of Fosca Cave, the script could not apply its standard logic
due to a specific limitation, namely the presence of both Caprinae and
Capra sp. in the data, without any higher resolution species like C. hircus
or C. pyrenaica. Since Capra sp. is the lowest assignable level in such a
case, the Caprinae percentages were manually distributed between
Capra sp. and O. aries, proportionally if both were present in the same
modality, or fully assigned to the one present if the other was absent.
Additionally, Caprinae (not Capra sp.) was allocated entirely to O. aries,
as no evidence supported the presence of R. rupicapra in the morpho-
logical record. Meanwhile, a zooarchaeological assessment of the bone
assemblage from the EN layers of Sector C suggests that the Capra sp.
fraction in Sector B primarily consisted of C. pyrenaica, accounting for up
to 98 % (Llorente Rodriguez, 2007).
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Table 2

Initial ZooMS and morphological Caprinae identification ratios, based on the
NISP, and the combined output. *Chaves has had Level Ib assessed by two
different zooarchaeologists (for more information see SI F). For code, search for

combining morph and ZooMS identifications of Caprinae species in.R-script.

Site Taxon Identification Output values (%)
approach
Morph ZooMS Morph  ZooMS  Combined
(%) (%)
ChavesIa  Caprinae 11.43
Caprinae 70.48
(not Capra
sp.)
Capra sp. 18.09
Ovis aries/ 86.49
Capra
hircus
Capra 4.59 41.5 21.73 31.61 +
hircus 9.89 SD
Capra 2.72 2.72 1.42 2.07 +
pyrenaica 0.65 SD
Ovis aries 6.18 55.78 76.85 66.32 +
10.54 SD
ChavesIb  Caprinae 25
Caprinae 65
(not Capra
sp.)
Capra sp. 10
Ovis aries/ 86.08;
Capra 72.59*
hircus
Capra 4.01; 23.73 14.31 19.02 +
hircus 3.99* 4.71 SD
Capra 2.85; 4.58 2.76 3.67 +
pyrenaica 6.3* 0.91 SD
Ovis aries 7.07; 71.7 82.92 77.31 +
17.11% 5.61 SD
Fosca Caprinae 1.81 4.69
Caprinae 9.375
(not Capra
sp.)
Capra sp. 96.51 85.94 98.29 90.63 94.46 +
3.83 SD
Ovis aries 1.67 1.7 9.38 5.54 +
5.43 SD
La Draga Caprinae 59.46
Caprinae 37.84
(not Capra
sp.)
Capra sp. 2.7
Ovis aries/ 60.05
Capra
hircus
Capra 18.91 47.95 31.17 39.56 +
hircus 8.39 SD
Capra 0.84 0.84 0.55 0.69 +
pyrenaica 0.15 SD
Ovis aries 20.19 51.21 68.29 59.75 +
8.54 SD
Matutano  Caprinae 28.57
Caprinae 5.71
(not Capra
sp.)
Capra sp. 65.71
Capra 83.33 83.33 89.52 86.43 +
pyrenaica 3.1SD
Rupicapra 16.67 16.67 10.48 13.57 +
rupicapra 3.1SD

This approach has further limitations as it assumes that both
morphological and proteomic data are equally reliable and representa-
tive, which may not hold across varying preservation conditions and
formation process histories. The proportional redistribution of ambig-
uous taxa also introduces potential bias, especially when one species
disproportionately dominates a category. Moreover, the current imple-
mentation does not incorporate sample size, confidence intervals, or
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uncertainty modeling, which restricts its ability to reflect the full range
of data variability. Ultimately, this workflow should be regarded as a
preliminary attempt to reconcile two identification systems under a
shared taxonomic framework. To evaluate its reliability, controlled
experimental validation is essential. Such experiments would involve
known faunal specimens that are deliberately fragmented and then
reanalysed using both morphological and proteomic methods.
Comparing the known taxonomic identities to those inferred by the
workflow would offer crucial insights into the accuracy, limitations, and
potential refinements of this approach.

3.2.1. Comparing NISP counts derived from ZooMS and morphology-based
identifications

Elaborating on Section 3.2., a few challenges exist in attempting to
compare the two taxonomic identifications methods and the results
thereof. Besides having to create broader taxonomic classifications to
compare datasets, it was difficult to conduct any meaningful intra- or
inter-site-specific statistical tests of the taxonomic distribution, as only
two to three data points exist for each context, at least within this study.
Nevertheless, in order to combine both morphologically and ZooMS-
identified bone specimens, and overcome the lack of data points, we
used a simulation-based bootstrap for resampling data presented in this
section and in Section 3.2.2, focusing on Bos sp., Caprinae, Cervidae,
Equus sp., and Sus sp. As ‘Carnivora’ and ‘Other’ respectively cover
mammal size classes from M. meles to U. arctos and Rodentia to Ele-
phantidae, the categories were excluded from further analysis.

Based on the five archaeological contexts examined in this study, the
relative proportions of Bos sp., Cervidae, and Equus sp. were signifi-
cantly higher in the component identified using ZooMS, whereas Cap-
rinae were significantly more abundant in the morphologically
identified component (two-tailed one-sample t-test, p = 0.001 for all
comparisons). In contrast, Sus sp. did not exhibit a significant bias to-
ward either taxonomic identification method (two-tailed one-sample t-
test, p = 0.183). Equus sp., which displays the lowest variation across
sites (1.903 SD) (Table 3), likely achieved statistical significance
because the bootstrap analysis consistently returned mean values
distinct from zero. In contrast, Sus sp., despite a higher mean relative
difference, exhibited greater variability (6.645 SD), resulting in a wider
bootstrap distribution that frequently overlapped with zero. This sug-
gests that fragment size-related identification biases may affect some
taxa more than others, though in cases like La Draga, where overall
variation between methods is minimal (3.482 SD), such biases seem
limited.

Despite various subsistence economic realities, occupation types,
environments, geographic location, and periods being represented

Table 3

The relative difference between taxonomic identification approaches in per-
centages. Negative values indicate a higher relative abundance of a given taxon
in the bone component identified through morphological means, whereas pos-
itive values indicate greater representation in the component analysed using
ZooMS (SI J). Standard deviations have been indicated for both sites and taxa.
Data is extracted before bootstrap analysis.

Site Relative difference (%) between identification SD
method across
Bossp.  Caprinae  Cervidae  Equus Sus sp. taxa
sp.
Chaves 6.753  —12.824 4.022 0.299 3.851 7.75
Cave, Ia
Chaves 13.027 -27.976  13.906 -0.112 5.282 17.104
Cave, Ib
Fosca Cave 0.579  -12.735 6.486 -0.797 5.889 7.743
La Draga 0.581 1.132 3.26 -4.913 3.482
Matutano 0.873 —-14.716 19.039 3.494 —8.689 12.918
Cave
SD across 5.513 10.321 6.862 1.903 6.645
contexts
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among the five archaeological contexts (see SI A for more information on
sites), consistent differences in taxonomic representation were generally
observed between the two identification methods. Bos sp., Cervidae, and
Equus sp. were significantly more represented in the ZooMS analysed
component, whereas Caprinae were significantly more represented in
the morphologically assessed component. As these components gener-
ally represent more and less fragmented bone specimens, respectively,
these differences may point towards taxon-specific patterns associated
with bone fragmentation. However, the magnitude of these differences
varied among contexts, likely reflecting their complex and distinct
taphonomic histories. Although it remains difficult to determine which
factors, or combinations of factors, drive these differences, the consis-
tency observed for some taxa raises the possibility that they may be more
frequently represented within particular fragment size groups. To
investigate whether these patterns extend beyond the assemblages
analysed here, we broadened the comparison in the following section
using previously published ZooMS and morphology-based datasets.

3.2.2. An additional regional comparison of NISP counts from ZooMS and
morphology-based identifications

As the sites included in this study represent four EN contexts, Fosca
Cave possibly reflecting a more herder-based economy in the EN group,
and one hunter-gatherer context, an additional 27 contexts (SI D) were
incorporated to assess the identification methods’ behaviour across a
broader temporal and subsistence economic spectrum. Here, a
simulation-based bootstrap was used to analyse data as well to accom-
modate limited data points. The contexts represent temporally approx.
300,000 years, several techno complexes and cultural periods, and a
geographical area encompassing most of Europe and East Asia (Bal-
Garcia et al., 2026; Boger et al., 2014; Brown et al., 2021b; Discamps
et al., 2019; He, 2016; Holloran et al., 2024; Lehmann, 1954; Luo et al.,
2009; Masini and Abbazzi, 1997; Morin et al., 2023; Morin and Soulier,
2017; Niven, 2006; Oertle et al., 2025; Raymond et al., 2024; Romandini
et al., 2020; Ruebens et al., 2024; Scott, 2018; Sinet-Mathiot et al., 2023,
2019; Smith et al., 2024; Tagliacozzo et al., 2013; Torres-Iglesias et al.,
2024; Vasiliev et al., 2018, 2017; Wang et al., 2024, 2023; Xia et al.,
2024). To encompass the spatiotemporal faunal diversity, the following
taxonomic categories will be used throughout the following paragraphs:
Bos sp./Bison sp., Caprinae, Cervidae, Equidae, and Suidae.

Bos sp./Bison sp. continues to be significantly more abundantly
represented in the ZooMS analysed component (two-tailed one-sample t-
test, p = 0.001), displaying the highest mean difference (11.4 4+ 21.07
SD) between the two identification methods across all taxa (Fig. 4).
Likewise, Equidae is more abundantly represented in the ZooMS ana-
lysed component (two-tailed one-sample t-test, p = 0.001). Similarly to
Bos sp./Bison sp., Equidae is generally characterised by either high
similarity between identification methods or a consistent bias toward
ZooMS identifications, with the exception of Vogelherd Cave, which
explain some of Equidae’s lower overall mean difference (4.07 + 21.57
SD). Vogelherd Cave’s morphologically assessed taxonomic composition
may, however, be skewed by the work of Lehmann (1954) as he only
included intact specimens, possibly overrepresenting less fragmented
taxa (Wang et al., 2024).

It is worth noting the consistent inflation of Bos sp./Bison sp. in the
ZooMS analysed component, or the close correspondence between
identification methods, regardless of spatiotemporal context. This
pattern has for some contexts been suggested as reflecting differential
processing, whereby larger-bodied taxa were more likely to be selec-
tively transported, processed, or preserved in ways that enhance their
representation in ZooMS analysed components Discamps et al., 2024;
Sinet-Mathiot et al., 2023, 2019). This may also apply to the other LTM-
sized taxon, Equidae. The overrepresentation of LTM-sized mammals in
the ZooMS component may result from their higher proportion of
trabecular bone, which is more prone to fragmentation, increasing their
susceptibility to post-depositional breakage relative to smaller taxa
(Bratlund, 1991; Morin et al., 2023).
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In contrast, Caprinae, Cervidae, and Suidae, all associated with size
classes MTM and STM3, are significantly more represented in the
morphologically assessed component (two-tailed one-sample t-test, p =
0.001 for all comparisons). While this trend contrasts with the pattern
observed for Bos sp./Bison sp. and Equidae (both classified as LTM), the
Cervidae group exhibits a less uniform pattern across contexts (mean
difference: —5.12 + 35.33 SD), an inconsistency that is less apparent in
Caprinae (—3.87 + 26.69 SD) and Suidae (—1.02 + 8.65 SD). Cervidae’s
skewed distribution is likely due to the relative larger proportion of
particularly Rangifer tarandus and Cervidae/Saiga tatarica registered via
morphological means at Les Cottés, Bacho Kiro (Layer I), and Les Fer-
rassie Sinet-Mathiot et al., 2023, sometimes displaying a four-fold in-
crease, and the lack of Cervidae uncovered via ZooMS at Yumidong Cave
(Wang et al., 2023). These abundant differences between taxonomic
identifications methods are not clearly understood yet, though Sinet-
Mathiot et al. (2023) suggests sample size, taphonomy, and site forma-
tion practices may explain the phenomenon, while Wang et al. (2023)
suggests, in regards to Yumidong Cave, that the challenges in differen-
tiating between cervids and bovids through ZooMS among East Asian
fauna may mask species diversity. This issue has been further high-
lighted in European contexts, particularly for R. tarandus and Capra sp.
in ZooMS analyses (Morin et al., 2023). Additionally, R. tarandus is more
easily distinguished morphologically from Bison sp. and Equidae, which
may further contribute to discrepancies between identification methods
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(Morin, 2012). However, at Le Piage (Raymond et al., 2024) and Saint-
Césaire (Morin et al., 2023), R. tarandus is the dominant species,
constituting respectively approx. 85 % and 45 %, and illustrates little
dissonance between the identification methods. These disparities in
Cervidae representation underscore the importance of contextual ana-
lyses of site formation processes to elucidate underlying fragmentation
patterns. Another example highlighting the importance of such
contextual analysis comes from bear remains from the Palaeolithic site
of GeiBenklosterle (Lee-Michaelis et al., 2026) showed a higher pro-
portional representation in the ZooMS analysed bone assemblage than in
the morphologically assessed assemblage in layers associated with
greater hominin activity. In the older layer, however, the opposite
pattern was observed. The authors suggested that this difference may
reflect bears dying naturally during the formation of the older layer,
with their remains undergoing relatively little taphonomic modification,
whereas in the younger layers, hominin access to bone marrow may
have resulted in more intensive fragmentation.

In general, Caprinae and Suidae appear to cluster more narrowly
around zero, suggesting a relatively higher similarity between the
identification methods. Chaves Cave, Level Ib, is especially noticeable in
the Caprinae group with the highest relative difference between iden-
tification approaches (SI J). The larger proportion of Caprinae identified
via morphological means may likely be explained by the relatively low
number of specimens successfully determined (n = 49). The skeletal
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element distribution of Level Ib probably does not explain the disso-
nance between identification methods, as the anatomical element
composition between Chaves Cave’s levels are indeed similar. Moreover,
removing Chaves Cave, Level Ib, from the bootstrap analysis does not
alter the overall significance of Caprinae's overrepresentation bias in the
morphologically analysed component, it merely reduces the mean dif-
ference between identification methods to —2.85 + 24.94 SD. Suidae
differs from the other taxonomic categories, as its NISP count across
morphologically and ZooMS assessed bone components for all pre-
Neolithic sites are low. The low abundance of Suidae osseous speci-
mens may not accurately reflect the true ZooMS-to-morphological
identification ratio in Pre-Neolithic sites, potentially affecting the dis-
tribution or suggesting statistical significance where none exists.
Caution is therefore advised when interpreting the comparability of
Suidae representation across identification methods.

Lastly, the morphological component may also include burned bones
and teeth, which are typically excluded from ZooMS analysis due to the
poor collagen preservation in thermally altered osseous tissues (Yates,
2013). In teeth, collagen type I (COL1) is restricted to the cementum
and dental pulp, and absent from enamel (Yamamoto et al., 2016).
Moreover, teeth are often identifiable morphologically due to their
distinctive features, further reducing chances of them being selected for
ZooMS. This can influence the overall taxonomic composition of
morphologically assessed bones, as exemplified at Cassenade, where
dental elements dominate the identified remains of carnivores and
Equidae (Discamps et al., 2024).

Similarly to what was observed in Section 3.2.1., Bos sp./Bison sp.
and Equidae are generally identified to a higher degree in the ZooMS
analysed bone specimens, representing smaller fragments, despite the
great cultural, technological, environmental, and geographical vari-
ability between archaeological contexts. However, incorporating addi-
tional sites into the analysis increased the heterogeneity of the Cervidae
component. It may be that the Cervidae group encompasses too many
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species, and such analysis would benefit from separating R. rangifer from
C. elaphus and S. tatarica. Caprinae was still generally overrepresented in
the morphologically assessed bone assemblages or found clustering
around zero, suggesting high similarity between identification methods,
as was the case with Suidae, though the latter represented the least
amount of data and sites available. Lastly, taphonomic histories
constitute a key factor in interpreting such data and an important lim-
itation of this analysis, having not been explored more in-depth. Rather
than being reduced to straightforward taxon-specific explanations, the
results should instead be understood as the product of multiple tapho-
nomic and human behavioral trajectories.

3.2.3. Comparison of maximum length and cortical thickness between
ZooMS analysed and morphologically assessed specimens from La Draga

Paying strict attention to the ZooMS analysed bone specimens of
Chaves, Fosca, La Draga, and Matutano, and examining the taxonomic
distribution across six intervals of maximum length (0-0.99, 1-1.99,
2-2.99, 3-3.99, 4-4.99, and > 5 cm) and cortical thickness (0-0.09,
0.1-0.19, 0.2-0.29, 0.3-0.39, 0.4-0.49, and > 0.5 c¢m), no immediate
pronounced differences are evident between taxa or mammal body-size
classes (Figs. 5 and 6; SI H and I). In regards to maximum length, this
corresponds with observations made at the Upper Palaeolithic sites of
Fumane (Sinet-Mathiot et al., 2019) and Picken’s Hole (Holloran et al.,
2024), at least for Bos sp./Bison sp., Caprinae, Cervidae, and Equidae,
and corresponds with Sus sp. based on the EN sites from this study.
Overall, neither maximum length nor cortical thickness appears to
significantly influence the distribution of taxon or mammal body-size
class across these categories.

Comparing the distribution of taxa identified via ZooMS (n = 82)
with those identified morphologically (n = 354; SI G) at La Draga across
the defined maximum length intervals, both identification methods
appear to perform adequately across all size categories (Fig. 7.A). No
metric data on the morphologically analysed specimens was available
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from the other sites, which is why the comparison is focused exclusively such bipolar distribution is not evident (Sinet-Mathiot et al., 2023). A
on La Draga. 40.34 % of Bos sp. specimens identified morphologically more pronounced threshold around 0.5 cm for morphologically identi-
were found in the > 5 cm maximum length interval, suggesting that at La fied specimens in the maximum cortical thickness is evident for Bos sp.,
Draga, morphological identification may rely on a higher size threshold. Caprinae, and Sus sp. (Fig. 7.B). Targeting bones with a cortical thick-
A similar pattern has been observed at the site of Bacho Kiro for Bos sp./ ness of less than 0.5 cm for ZooMS may therefore be beneficial for
Bison sp. Sinet-Mathiot et al., 2023, though it is not necessarily an capturing specimens that would otherwise remain unidentified through
exclusive pattern to that taxon, as demonstrated at Les Cottés where morphological analysis. However, employing a non-random selection
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strategy within the non-determined bone component could introduce
additional biases.

3.3. Preservation: Peptide markers and deamidation

As stated previously, the success rate for sufficient taxonomic iden-
tification varied between contexts. 730 out of 925 successful identifi-
cations were based on the combination of samples that were processed
once, mostly following the HCI protocol, and 141 samples that under-
went a re-extraction which included a NaOH cleaning step prior to
gelatinisation (see SI A). No samples from Matutano were reprocessed.

In regards to peptide markers, accounting for samples that were not
reprocessed and excluding the less successful twin of reprocessed sam-
ples, the sites of Matutano, Chaves, and Fosca performed somewhat
equally well with 6.59 + 2.46 SD out of 9 peptide markers observed
(Fig. 8, upper panel). Comparably fewer peptide markers were observed
within La Draga, namely 3.25 + 3.18 SD. Cave sites may have had a
preservation advantage over the open-air site, being less susceptible to
temperature and water table fluctuations, both assisting in preserving
collagen (Nielsen-Marsh and Hedges, 2000; Peters et al., 2023). In this
case, time does not seem to have affected the collagen preservation
within Chaves’ layers significantly (Welch Two-Sample t-test, p =
0.611), or, at least the approx. 5,000 year gap between the EN cave sites
and the LUP site of Matutano. However, the bone collagen preservation
between La Draga’s sectors, representing a dry/terrestrial (Sector A) and
a phreatic/waterlogged (Sector D) environment appears to have signif-
icantly impacted the collagen preservation (Welch Two-Sample t-test, p
= 0.001). This proteomic preservation difference between dry and
phreatic sectors has been documented previously at La Draga
(Asmundsdéttir et al., 2024; Hansen et al.,, 2024a; Le Meillour et al.,
2024). The greater degree of preservation observed in the phreatic
sector may be attributed to anaerobic conditions, whereas the poor
collagen preservation in the terrestrial Sector A could result from a more
advanced stage of weathering, although similar weathering conditions
have also been observed at Fosca (SI Fig. A1). Additionally, dry sediment
has a lower heat capacity than saturated sediment (Guo and Ma, 2018),
which could have caused greater temperature fluctuations in Sector A
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than within Sector D, possibly advancing the loss of bone collagen in
Sector A. However, it is difficult to temporally assess how long Sector A
has been dry, and the amount and extent of water fluctuations which
have occurred throughout time. Therefore, though explanations for the
preservation difference between sectors can be observed both visually
(Sana et al., 2013) and proteomically, the exact taphonomic processes
and their share in collagen deterioration is difficult to assess.

In contrast, time did have a significant impact on deamidation rates.
In this study, we focused on the glutamine (Q) deamidation calculated
from the peptide COL1al 508-519. This is because glutamine is more
stable and thus has a slower deamidation rate over asparagine (N), while
the COL1al 508-519 peptide has a slow deamidation rate in contrast to
other peptides (Nair et al., 2023; Simpson et al., 2016; Wilson et al.,
2012). Furthermore, the peptide has an identical amino acid sequence
between the terrestrial mammals identified in this study, implying that
primary structure cannot have affected the observed deamidation
values. Deamidation is a post-translational modification (PTM) that can
be affected by temperature, pH, batch effect, direct side chain hydrolysis
and ionic strength, among others, during diagenesis, and in vivo
(Schroeter and Cleland, 2016; Wilson et al., 2012; Yang et al., 2025).
However, due to the relatively strong stability of glutamine deamida-
tion, it has proven useful as an indicator of collagen authenticity (Welker
et al., 2017; Xia et al., 2024).

Unsurprisingly, the LUP site of Matutano has a significantly
advanced deamidation rate, or a-value, compared with the EN sites
(John Tukey’s HSD, p = 0.001; Fig. 8, lower panel). Even within the two
stratigraphic layers of Chaves, a significant difference could be detected
(Mann-Whitney U, p = 0.034), the older Level Ib having more advanced
deamidation. Likewise, a significant difference was detected between La
Draga’s two sectors (Mann-Whitney U, p = 0.024), with the phreatic
sector trending towards a more progressed deamidation rate. When
comparing deamidation rates between sites and the broad categorisation
of skeletal elements (cranium, axial, and limb bones), maximum length,
maximum cortical thickness, as well as weathering stage, using a two-
way ANOVA, no significant differences were found. This is in accor-
dance with previous studies on Palaeolithic bone assemblages (Smith
etal., 2024; Welker et al., 2017; Xia et al., 2024). A significant difference
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Fig. 8. Upper panel) Boxplot indicating peptide marker distribution across contexts (SI B). Both p-values are based on Welch Two-Sample t-test, one comparing the
Cave of Chaves’ stratigraphic layers, and another comparing La Draga’s sectors. Dots indicate individual data points and are jittered for visual purposes. Lower
panel) Deamidation rate of COL1al 508-519. An a-value of 1 indicates no deamidation, while 0 suggests full deamidation. Both p-values are based on Mann-Whitney
U test, one comparing the Cave of Chaves’ stratigraphic layers, and another comparing La Draga’s sectors. Dots are individual data points.
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was found, however, between the taxonomic origin (two-way ANOVA, p
= 0.023), though, after a closer inspection using a John Tukey’s HSD
test, most differences seemed to be related to the taxonomic specifica-
tion of “No ID”, which usually have more advanced deamidation rates,
perhaps related to the more progressed collagen deterioration of those
specific specimens.

All samples were demineralised with HCl, which is known to increase
the a-value, imitating a less advanced deamidation (Simpson et al.,
2016) compared with samples treated with the AmBic protocol (van
Doorn et al., 2011). Furthermore, the pH-values could be recovered
from the sites of Fosca and La Draga which respectively were 7.8 to 8.1
(Estévez, 1988) and 8.4 (level V11) to 8.9 (lacustrine layers). Though it is
nearly impossible to recreate the pH-values for each site at a temporal
level, the slightly alkaline pH of La Draga may have caused the accel-
erated deamidation rates observed within Sector D, however, the pH-
value from Sector A is needed to confirm this. The continuously
waterlogged nature of the La Draga, Sector D, bone specimens could also
have caused the more advanced deamidation compared to those of
Sector A. The specimens being in “solution” may have precipitated
further side-chain hydrolysis, though this is speculative. Additionally,
the batch effect may also have significantly affected deamidation values
as well as an accumulation of phosphates in the surrounding soil, e.g.
originating from manure, as suggested by Yang et al. (2025).

4. Conclusions

This study assessed how ZooMS and morphology-based taxonomic
identifications differ across Late Upper Palaeolithic and Early Neolithic
bone assemblages from the northeastern Iberian Peninsula, and whether
patterns observed within these assemblages persist across broader
temporal, geographic, and cultural contexts. Across both the Iberian
dataset and the expanded comparative framework, LTM taxa, particu-
larly Bos sp./Bison sp. and Equidae, were generally more abundant in the
ZooMS analysed component, whereas MTM- and STM-sized taxa,
including Caprinae, Cervidae, and Suidae, tended to be more repre-
sented in the morphologically assessed component. However, the
magnitude and consistency of these differences varied among taxa and
archaeological contexts, with some sites, such as La Draga, showing
comparatively little divergence between identification methods. Vari-
ability was particularly pronounced among Cervidae, suggesting that
broader taxonomic groupings may obscure species-specific patterns and
that, where data permit, separating individual cervid taxa may provide a
clearer understanding of differences in taxonomic composition between
identification methods. Together, these variations indicate that the
observed patterns are neither universal nor adequately explained by
body-size or taxonomic affiliation alone.

The underlying variation of these broader patterns highlights the
importance of bone assemblage formation processes when interpreting
differences between ZooMS analysed and morphologically assessed
specimens. The two approaches generally operate on differently frag-
mented portions of archaeological bone assemblages, with ZooMS
enabling taxonomic identification of highly fragmented specimens that
may not retain sufficient diagnostic features for morphological identi-
fication. At La Draga, comparisons of maximum length and cortical
thickness provided further insight into these differences. In particular,
the representation of ZooMS analysed specimens below approximately
0.5 cm in maximum cortical thickness suggests that ZooMS may facili-
tate taxonomic identification of specimens that are less likely to be
resolved morphologically. However, neither maximum length nor
cortical thickness alone appeared to explain inter-taxonomic variation
within the ZooMS analysed assemblages. The observed threshold should
therefore not be regarded as a general boundary between the two
identification approaches, but rather as a pattern specific to the material
examined here that warrants further investigation. More broadly, taxon-
and body-size-related differences between identification methods
should not be interpreted as intrinsic properties of particular taxa, as
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their expression within individual assemblages may be shaped by
context-specific taphonomic histories that influence fragmentation and,
consequently, taxonomic identifiability.

For the archaeology of the Iberian Peninsula, and in general, these
findings are particularly relevant as ZooMS is increasingly applied to
highly fragmented faunal material. The comparison of Early Neolithic
assemblages characterised by different subsistence and occupation sys-
tems with a Late Upper Palaeolithic context suggests that differences
between ZooMS and morphological taxonomic compositions are not
restricted to Palaeolithic assemblages. Furthermore, the preliminary
integration of ambiguous Caprinae identifications further illustrates the
potential value of combining information from both approaches rather
than treating their taxonomic outputs as independent assemblages.
Although further validation is required, such integrative approaches
may be particularly useful in contexts where the taxonomic resolution of
either identification method alone is limited.

More broadly, the findings support previous studies indicating that
morphology-based and ZooMS identifications should be regarded as
complementary rather than interchangeable sources of zooarchaeo-
logical information. Further investigation is needed to determine
whether the patterns observed here extend to a wider range of taxo-
nomic groups and body-sizes. This includes disentangling patterns
among carnivores of different sizes, small mammals such as rodents, and
very large-bodied taxa such as Rhinocerotoidea and Elephantidae, as
well as extending comparative approaches beyond mammals to other
vertebrate groups, including birds and fish. Expanding such compari-
sons across taxonomic groups, archaeological contexts, and geographic
regions could provide a stronger basis for understanding how ZooMS
and morphology-based assessments access different components of
archaeological bone assemblages and how their integration may
contribute to more comprehensive reconstructions of past faunal com-
munities and subsistence practices.

CRediT authorship contribution statement

Jakob Hansen: Writing — review & editing, Writing — original draft,
Visualization, Validation, Software, Project administration, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Krista McGrath: Writing — review & editing, Writing — original draft,
Validation, Resources, Methodology, Investigation. Mar Martinez
Miralles: Writing — review & editing, Writing — original draft, Meth-
odology, Investigation. Vanessa Navarrete: Writing — review & editing,
Methodology, Investigation. Alejandro Sierra: Writing — review &
editing, Methodology, Investigation. Ingrid Bertin: Writing — review &
editing, Investigation. Martha Munoz Alegre: Writing — review &
editing, Investigation. Tina Ravnsborg: Writing — review & editing,
Resources, Investigation. Ole N. Jensen: Writing — review & editing,
Resources. Xavier Terradas: Writing — review & editing, Resources.
Antoni Palomo: Writing — review & editing, Resources. Raquel Piqué:
Writing - review & editing, Resources. Pilar Utrilla: Writing — review &
editing, Resources. José Maria Rodanés Vicente: Writing — review &
editing, Resources. Gustau Aguilella: Writing — review & editing, Re-
sources. Didac Roman: Writing — review & editing, Resources. Ignacio
Clemente Conte: Writing — review & editing, Supervision. Frido
Welker: Writing — review & editing, Writing — original draft, Validation,
Supervision, Resources, Conceptualization. Maria Sana Segui: Writing
- review & editing, Writing — original draft, Validation, Resources,
Methodology, Investigation, Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



J. Hansen et al.
Acknowledgments

This project has received funding from the European Union’s Hori-
zon 2020 research and innovation programme under the Marie Skto-
dowska-Curie grant agreement No 956351 (ChemArch), M.S and F.W. In
addition, this research has been made possible through funding of the
Ministerio de Economia y Competitividad, Spain: PID2023-152137NB-
100 (M.S.), PID2020-115205 GB-100, (I.C.), ICREA Academia by M.S.,
and from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program, grant agree-
ment no. 948365, awarded to F.W. This work furthermore contributes to
EarlyFoods (Evolution and impact of early food production systems:
2021 SGR 00527) and to AGAUR 2021 SGR 501 (Archaeology of Social
Dynamics). MS analysis on the timsTOF flex instrument was supported
by the INTEGRA research infrastructure at SDU (Novo Nordisk Foun-
dation, grant no. NNF200C0061575 to O.N.J).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jasrep.2026.106017.

Data availability

Proteomic data is available on Zenodo.org (https://doi.org/
10.5281/zenodo.17288657).

References

Alados, C.L., 1985. Distribution and status of the Spanish Ibex (Capra pyrenaica). In:
Lovari, S. (Ed.), The Biology and Man- Agement of Mountain Ungulates. Croom-
Helm, Beckenham, UK, pp. 204-211.

Albiol, A., Galobart, Q., Martin, M., Menéndez, S., 1999. Estudio de la macrofauna del
sector 2. In: Olaria Puyoles, C. (Ed.), Cova Matutano (vilafamés, Plana Alta,
Castellon): Un Modelo Ocupacional Del Magdaleniense Superior-Final En La
Vertiente Mediterranea Peninsular. Servei d’Investigacions Arqueologiques i
Prehistoriques, Castelld, pp. 297-307.

Alves, P.C., Melo-Ferreira, J., Freitas, H., Boursot, P., 2008. The ubiquitous mountain
hare mitochondria: multiple introgressive hybridization in hares, genus Lepus.
Philos. Trans. r. Soc. Lond. B Biol. Sci. 363, 2831-2839.

Antolin, F., Buxd, R., Jacomet, S., Navarrete, V., Sana, M., 2014. An integrated
perspective on farming in the early Neolithic lakeshore site of La Draga (Banyoles,
Spain). Environ. Archaeol. 19, 241-255.

Asmundsdéttir, R.D., Hansen, J., Fagernas, Z., Troché, G., Olsen, J.V., Sana Segui, M.,
Welker, F., 2024. Early Holocene preservation differences between cortical and
trabecular bone proteomes. J. Archaeol. Sci. Rep. 57, 104643.

Bal-Garcia, H., Brown, S., Rey-Rodriguez, 1., Diaz-Rodriguez, M., Ferndndez-
Rodriguez, C., Ibanez-Encinas, A., de Lombera-Hermida, A., Mosquera-Castro, T.,
Rodriguez-Alvarez, X.P., Fabregas-Valcarce, R., 2026. Expanding the faunal
interpretation of the Cova Eir6s (NW Iberia) middle paleolithic—early Upper
Paleolithic record with ZooMS. Int. J. Osteoarchaeol. 36, 576-588.

Behrensmeyer, A.K., 1978. Taphonomic and écologie information from bone weathering.
Paleobiology 4, 150-162.

Berndldez-Sanchez, E., Garcia-Vinas, E., Sanguino, F., Villalén, D., Leonard, J.A., 2024.
Equids (Equus sp.) in southern Spain from the Palaeolithic to the Bronze Age.

J. Quat. Sci. 39, 261-276.

Boger, U., Starkovich, B.M., Conrad, N.J., 2014. New insights gained from faunal
material recovered during latest excavations Vogelherd Cave. Mitteilungen Der
Gesellschaft Fiir Urgeschichte 23.

Bondetti, M., Gonzalez Carretero, L., Dolbunova, E., McGrath, K., Presslee, S.,
Lucquin, A., Tsybriy, V., Mazurkevich, A., Tsybriy, A., Jordan, P., Heron, C.,
Meadows, J., Craig, O.E., 2021. Neolithic farmers or Neolithic foragers? Organic
residue analysis of early pottery from Rakushechny Yar on the lower Don (Russia).
Archaeol. Anthropol. Sci. 13, 141.

Bovy, K.M., Etnier, M.A., Butler, V.L., Campbell, S.K., Shaw, J.D., 2019. Using bone
fragmentation records to investigate coastal human ecodynamics: a case study from
cixwicen (Washington State, USA). J. Archaeol. Sci. Rep. 23, 1168-1186.

Bratlund, B., 1991. The Bone remains of Mammals and Birds from the Bjgrnsholm Shell-
Mound: a Preliminary Report. J. Dan. Archaeol. 10, 97-104.

Brown, S., Douka, K., Collins, M.J., Richter, K.K., 2021a. On the standardization of
ZooMS nomenclature. J. Proteomics 235, 104041.

Brown, S., Wang, N., Oertle, A., Kozlikin, M.B., Shunkov, M.V., Derevianko, A.P.,
Comeskey, D., Jope-Street, B., Harvey, V.L., Chowdhury, M.P., Buckley, M.,
Higham, T., Douka, K., 2021b. Zooarchaeology through the lens of collagen
fingerprinting at Denisova Cave. Sci. Rep. 11, 15457.

15

Journal of Archaeological Science: Reports 75 (2026) 106017

Buckley, M., Collins, M.J., 2011. Collagen Survival its Use Species Identification
Holocene-Lower Pleistocene Bone Fragments from British Archaeological
Paleontological Sites. Antiqua 1.

Buckley, M., Collins, M., Thomas-Oates, J., Wilson, J.C., 2009. Species identification by
analysis of bone collagen using matrix-assisted laser desorption/ionisation time-of-
flight mass spectrometry. Rapid Commun. Mass Spectrom. 23, 3843-3854.

Buckley, M., Harvey, V.L., Chamberlain, A.T., 2017. Species identification and decay
assessment of Late Pleistocene fragmentary vertebrate remains from Pin Hole Cave
(Creswell Crags, UK) using collagen fingerprinting. Boreas 46, 402-411.

Buckley, M., Kansa, S.W., 2011. Collagen fingerprinting of archaeological bone and teeth
remains from Domuztepe, South Eastern Turkey. Archaeol. Anthropol. Sci. 3,
271-280.

Buckley, M., Whitcher Kansa, S., Howard, S., Campbell, S., Thomas-Oates, J., Collins, M.,
2010. Distinguishing between archaeological sheep and goat bones using a single
collagen peptide. J. Archaeol. Sci. 37, 13-20.

Bunn, H.T., 1986. Patterns of skeletal representation and hominid subsistence activities
at Olduvai Gorge, Tanzania, and Koobi Fora. Kenya. J. Hum. Evol. 15, 673-690.

Canty, A., Ripley, B., 2022. boot: Bootstrap R (S-Plus) Functions.

Cardoso, J.L., Antunes, M.T., 1989. Rupicapra rupicapra (Mammalia) in the Late
Pleistocene of Portugal. Ciénc. Terra - Earth Sci. J. 10, 81-96.

Castanos, J., Castanos, P., Murelaga, X., 2016. First complete skull of a Late Pleistocene
Steppe Bison (Bison priscus) in the Iberian Peninsula. Ameghiniana 53, 543-551.

Castanos Ugarte, P., 2004. Estudio arqueozooldgico de los macromamiferos del Neolitico
de la cueva de Chaves (Huesca). Salduie 125-171.

Culley, C., Janzen, A., Brown, S., Prendergast, M.E., Shipton, C., Ndiema, E.,

Petraglia, M.D., Boivin, N., Crowther, A., 2021. Iron Age hunting and herding in
coastal eastern Africa: ZooMS identification of domesticates and wild bovids at
Panga ya Saidi. Kenya. J. Archaeol. Sci. 130, 105368.

Dammers, K., 2015. Using Osteohistology for Ageing and Sexing, in: Recent Advances in
Ageing and Sexing Animal Bones. Oxbow Books, pp. 9-39.

Davis, S.J.M., Svensson, E.M., Albarella, U., Detry, C., Gotherstrom, A., Pires, A.E.,
Ginja, C., 2012. Molecular and osteometric sexing of cattle metacarpals: a case study
from 15th century AD Beja. Portugal. J. Archaeol. Sci. 39, 1445-1454.

Davis, S., MacKinnon, M., 2009. Did the Romans bring fallow deer to Portugal? Environ.
Archaeol. 14, 15-26.

de Carvalho, C.N., Muniz, F., Céceres, L.M., Belatstegui, Z., Rodriguez-Vidal, J., Belo, J.,
Moreira, N., Cachao, M., Cunha, P.P., Figueiredo, S., Galan, J.M., Zhang, Y.,
Gomez, P., Toscano, A., Ruiz, F., Ramirez-Cruzado, S., Giles-Guzman, F.,
Finlayson, G., Finlayson, S., Finlayson, C., 2022. Aurochs roamed along the SW coast
of Andalusia (Spain) during Late Pleistocene. Sci. Rep. 12, 9911.

de los Terreros, J.Y.S., 2001. La subsistencia en el Pleistoceno Superior en la Peninsula
Ibérica: problemas tafonémicos y zooarquelégicos. Espac. Tiempo Forma Ser.
Prehist. Arqueol. 14, 47-78.

Desmond, A., Barton, N., Bouzouggar, A., Douka, K., Fernandez, P., Humphrey, L.,
Morales, J., Turner, E., Buckley, M., 2018. ZooMS identification of bone tools from
the North african later Stone Age. J. Archaeol. Sci. 98, 149-157.

Discamps, E., Bachellerie, F., Baillet, M., Sitzia, L., 2019. The use of spatial taphonomy
for interpreting Pleistocene palimpsests: an interdisciplinary approach to the
Chatelperronian and carnivore occupations at Cassenade (Dordogne, France).
PaleoAnthropology 2019, 362-388.

Discamps, E., Ruebens, K., Smith, G.M., Hublin, J.-J., 2024. Can ZooMS Help Assess
Species Abundance in Highly Fragmented Bone Assemblages? Integrating
Morphological and Proteomic Identifications for the Calculation of an Adjusted
ZooMS-eNISP. PaleoAnthropology.

Estévez, J., 1988. Estudio de los restos faunisticos. In: Olaria, C. (Ed.), Cova Fosca : Un
Asentamiento Meso-Neolitico De Cazadores Y Pastores En La Serrania Del Alto
Maestrazgo. Diputacion de Castellon, Castelld, pp. 281-337.

Evans, Z., Paskulin, L., Rahemtulla, F., Speller, C.F., 2023. A comparison of minimally-
invasive sampling techniques for ZooMS analysis of bone artifacts. J. Archaeol. Sci.
Rep. 47, 103738.

Fagan, B.M., 2022. Research in retrospect: the animal bones from Daima, northeast
Nigeria. J. Afr. Archaeol. 1-9.

Fox, J., Weisberg, S., 2019. An R Companion to Applied Regression, 3rd edition. Sage.

France, D.L., 2009. Human and Nonhuman Bone Identificacion: A Color Atlas. CRC Press,
Taylor & Francis Group, Boca Raton.

Garcia-Vazquez, A., Vaqueiro-Rodriguez, M., Guitidn Fernandez, E., Grandal-
d’Anglade, A., 2021. Morphological, isotopic and proteomic study of the Pleistocene
and Holocene fauna of Cova dos Santos (Abadin, Lugo, NW Spain). Span. J.
Palaeontol. 36. https://doi.org/10.7203/sjp.36.2.21870.

Gibb, S., 2023. MALDIquantForeign: import/export routines for MALDIquant.

Gibb, S., Strimmer, K., 2012. MALDIquant: a versatile R package for the analysis of mass
spectrometry data. Bioinformatics 28, 2270-2271.

Goémez-Olivencia, A., Arceredillo, D., Alvarez-Lao, D.J., Garate, D., San Pedro, Z.,
Castanos, P., Rios-Garaizar, J., 2013. New evidence for the presence of reindeer
(Rangifer tarandus) on the Iberian Peninsula in the Pleistocene: an
archaeopalaeontological and chronological reassessment. Boreas 43, 286-308.

Gonzales, G., 1982. Eco-ethologie des ongulés de montagne, aproche evolutive. Acta
Biol. Mont. 1, 121-152.

Guo, Y., Ma, J., 2018. Temperature rise of seawater simulation under the influence of
sediment-water heat exchange. Water (basel) 10, 656.

Hansen, J., Dekker, J., Troché, G., Fagernas, Z., Olsen, J.V., Sana, M., Welker, F., 2024.
A Comparative Study of Commercially Available, Minimally Invasive, Sampling
Methods on Early Neolithic Humeri Analysed Via Palaeoproteomics. J. Archaeol. Sci.
167, 106002.

Hansen, J., Sierra, A., Mata, S., Gassiot Ballbe, E., Rey Lanaspa, J., Welker, F., Sana
Segui, M., Clemente Conte, 1., 2024. Combining traceological analysis and ZooMS on


https://doi.org/10.1016/j.jasrep.2026.106017
https://doi.org/10.1016/j.jasrep.2026.106017
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0005
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0005
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0005
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0010
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0010
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0010
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0010
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0010
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0015
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0015
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0015
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0020
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0020
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0020
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0025
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0025
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0025
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0030
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0030
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0030
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0030
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0030
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0035
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0035
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0040
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0040
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0040
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0045
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0045
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0045
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0050
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0050
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0050
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0050
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0050
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0055
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0055
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0055
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0060
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0060
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0065
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0065
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0070
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0070
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0070
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0070
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0075
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0075
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0075
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0080
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0080
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0080
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0085
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0085
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0085
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0090
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0090
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0090
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0095
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0095
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0095
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0100
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0100
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0110
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0110
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0115
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0115
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0120
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0120
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0125
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0125
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0125
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0125
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0135
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0135
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0135
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0140
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0140
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0145
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0145
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0145
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0145
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0145
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0155
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0155
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0155
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0170
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0170
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0170
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0175
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0175
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0175
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0180
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0180
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0185
https://doi.org/10.7203/sjp.36.2.21870
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0205
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0205
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0210
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0210
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0210
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0210
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0215
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0215
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0220
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0220
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0225
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0225
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0225
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0225
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0230
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0230

J. Hansen et al.

Early Neolithic bone artefacts from the cave of Coro Trasito, NE Iberian Peninsula:
Cervidae used equally to Caprinae. PLoS One 19, e0306448.

He, C., 2016. The lithic industry and human behaviourat at Yumidong site (PhD). Jilin
University, Changchun.

Holloran, F., Frémondeau, D., Wilson, L., Martin, L., Stevens, R.E., 2024. Integrating
Morphology and ZooMS-Identified Fauna Provides Insights into Species Diversity
and Neanderthal - Carnivores Interactions in Shared Landscapes: evidence from
Picken’s Hole, Britain. PaleoAnthropology 2, 335-360.

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous Inference in General Parametric
Models. Biom. J. 50, 346-363.

Huvitfeldt, E., 2021. paletteer: Comprehensive Collection of Color Palettes.

Janzen, A., Richter, K.K., Mwebi, O., Brown, S., Onduso, V., Gatwiri, F., Ndiema, E.,
Katongo, M., Goldstein, S.T., Douka, K., Boivin, N., 2021. Distinguishing african
bovids using Zooarchaeology by Mass Spectrometry (ZooMS): New peptide markers
and insights into Iron Age economies in Zambia. PLoS One 16, e0251061.

Jensen, T.Z.T., Sjostrom, A., Fischer, A., Rosengren, E., Lanigan, L.T., Bennike, O.,
Richter, K.K., Gron, K.J., Mackie, M., Mortensen, M.F., Sgrensen, L., Chivall, D.,
Iversen, K.H., Taurozzi, A.J., Olsen, J., Schroeder, H., Milner, N., Sgrensen, M.,
Collins, M.J., 2020. An integrated analysis of Maglemose bone points reframes the
Early Mesolithic of Southern Scandinavia. Sci. Rep. 10, 17244.

Kassambara, A., 2023. ggpubr: “ggplot2” Based Publication Ready Plots.

Kirby, D.P., Buckley, M., Promise, E., Trauger, S.A., Holdcraft, T.R., 2013. Identification
of collagen-based materials in cultural heritage. Analyst 138, 4849-4858.

Kolde, R., 2019. pheatmap: Pretty Heatmaps.

Lee-Michaelis, L.E., Miinzel, S.C., Kitagawa, K., Saunders, M.A., Yang, F., Starkovich, B.
M., Conard, N.J., Brown, S., 2026. The influence of fragmentation on a combined
ZooMS and zooarchaeological study at GeiBenklosterle Cave in the Swabian Jura.
Southwestern Germany. J. Archaeol. Sci. Rep. 71, 105692.

Lehmann, U., 1954. Die Fauna des “Vogelherds” bei Stetten ob Lontal (Wiirttemberg).
Neues Jahrb. Geol. Palaontol. 99, 33-146.

Le Meillour, L., Sinet-Mathiot, V., Asmundsdéttir, R.D., Hansen, J., Mylopotamitaki, D.,
Troché, G., Xia, H., Bethencourt, J.H., Ruebens, K., Smith, G.M., Fagernés, Z.,
Welker, F., 2024. Increasing Sustainability in Palaeoproteomics by Optimising
Digestion times for Large-Scale Archaeological Bone Analyses. iScience 27, 109432.

Lira, J., Linderholm, A., Olaria, C., Brandstrom Durling, M., Gilbert, M.T.P., Ellegren, H.,
Willerslev, E., Lidén, K., Arsuaga, J.L., Gotherstrom, A., 2010. Ancient DNA reveals
traces of Iberian Neolithic and Bronze Age lineages in modern Iberian horses. Mol.
Ecol. 19, 64-78.

Llorente Rodriguez, L., 2010. The Hares from Cova Fosca (Castellon, Spain).
Archaeofauna 19, 59-97.

Llorente-Rodriguez, L., Ruiz-Garcia, J.-J., Morales-Muniz, A., 2014. Herders or hunters?
Discriminating butchery practices through phalanx breakage patterns at Cova Fosca
(Castelldn, Spain). Quat. Int. 330, 61-71.

Lopez Gonzalez, F., Vila Taboada, M., d’Anglade, G., 1999. Sobre los grandes bovidos
pleistocenos (Bovidae, Mammalia) en el NO de la Peninsula Ibérica. Cad. Lab. Xeol.
Laxe 24, 57-71.

Luo, P., Wei, J., Wang, X., Tang, Z., 2009. Research on the late pleistocene fauna and its
palaeoecological environment at the Jinsitai Cave site. China Academic Journal
Electronic Publishing House.

Marques, J.P., Farelo, L., Vilela, J., Vanderpool, D., Alves, P.C., Good, J.M., Boursot, P.,
Melo-Ferreira, J., 2017. Range expansion underlies historical introgressive
hybridization in the Iberian hare. Sci. Rep. 7, 40788.

Masini, F., Abbazzi, L., 1997. L’associazione di mammiferi della Grotta di Castelcivita. In:
Gambassini, P. (Ed.), Il Paleolitico Di Castelcivita, Cultura E Ambiente. Electa Napoli,
Napoli, Italy, pp. 33-59.

McGrath, K., Montes, T.A.K. da S., Fossile, T., da Rocha Bandeira, D., Borba, F.M.,
Cremer, M.J., van der Sluis, L.G., Higham, T., Klahold Rosa, A.P., Sana, M., Colonese,
A.C., 2026. Molecular and zooarchaeological identification of 5000 year old whale-
bone harpoons in coastal Brazil. Nat. Commun. 17, 48.

McGrath, K., Rowsell, K., Gates St-Pierre, C., Tedder, A., Foody, G., Roberts, C.,
Speller, C., Collins, M., 2019. Identifying Archaeological Bone via Non-Destructive
ZooMS and the Materiality of Symbolic Expression: examples from Iroquoian Bone
Points. Sci. Rep. 9, 11027.

Morin, E., 2012. Reassessing Paleolithic Subsistence: the Neandertal and Modern Human
Foragers of Saint-Césaire. Cambridge University Press, Cambridge, England.

Morin, E., Soulier, M.C., 2017. The Paleolithic faunal remains from Crvena Stijena. In:
Whallon, R. (Ed.), Crvena Stijena in Cultural and Ecological Context. Multidisciplinary
Archaeological Research in Montenegro, National Museum of Montenegro,
Montenegrin Academy of Sciences and Arts, Podgorica, pp. 266-294.

Morin, E., Oldfield, E.-M., Bakovi¢, M., Bordes, J.-G., Castel, J.-C., Crevecoeur, L.,
Rougier, H., Monnier, G., Tostevin, G., Buckley, M., 2023. A double-blind
comparison of morphological and collagen fingerprinting (ZooMS) methods of
skeletal identifications from Paleolithic contexts. Sci. Rep. 13, 18825.

Nair, B., Palomo, L.R., Markussen, B., Wiuf, C., Fiddyment, S., Collins, M.J., 2023.
Parchment Glutamine Index (PQI): a novel method to estimate glutamine
deamidation levels in parchment collagen obtained from low-quality MALDI-TOF
data. Peer Community J. 3. https://doi.org/10.24072/pcjournal.230.

Navarrete, V., Tornero, C., Balasse, M., Sana, M., 2019. Food management of early
introduced caprine and bovine herds in the early Neolithic site of La Draga
(Banyoles): an isotopic approach. Int. J. Osteoarchaeol. 29, 986-998.

Nel, T.H., Peters, C., Richter, K.K., Henshilwood, C., van Niekerk, K., Douka, K., 2023.
Peptide mass fingerprinting as a tool to assess micromammal biodiversity in
Pleistocene South Africa: the case of Klipdrift Shelter. Quat. Sci. Rev. 322, 108380.

Niedermeyer, T.H.J., Strohalm, M., 2012. mMass as a software tool for the annotation of
cyclic peptide tandem mass spectra. PLoS One 7, €44913.

16

Journal of Archaeological Science: Reports 75 (2026) 106017

Nielsen-Marsh, C.M., Hedges, R.E.M., 2000. Patterns of diagenesis in bone I: the effects of
site environments. J. Archaeol. Sci. 27, 1139-1150.

Niven, L., 2006. Palaeolithic Occupation Vogelherd Cave : Implications Subsistence
Behavior late neanderthals Early Modern Humans. Kerns Verlag, Tiibingen,
Germany.

Oertle, A., Crezzini, J., Moroni, A., Ronchitelli, A., Benazzi, S., Falcucci, A., Marciani, G.,
Rossini, M., Martini, I., Arrighi, S., Higham, T., Boschin, F., Douka, K., 2025. New
insights from the application of ZooMS to Late Pleistocene fauna from Grotta di
Castelcivita, southern Italy. Sci. Rep. 15, 25906.

Peters, C., Richter, K.K., Manne, T., Dortch, J., Paterson, A., Travouillon, K., Louys, J.,
Price, G.J., Petraglia, M., Crowther, A., Boivin, N., 2021. Species identification of
Australian marsupials using collagen fingerprinting. R. Soc. Open Sci. 8, 211229.

Peters, C., Wang, Y., Vakil, V., Cramb, J., Dortch, J., Hocknull, S., Lawrence, R.,
Manne, T., Monks, C., Rossner, G.E., Ryan, H., Sviersson, M., Ziegler, T., Louys, G.J.
P., Boivin, N., Collins, M.J., 2023. Bone collagen from subtropical Australia is
preserved for more than 50,000 years. Commun. Earth Environ. 4. https://doi.org/
10.1038/543247-023-01114-8.

Peters, J., Helmer, D., Von den Driesch, A., Sana Segui, M., 1999. Early animal
husbandry in the northern Levant. Paléorient 25, 27-48.

Pfeiffer, T., 1999. Systematic relationship between Bovini special references fossil taxa
Bos primigenius Bojanus Bison priscus Bojanus. In: Weniger, G. (Ed.), Archaologie Und
Biologie Des Auerochsen. Neanderthal Museum, Mettmann, Germany, pp. 59-70.

Pilaar Birch, S.E., Scheu, A., Buckley, M., Cakirlar, C., 2019. Combined
osteomorphological, isotopic, aDNA, and ZooMS analyses of sheep and goat remains
from Neolithic Ulucak. Turkey. Archaeol. Anthropol. Sci. 11, 1669-1681.

Posit team, 2023. RStudio: Integrated Development Environment for R.

Pothier Bouchard, G., Riel-Salvatore, J., Negrino, F., Buckley, M., 2020.
Archaeozoological, taphonomic and ZooMS insights into the Protoaurignacian
faunal record from Riparo Bombrini. Quat. Int. 551, 243-263.

Raymond, P., Ruebens, K., Bray, F., Castel, J.-C., Morin, E., Brun-Ricales, F., Rolando, C.,
Bordes, J.-G., Hublin, J.-J., 2024. Investigating species composition in the Early
Aurignacian of le Piage (France) through collagen fingerprinting (ZooMS) of screen-
recovered small bone fragments. PaleoAnthropology.

R Core Team, 2021. R: A Language and Environment for Statistical Computing.

Revelles, J., Burjachs, F., van Geel, B., 2016. Pollen and non-pollen palynomorphs from
the Early Neolithic settlement of La Draga (Girona, Spain). Rev. Palaeobot. Palynol.
225, 1-20.

Romandini, M., Crezzini, J., Bortolini, E., Boscato, P., Boschin, F., Carrera, L.,

Nannini, N., Tagliacozzo, A., Terlato, G., Arrighi, S., Badino, F., Figus, C., Lugli, F.,
Marciani, G., Oxilia, G., Moroni, A., Negrino, F., Peresani, M., Riel-Salvatore, J.,
Ronchitelli, A., Spinapolice, E.E., Benazzi, S., 2020. Macromammal and bird
assemblages across the late Middle to Upper Palaeolithic transition in Italy: an
extended zooarchaeological review. Quat. Int. 551, 188-223.

Ruebens, K., Discamps, E., Smith, G.M., Hublin, J.-J., 2024. Integrating ZooMS and
Zooarchaeology to Assess the Chatelperronian and Carnivore Occupations at
Cassenade (Dordogne, France). PaleoAnthropology 2.

Ruebens, K., Sinet-Mathiot, V., Talamo, S., Smith, G.M., Welker, F., Hublin, J.-J.,
McPherron, S.P., 2022. The late Middle Palaeolithic Occupation of Abri du Maras
(Layer 1, Neronian, Southeast France): Integrating Lithic analyses, ZooMS and
Radiocarbon Dating to Reconstruct Neanderthal Hunting Behaviour. Journal of
Paleolithic Archaeology 5, 4.

Ruebens, K., Smith, G.M., Fewlass, H., Sinet-Mathiot, V., Hublin, J.-J., Welker, F., 2023.
Neanderthal subsistence, taphonomy and chronology at Salzgitter-Lebenstedt
(Germany): a multifaceted analysis of morphologically unidentifiable bone. J. Quat.
Sci. 38, 471-487.

Sala, M.T.N., Pantoja, A., Arsuaga, J.L., Algaba, M., 2010. Presencia de bisonte (Bison
priscus Bojanus, 1827) y uro (Bos primigenius Bojanus, 1827) en las cuevas del Biho y
de la Zarzamora (Segovia, Espana). Munibe 61, 43-55.

Sana, M., Bogdanovic, I., Navarrete, V., 2013. Taphonomic evaluation of the degree of
historical representation of the archaeological bone samples in anaerobic versus
aerobic environments: the Neolithic site of La Draga (Banyoles, Spain). Quat. Int.
330, 72-87.

Sana Segui, M., 2011. 12. La gestio dels recursos animals, in: Bosch, A., Chinchilla, J.,
Tarrus, J. (Eds.), El Poblat Lacustre Del Neolitic Antic de La Draga. Les Campanyes
Dels Anys 2000-2005. Generalitat de Catalunya, Girona, pp. 177-212.

Schroeter, E.R., Cleland, T.P., 2016. Glutamine deamidation: an indicator of antiquity, or
preservational quality? Rapid Commun. Mass Spectrom. 30, 251-255.

Scott, K., 2018. The Large Vertebrates from Picken’s Hole. Somerset. Proc. Univ. Bristol
Spealeaol. Soc. 27, 267-313.

Sierra, A., 2019. Domesticacion y primeras practicas ganaderas en los pirineos centrales.
Universidad de Zaragoza, Una aproximacioén desde la arqueozoologia y la
biogeoquimica.

Sierra, A., Navarrete, V., Alcantara, R., Camalich, M.D., Martin-Socas, D., Fiorillo, D.,
McGrath, K., Sana, M., 2024. Shepherding the past: High-resolution data on
Neolithic Southern Iberian livestock management at Cueva de El Toro (Antequera,
Malaga). PLoS One 19, e0299786.

Simpson, J.P., Penkman, K.E.H., Demarchi, B., Koon, H., Collins, M.J., Thomas-Oates, J.,
Shapiro, B., Stark, M., Wilson, J., 2016. The effects of demineralisation and sampling
point variability on the measurement of glutamine deamidation in type I collagen
extracted from bone. J. Archaeol. Sci. 69, 29-38.

Sinet-Mathiot, V., Rendu, W., Steele, T.E., Spasov, R., Madelaine, S., Renou, S.,

Soulier, M.-C., Martisius, N.L., Aldeias, V., Endarova, E., Goldberg, P., McPherron, S.
J.P., Rezek, Z., Sandgathe, D., Sirakov, N., Sirakova, S., Soressi, M., Tsanova, T.,
Turq, A., Hublin, J.-J., Welker, F., Smith, G.M., 2023. Identifying the unidentified
fauna enhances insights into hominin subsistence strategies during the Middle to


http://refhub.elsevier.com/S2352-409X(26)00452-9/h0230
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0230
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0235
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0235
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0240
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0240
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0240
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0240
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0245
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0245
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0255
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0255
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0255
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0255
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0260
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0260
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0260
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0260
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0260
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0270
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0270
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0280
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0280
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0280
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0280
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0285
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0285
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0290
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0290
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0290
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0290
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0295
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0295
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0295
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0295
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0300
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0300
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0305
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0305
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0305
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0310
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0310
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0310
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0315
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0315
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0315
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0320
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0320
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0320
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0325
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0325
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0325
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0335
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0335
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0335
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0335
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0340
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0340
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0350
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0350
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0350
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0350
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0345
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0345
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0345
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0345
https://doi.org/10.24072/pcjournal.230
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0360
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0360
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0360
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0365
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0365
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0365
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0370
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0370
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0375
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0375
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0380
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0380
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0380
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0385
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0385
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0385
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0385
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0390
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0390
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0390
https://doi.org/10.1038/s43247-023-01114-8
https://doi.org/10.1038/s43247-023-01114-8
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0400
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0400
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0405
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0405
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0405
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0410
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0410
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0410
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0420
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0420
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0420
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0425
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0425
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0425
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0425
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0435
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0435
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0435
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0440
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0440
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0440
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0440
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0440
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0440
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0450
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0450
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0450
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0450
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0450
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0455
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0455
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0455
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0455
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0460
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0460
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0460
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0465
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0465
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0465
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0465
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0475
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0475
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0480
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0480
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0485
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0485
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0485
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0490
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0490
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0490
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0490
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0495
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0495
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0495
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0495

J. Hansen et al.

Upper Palaeolithic transition. Archaeol. Anthropol. Sci. 15. https://doi.org/
10.1007/512520-023-01830-4.

Sinet-Mathiot, V., Smith, G.M., Romandini, M., Wilcke, A., Peresani, M., Hublin, J.-J.,
Welker, F., 2019. Combining ZooMS and zooarchaeology to study Late Pleistocene
hominin behaviour at Fumane (Italy). Sci. Rep. 9, 12350.

Smith, G.M., Ruebens, K., Zavala, E.I., Sinet-Mathiot, V., Fewlass, H., Pederzani, S.,

Jaouen, K., Mylopotamitaki, D., Britton, K., Rougier, H., Stahlschmidt, M.,
Meyer, M., Meller, H., Dietl, H., Orschiedt, J., Krause, J., Schiiler, T., McPherron, S.
P., Weiss, M., Hublin, J.-J., Welker, F., 2024. The ecology, subsistence and diet of
~45,000-year-old Homo sapiens at Ilsenhohle in Ranis, Germany. Nat. Ecol. Evol. 8,
564-577.

Stiner, M.C., Kuhn, S.L., Weiner, S., Bar-Yosef, O., 1995. Differential burning,
Recrystallization, and Fragmentation of Archaeological Bone. J. Archaeol. Sci. 22,
223-237.

Strani, F., DeMiguel, D., 2023. The role of climate change in the extinction of the last
wild equids of Europe: Palaeoecology of Equus ferus and Equus hydruntinus during
the last Glacial Period. Palaeogeogr. Palaeoclimatol. Palaeoecol. 620, 111564.

Szpak, P., Krippner, K., Richards, M.P., 2017. Effects of sodium hydroxide treatment and
ultrafiltration on the removal of humic contaminants from archaeological bone. Int.
J. Osteoarchaeol. 27, 1070-1077.

Tagliacozzo, A., Romandini, M., Fiore, L., Gala, M., Peresani, M., 2013. Animal
Exploitation strategies during the Uluzzian at Grotta di Fumane (Verona, Italy). In:
Vertebrate Paleobiology and Paleoanthropology. Springer, Netherlands, Dordrecht,
pp. 129-150.

Torres-Iglesias, L., Marin-Arroyo, A.B., Welker, F., de la Rasilla, M., 2024. Using ZooMS
to assess archaeozoological insights and unravel human subsistence behaviour at La
Vina rock shelter (northern Iberia). J. Archaeol. Sci. 161, 105904.

U.S. Geological Survey, 2024. ArcGIS Online [WWW Document]. arcgis. URL https://
www.arcgis.com/apps/mapviewer/index.html (accessed 7.20.24).

van Doorn, N.L., Hollund, H., Collins, M.J., 2011. A novel and non-destructive approach
for ZooMS analysis: ammonium bicarbonate buffer extraction. Archaeol. Anthropol.
Sci. 3, 281-289.

Van Rossum, G., Drake, F.L., Jr, 1995. Python reference manual. Centrum voor Wiskunde
en Informatica Amsterdam.

Van Vuure, C., 2005. Retracing the aurochs: history, morphology and ecology of an
extinct wild ox. Pensoft.

Vasiliev, S.K., Kozlikin, M.B., Shunkov, M.V., 2018. Megafaunal remains from the upper
portion of Pleistocene deposits in south chamber of denisova cave. Problems of
Archaeology, Ethnography, Anthropology of Siberia and Neighboring Territories 24,
37-41.

Vasiliev, S.K., Shunkov, M.V., Kozlikin, M.B., 2017. Megafaunal remains from Eastern
Chamber Denisova Cave Problems Reconstructing Pleistocene Environments
Northwestern Altai. Problems of Archaeology, Ethnography, Anthropology of Siberia
and Neighboring Territories XXIII.

Vinas-Caron, L.C., Aguilera, 1., Jakob, T., Walser III, J.W., Spindler, L., Fontanals-

Coll, M., Alexander, M., 2022. Human and animal subsistence in northern Iberia
during the late Chalcolithic-Bronze Age: biomolecular insights from Muela de Borja.
Ebro Valley. Archaeol. Anthropol. Sci. 14. https://doi.org/10.1007/512520-022-
01550-1.

17

Journal of Archaeological Science: Reports 75 (2026) 106017

Wang, N., Conrad, N.J., Douka, K., 2024. Integrating Morphological and ZooMS-Based
Approaches to Zooarchaeology at Vogelherd Cave in Southwestern Germany.
PaleoAnthropology 2, 212-229.

Wang, N., Xu, Y., Tang, Z., He, C., Hu, X., Cui, Y., Douka, K., 2023. Large-scale
application of palaeoproteomics (Zooarchaeology by Mass Spectrometry; ZooMS) in
two Palaeolithic faunal assemblages from China. Proc. Biol. Sci. 290, 20231129.

Watson, J.P.N., 1999. Estudio de la macrofauna del sector 3. In: Olaria Puyoles, C. (Ed.),
Cova Matutano (vilafamés, Plana Alta, Castellon): Un Modelo Ocupacional Del
Magdaleniense Superior-Final En La Vertiente Mediterranea Peninsular. Servei
d’Investigacions Arqueologiques i Prehistoriques, Castelld, pp. 311-332.

Welker, F., Hajdinjak, M., Talamo, S., Jaouen, K., Dannemann, M., David, F., Julien, M.,
Meyer, M., Kelso, J., Barnes, I, Brace, S., Kamminga, P., Fischer, R., Kessler, B.M.,
Stewart, J.R., Paabo, S., Collins, M.J., Hublin, J.-J., 2016. Palaeoproteomic evidence
identifies archaic hominins associated with the Chatelperronian at the Grotte du
Renne. PNAS 113, 11162-11167.

Welker, F., Soressi, M.A., Roussel, M., van Riemsdijk, I., Hublin, J.-J., Collins, M.J., 2017.
Variations in glutamine deamidation for a Chatelperronian bone assemblage as
measured by peptide mass fingerprinting of collagen. Sci. Technol. Archaeol. Res. 3,
15-27.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Francois, R.,
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E.,
Bache, S., Miiller, K., Ooms, J., Robinson, D., Seidel, D., Spinu, V., Takahashi, K.,
Vaughan, D., Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the tidyverse. J. Open
Source Softw. 4, 1686.

Wickham, H., Francois, R., Henry, L., Miiller, K., Vaughan, D., 2023. dplyr: a Grammar of
Data Manipulation.

Wickham, H., Vaughan, D., Girlich, M., 2024. tidyr: Tidy Messy Data.

Wilke, C.0., 2024. cowplot: Streamlined Plot Theme and Plot Annotations for “ggplot2.”.

Wilson, J., van Doorn, N.L., Collins, M.J., 2012. Assessing the extent of bone degradation
using glutamine deamidation in collagen. Anal. Chem. 84, 9041-9048.

Xia, H., Zhang, D., Wang, J., Fagernas, Z., Li, T., Li, Y., Yao, J., Lin, D., Troché, G.,
Smith, G.M., Chen, X., Cheng, T., Shen, X., Han, Y., Olsen, J.V., Shen, Z., Pei, Z.,
Hublin, J.-J., Chen, F., Welker, F., 2024. Middle and Late Pleistocene Denisovan
subsistence at Baishiya Karst Cave. Nature 632, 108-113.

Yamamoto, T., Hasegawa, T., Yamamoto, T., Hongo, H., Amizuka, N., 2016. Histology of
human cementum: its structure, function, and development. Jpn. Dent. Sci. Rev. 52,
63-74.

Yang, F., Rodriguez Palomo, 1., Nair, B.A.B., Brown, S., 2025. MALDI Deamidation Score
(MDS): A fast and flexible method for assessing deamidation in ZooMS data and its
application to the denisova cave bone assemblage. bioRxiv. https://doi.org/
10.1101/2025.08.26.671509.

Yates, J.F., 2013. It will not Be possible to Use Zooarchaeology by Mass Spectrometry
(ZooMS) to Identify Species In Samples of Cremated Bone that have been Burnt
Higher than 1550C (BSc). University of York, York.

Y11, E., 1988. Analisis de polen y palinograma. In: Olaria, C. (Ed.), Cova Fosca : Un
Asentamiento Meso-Neolitico De Cazadores Y Pastores En La Serrania Del Alto
Maestrazgo. Diputacién de Castellon, Castelld, pp. 265-278.



https://doi.org/10.1007/s12520-023-01830-4
https://doi.org/10.1007/s12520-023-01830-4
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0505
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0505
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0505
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0510
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0510
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0510
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0510
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0510
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0510
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0515
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0515
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0515
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0520
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0520
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0520
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0525
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0525
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0525
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0530
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0530
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0530
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0530
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0535
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0535
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0535
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0545
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0545
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0545
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0555
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0555
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0560
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0560
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0560
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0560
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0565
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0565
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0565
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0565
https://doi.org/10.1007/s12520-022-01550-1
https://doi.org/10.1007/s12520-022-01550-1
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0575
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0575
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0575
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0580
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0580
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0580
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0585
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0585
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0585
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0585
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0590
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0590
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0590
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0590
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0590
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0595
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0595
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0595
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0595
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0600
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0600
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0605
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0605
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0605
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0605
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0605
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0625
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0625
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0630
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0630
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0630
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0630
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0635
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0635
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0635
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0645
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0645
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0645
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0650
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0650
http://refhub.elsevier.com/S2352-409X(26)00452-9/h0650

	Complementarity between morphological and proteomic taxonomic identification methods of Late Upper Palaeolithic and Early N ...
	1 Introduction
	1.1 Archaeological sites

	2 Material and methods
	2.1 Specimen selection and sampling
	2.2 Protein extraction and MALDI-ToF analysis
	2.3 Registration variables
	2.4 Statistical analyses and tests
	2.5 Taxonomic reasoning: Morphology and ZooMS

	3 Results and discussion
	3.1 General metric, taphonomic, and skeletal element characteristics of the ZooMS analysed material
	3.2 Taxonomic compositions
	3.2.1 Comparing NISP counts derived from ZooMS and morphology-based identifications
	3.2.2 An additional regional comparison of NISP counts from ZooMS and morphology-based identifications
	3.2.3 Comparison of maximum length and cortical thickness between ZooMS analysed and morphologically assessed specimens fro ...

	3.3 Preservation: Peptide markers and deamidation

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


