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Abstract

The use of personal ornaments is considered a milestone in human cognitive evo-
lution and the development of complex behavior. The Cantabrian region in the

north of the Iberian Peninsula served as a hub of occupation and intergroup contact
throughout the Upper Paleolithic, and acted as a climatic refugium during the Last
Glacial Maximum (LGM — 25,000-19,000 years ago), constituting a key region for
understanding the social and symbolic structures and interactions of hunter-gatherer
groups. This study analyses personal ornaments recovered from the Upper Paleo-
lithic stratigraphical sequence at Llonin Cave (Asturias, Spain), spanning from the
Upper Solutrean to the Azilian (c. 21.8—11 kya cal BP), that comprises the regional
largest and most diverse assemblage. The combination of taxonomic, biometric,
taphonomic, and use-wear analyses reveals rarely documented patterns, such as
diachronic shifts in the site’s role as an importer and producer of ornaments, the vary-
ing social significance of their use, and the strategies for raw material procurement.
Furthermore, the study identifies evidence of coastal-inland interactions, allowing the
reconstruction of the complete chaine opératoire for ornament manufacture. These
findings provide a framework for reinterpreting the use of personal ornaments among
Paleolithic hunter-gatherer groups, facilitating critical discussions on key dimensions
such as mobility and identity.
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Introduction

Personal ornaments represent the most repetitive and standardized symbolic mani-
festation of the Paleolithic, and the most widespread in both space and time [1]. The
earliest evidence dates back to the Middle Stone Age of Africa and the Middle East
[2—-8], while in Europe, they are not documented until the Middle to Upper Paleolithic
transition [9—15]. During the Upper Paleolithic, there was an intensification in the

use of ornaments driven by the demographic increase of human populations, whose
interaction or competition led them to develop complex and adaptive communication
systems [16]. Personal ornaments have been used to identify and reconstruct cultural
ties and standardized ideological systems, characterize the mobility of these groups,
and trace medium-to-long-distance exchange networks [17-22]. They have also been
used to propose the existence of ethnolinguistic groups based on the techno-
typological similarity of ornament assemblages [23,24], as well as to infer cultural
continuity as a potential alternative to lithic industry-based studies [25]. Recent studies
have integrated these interpretations with social network analysis (SNA) [26] and
paleogenetics [24]. Traceology has proven effective in determining manufacturing
techniques, modes of suspension, use-wear [5,27—-38] and inferring the existence of
specialized bead production contexts [32,34]. The social functions of prehistoric orna-
ments are difficult to trace archaeologically; however, ethnographic and ethnoarchae-
ological studies focused on their use by contemporary hunter-gatherer groups provide
limited hypotheses and analogies based on the archaeological record [39,40].

The Cantabrian region, in northern Iberia, forms a coastal corridor approximately
350 km long and 45 km wide on average, bounded by the Cantabrian Mountain
range and the Cantabrian Sea. Factors such as ecological diversity, the significant
presence of karst systems, and the role of the mountain range as a natural boundary
supported a dense and continuous human occupation throughout the Upper Paleo-
lithic [41—43], also serving as a climatic refuge during the LGM [43-53].

Climatic studies based on marine foraminifera, pollen records, and Greenland ice-
core data have enabled the reconstruction of regional environmental conditions from
the LGM to the Holocene, revealing a progressive global warming trend punctuated
by pronounced climatic instability driven by rapid cooling (HS1, Younger Dryas) and
warming events (Bglling—Allergd) [54—58]. These climatic dynamics, together with
sea-level rise and the reduction of the coastal platform [59], affected the social and
territorial organization of hunter-gatherer groups in the region [43,53].

Materials and methods

This paper presents a multidisciplinary analysis of the personal ornaments recovered
from the full stratigraphic sequence of Llonin Cave (S1 Text and S6 Fig in S1 File).
Llonin Cave, located in the central section of the Cantabrian region (northern Spain)
in a narrow valley between the Picos de Europa massif and the coastal platform (Fig
1 and S1 Text in S1 File), constitutes one of the most significant sites of the Can-
tabrian Paleolithic, featuring a long chrono-stratigraphic sequence spanning from
Mousterian occupations to the Bronze Age [60—64], comparable to that of sites such
as La Vifia, Cueto de la Mina, La Riera, La Garma A or El Miron. It is also a key site

PLOS One | https://doi.org/10.137 1/journal.pone.0351170  June 8, 2026

2/32



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.europarl.europa.eu/factsheets/es/sheet/95/el-fondo-europeo-de-desarrollo-regional-feder-https://www.ciencia.gob.es/
https://www.europarl.europa.eu/factsheets/es/sheet/95/el-fondo-europeo-de-desarrollo-regional-feder-https://www.ciencia.gob.es/
https://www.europarl.europa.eu/factsheets/es/sheet/95/el-fondo-europeo-de-desarrollo-regional-feder-https://www.ciencia.gob.es/
https://www.europarl.europa.eu/factsheets/es/sheet/95/el-fondo-europeo-de-desarrollo-regional-feder-https://www.ciencia.gob.es/
https://www.europarl.europa.eu/factsheets/es/sheet/95/el-fondo-europeo-de-desarrollo-regional-feder-https://www.ciencia.gob.es/
https://www.ciencia.gob.es/
https://www.ciencia.gob.es/
https://www.ciencia.gob.es/
https://www.cantabria.es/web/consejeria-de-educacion
https://www.cantabria.es/web/consejeria-de-educacion

PLOS Y one

1. La Pefia de Candamo 14. La Gielga 27. Llonin 40. Cueva Morin 53. Santimamifie 66. Albauntz

2. Cueva Oscura de Ania 15. Cova Rosa 28. Chufin 41. El Piélago I-II  54. Bolinkoba 67. San Gregorio
3. La Ancenia 16. Collubil 29. Las Aguas 42. Rascafio 55. Urtiaga 68. Berroberria
4. La Paloma 17. El Cierro 30. El Linar 43. La Garma -Inf ~ 56. Lumentxa 69. Alkerdi

5. El Sofoxo I 18. El Buxu 31. Cualventi 44, El Otero 57. Santa Catalina 70. Zatoya

6. La Lluera I 19. La Lloseta 32. Altamira 45. La Chora 58. Laminak II

7. Las Caldas 20. Tito Bustillo 33. La Venta del Cuco 46. EI Horno 59. Praile Aitz I

8. Entrefoces 21. Cueto de la Mina  34. Hornos de la Pefia 47. EL Mirdn 60. Iruroin Magdalenian
9. Les Xanes 22. La Riera 35. La Pila 48. La Fragua 61. Ermittia ~ coastline
10. La Vifia 23. Balmori 36. El Castillo 49. EL Valle 62. Amalda

11. Cueva Oscura de Peran 24, Los Canes 37. El Pendo 50. Arlanpe 63. Erralla Solutrean
12. El Olivo 25. Coimbre 38. El Ruso I 51. Silibranka 64. Aitzbitarte III-IV | | —— coastline
13. Los Azules I 26. Juan de Covera  39. El Juyo 52. Antolifia 65. Leginpea

Fig 1. Location of Llonin Cave and other Upper Paleolithic contexts containing personal ornaments from the second half of the Upper Paleo-
lithic in the Cantabrian region and the Upper Ebro Valley. The references consulted for the preparation of this map are listed in S2 Table in S1 File.

https://doi.org/10.1371/journal.pone.0351170.9001

for understanding the transition between the Solutrean and the Magdalenian in the Cantabrian region [64,65]. Moreover,
the cave contains an extensive parietal assemblage, with four distinct decorative phases contemporary with the occupa-
tions documented in the archaeological levels, as well as numerous superimpositions of graphic motifs [66,67]. These
features have enabled a detailed characterization of parietal expression in the western Cantabrian region and its relation-
ship with material culture. The assemblage originates from the site’s four main excavation areas, Vestibulo, Galeria, Cono
Anterior, and Cono Posterior (S2-S6 Figs in S1 File), and includes levels associated with the Upper Solutrean (c. 23.5-22
cal kya), Badegoulian (c. 22—21 cal BP kya), Magdalenian (c. 21-14 cal BP kya), and Azilian (c. 13.8—11 cal kya) periods
[60—64], while no Gravettian ornaments have been documented (S1 Text and S1 Table in S1 File). Materials were recov-
ered through excavation in 1 m? grid units subdivided into nine sub-squares. Excavation proceeded by removing spits of
2-3 cm, always following the stratigraphic structure and dip of each archaeological layer. Finds were three-dimensionally
recorded, and the sediment was washed and subjected to flotation. Screening and sorting were carried out using two
sieves of 2.38 and 1.41 mm mesh size, respectively, in order to ensure the recovery of small-sized materials. Regarding
the excavated areas, between 1984 and 1999 a total of 4 m? were excavated in the Galeria sector, with an average depth
of 1.5 m; 8 m? in the Vestibulo, with an average depth of 1.3 m; 14.5 m? in the Cono Anterior, with an average depth of 2.1
m; and 36 m? in the Cono Posterior, with an average depth of 1 m.
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According to the archaeological evidence, the site has been interpreted as a complex residential site during the
Upper Solutrean, and as having served more specialized purposes during the Badegoulian, such as hide or food pro-
cessing [61,64] (S1 Text in S1 File). The evidence from portable and parietal art, as well as osseous industry, reveals
the importance of symbolic practices in the Magdalenian levels, particularly during the Middle Magdalenian, which
shows high intensity and variability, while the Upper Magdalenian is represented by a more limited and less diverse
material record [68].

Taxonomic and biometric analyses

The taxonomic identification of the specimens is based on the comparative collection of malacofauna, ichthyofauna, and
macromammal osteology held at the Instituto Internacional de Investigaciones Prehistéricas de Cantabria (l1IPC-
Universidad de Cantabria) and the mammal osteological collection housed at the EvoAdapta Group (Universidad de
Cantabria) facilities. Additionally, the World Register of Marine Species [69] website along specialized literature [70—-76]
was used. Raw materials were classified according, first, to material type and, second, to the Linnaean taxonomic frame-
work, establishing a general categorization at the class level and a more specific categorization at the family, genus, or
species level, depending on the degree of precision permitted by each specimen. Ornaments manufactured from vestigial
deer canines were classified based on laterality, age, and sex, following qualitative and quantitative criteria established
by previous studies [76,77], including occlusal wear stage, apex root opening, and canine morphology. Red deer (Cervus
elaphus) exhibits a certain degree of sexual dimorphism in its vestigial canines, which allows for an initial sex attribution
that can later be verified through biometric results. A positive correlation exists between root width and thickness mea-
surements in both male (p=0.03) and female (p=0.027) canines, underscoring their applicability in sex estimation (S8
Fig in S1 File). Projected on a scatterplot, the root width-to-root thickness ratio generates distinct clusters, enabling the
distinction between males and females. Statistical correlations and comparisons between root width and root thickness by
sex were undertaken using the ggplot2 package from R software [78,79]. A Shapiro—Wilk test was used to assess whether
both populations were normally distributed (p-value >0.05). Depending on the result, Pearson/Spearman correlation tests
were used to analyze significant relationships. Later, a Wilcoxon-Mann-Whitney U test with a post-hoc Holm-Bonferroni
correction was conducted to know if they were significantly different (p-value of <0.05).

Biometric analysis of shell ornaments was conducted using metric variables defined by Alvarez-Fernandez [80] for
bivalves, scaphopods, and coiled gastropods, and by Gutiérrez-Zugasti [81] for uncoiled gastropods (S7 Fig in S1 File).
Fragmented or incomplete shells were excluded from biometric analysis, as such conditions could distort statistical inter-
pretations of the results. Additionally, two modern reference collections of Littorina obtusatalfabalis and Trivia sp. from the
beaches of Ballenera (Cangas, Galicia, northern Spain) and Area Grande (A Guarda, Galicia, northern Spain) were mea-
sured to establish a comparative framework with the archaeological shells (S5 Data). General measurements of length
and width were taken of complete bone and teeth elements, except for specimens exhibiting circular morphology, such as
fish vertebrae, for which the diameter was measured.

Taphonomic analysis

Taphonomic analysis leads to identifying the limitations that taphonomic alterations may pose to the microscopic study of
the material and to assessing the overall preservation state of the assemblage, in relation to the biostratinomic and diage-
netic processes it was subjected to. It also enables the identification of alterations affecting the specimens as a result of
their interaction with or manipulation by humans, as well as processes affecting organisms before or after death, which in
turn allow inferences to be made regarding the modes of acquisition of these specimens.
The study followed the taphonomic categories defined by Gutiérrez-Zugasti [81] for mollusks, and those defined by

Behrensmeyer [82], Fernandez-Jalvo and Andrews [83], and Lyman [84] for dental and osseous elements. Taphonomic
processes were grouped into three categories: pre-collection alterations, anthropogenic alterations, and post-depositional
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alterations. Fragmentation, in turn, is considered a cross-cutting taphonomic process affecting all three categories. The
first category includes surface abrasion produced by marine action, encrustation by other mollusks, and shell perfora-

tion by lithophagous organisms. The differentiation between anthropogenic perforations and those produced naturally by
lithophagous organisms is based on morphological and morphometric criteria. These organisms produce highly regular
and homogeneous circular perforations, with cylindrical or conical cross-sections, typically located on the external surface
of the shells, through the use of a rasping organ known as the radula, in order to access the soft tissues of the prey or to
obtain minerals from the shell itself [31,81]. Furthermore, such perforations are generally smaller, not exceeding 1.5 mm in
diameter.

Anthropogenic processes include cut marks, decoration, thermal alteration, ochre staining—whether deliberate or acci-
dental—and anthropogenic perforation. Decorative marks can be distinguished from technological marks or cut marks by
their tendency to occur in organized patterns, such as short parallel or concentric lines, produced through deep grooves
that require a sawing action or repeated bidirectional incision, generally using unretouched tools. In the case of teeth,
these marks tend to be located on the occlusal surface [76]. Cut marks, by contrast, tend to appear in a more irregular or
overlapping arrangement, often in small clusters, and are characterized by superficial or shallow grooves; in teeth, they
are typically concentrated around the root or at the junction between the root and the enamel [76,82—84].

Post-depositional alterations encompass all processes resulting from the exposure of objects to natural, karstic, and
sedimentary dynamics, including manganese staining, concretion, dissolution, biodegradation, weathering, and sediment
infilling. For detailed definitions of the abovementioned processes, see [81-84].

Morphometric and use wear analysis

Traceological analysis involves the study of the location, morphology, and morphometry of perforations, as well as the
interpretation of drilling techniques and use-wear marks resulting from both manufacture and suspension as ornaments.
The location of perforations in coiled gastropods follows the nomenclature proposed by Taborin [27], while uncoiled
gastropods and bivalves were classified according to custom criteria based on archaeological material. The morphology
of the perforations combines the categories proposed by Taté et al. [28] and Alvarez-Fernandez [80] (S8 Fig in S1 File).
Morphometric analysis was carried out by measuring the maximum width of each perforation. Fractured perforations that
preserved less than half their perimeter or whose widest point could not be estimated were not measured.

The technological and use wear analyses of personal ornaments is based on extensive published literature regarding
tive experimental collections developed by the Bioarchaeology, Paleoclimate, and Social Transformations in Prehistory
research group (IlIPC), which includes 260 experiments involving 7 perforation techniques applied to 14 mollusk, mam-
mal and fish taxa, and 373 elements from 6 taxa subjected to suspension using various systems and materials (S11 Fig
in S2 File).

Taphonomic and traceological analyses of manufacturing and use-wear traces were carried out using a Leica S8APO
stereomicroscope with a Leica MEB115 ring light (magnification 10-80x%) and a Leica DM2500M microscope (magnifi-
cation 50-200x%). Microscopic images from both devices were captured with a Leica K3C camera using LAS X software.
Macroscopic images were taken with a Nikon D750 camera and an AF-S Micro NIKKOR 60 mm 1:2.8G ED lens.

Results

The analyzed assemblage consists of 271 items (S1-S4 Data and S9 Fig), of which 180 (66,42%) are malacofaunal
remains, 80 (29.52%) are mammalian teeth, 10 (3.69%) are bone fragments, and 1 (0.37%) is a fossil. The majority of
items (n=191; 70.48%) come from the Cono Anterior, while the rest are distributed among the Vestibulo (n=12; 4.43%),
Galeria (n=62; 22.88%), and Cono Posterior (n=6; 2.21%). Chronologically, they are attributed to the Upper Solutrean
(n=105; 38.75%), Badegoulian (n=22; 8.12%), Middle Magdalenian (n=92; 33.95%), Upper Magdalenian (n=14; 5.17%),
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and Azilian (n=3; 1.11%). Finally, 34 items (12.55%) lack chronological attribution as they come from fall of stratigraphic
section, profile cleaning, and unclear stratigraphic correspondence. The highest artefact densities are recorded in the Sol-
utrean level of Galeria (38.89 items/m?3) and in the Middle Magdalenian level of Cono Anterior (28.67 items/m?3) (S3 Table
in S1 File). It is worth noting that the analyzed assemblage (n=271) includes unperforated mollusks without nutritional
value, which may represent unprocessed raw material or discarded ornaments during manufacturing [28,34], as well as all
unperforated atrophic deer canines, given the unusually high number of such specimens and their potential implications
for ornament production.

Taxonomic analysis

The taxonomic analysis of the assemblage has documented the presence of ornaments made from raw materials of both
aquatic (marine and fluvial) and terrestrial origin, belonging to 17 different genera, and 15 species (Figs 2 and 3). A total
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Fig 2. Taxonomic representation of Llonin cave personal ornaments. (1) Bos/Bison sp. (2) Equus ferus (3) Vulpes sp. (4) Mammalia (5) Capra
pyrenaica (6) Cervus elaphus (7) Canis lupus (8) Tritia mutabilis (9) Tritia incrassata (10) Tritia reticulata (11) Tritia sp. (12) Turritellinella tricarinata (13)
Trivia sp. (14) Littorina saxatilis (15) Littorina obtusatal/fabalis (16) Littorina littorea (17) Littorina sp. (18) Nucella lapillus (19) Antalis sp. (20) Rotularia sp.
(21) Pisces (22) Patella vulgata (23) Patella depressa (24) Chlamys islandica (25) Salmo sp. (26) Glycymeris sp. (27) Veneridae.

https://doi.org/10.1371/journal.pone.0351170.9002
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Fig 3. Taxonomic and technologic analysis of the assemblage. (A) Proportions in which the different taxa appear diachronically in the assemblage.
(B) Proportions in which the documented manufacturing techniques occur by raw material diachronically, during the Upper Solutrean and during the

Middle Magdalenian.

https://doi.org/10.1371/journal.pone.0351170.9003

of 239 specimens were identified at the species level, 28 at the genus level, 1 at the family level, and three could only be
assigned to the class level, comprising two specimens from Mammalia and one from Pisces (Table 1).

The marine record is predominantly composed of mollusks from the Gastropoda class (97.22%), being the Littorina
genus —primarily represented by L. obtusatal/fabalis— the most abundant taxon. No distinction has been made between
these two species, as they are morphologically indistinguishable except for their reproductive organs, which are not pre-
served in the archaeological record [91,92]. The same applies to the Trivia monacha and Trivia arctica shells, classified
as Trivia sp., since they can only be differentiated by their colour pattern, usually lost in archaeological specimens [93]. To
a lesser extent, numerous genera gastropods such as Tritia, Turritellinella, Nucella and Patella have been documented.
Bivalves, following the cantabrian ornamental patterns, are much scarcer, with three specimens corresponding to Chlamys
islandica, Glycymeris sp. and a Veneridae family shell. Lastly, Scaphopoda class includes 2 fragments of Antalis sp. tusk
shells. Additional information regarding the ecology of this species has been included in S2 Text in S1 File.

The fluvial-marine fauna record consists of four salmonid vertebrae and one belonging to an undetermined smaller
pisces class individual. Terrestrial fauna is dominated by atrophic canines of red deer (Cervus elaphus) (83.53%),
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Table 1. Taxonomic analysis of the assemblage. The presence of the various taxa is shown here according to the different stratigraphic and

chronological attributions of Llonin Cave.
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Mammalia

C. elaphus (canine)

-

14

13

13

12

C. elaphus (scapula)

1

Bosl/Bison sp. (incisor)

N

C. pyrenaica (incisor)

E. ferus (hyoid)

Vulpes sp. (canine)

C. lupus (canine)

Mammalia undet.

Pisces

Salmo sp. (vertebra)

Pisces (vertebra)

Gastropoda

L. obtusatalfabalis

21

77

16

L. saxatilis

L. littorea

Littorina sp.

N. lapillus

T. mutabilis

T. reticulata

a alNNIN

T. incrassata

Tritia sp.

T. tricarinata

Trivia sp.

P. vulgata

P. depressa

Bivalvia

Glycymeris sp.

C. islandica

Veneridae

Scaphopoda

Antalis sp.

Polychaeta
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Tooth
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13
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Shell
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TOTAL

105

22
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34

https://doi.org/10.1371/journal.pone.0351170.t001

PLOS One | https://doi.org/10.1371/journal.pone.0351170 June 8, 2026

8/32



PLO\Sﬁ\\.- One

although ornaments made from the bones and teeth of other mammals are also present, including bovine incisors, horse
(Equus ferus) hyoid bones, ibex (Capra pyrenaica) incisors and premolars, and fox (Vulpes sp.) and wolf (Canis lupus)
canines. Isolated bovine incisors cannot be identified to species level [94]; therefore, the designation Bos/Bison sp. has
been used. The results of the detailed study of teeth and bone ornaments are presented in S2 and S3 Data. Given the
absence of paired canines, a minimum number of 71 deer specimens has been determined (MNI=71). Lastly, the fossil
specimen consists of a perforated tube-dwelling annelid (Polychaeta class) belonging to the genus Rotularia.

Biometric analysis

Measurements were taken from 211 out of the 271 specimens that make up the assemblage (S7 Fig in S1 File and S1-S4
Data). Measurements from archaeological L. obtusatalfabalis and Trivia sp shells have been plotted alongside specimens
from modern collections obtained from the Galician beaches of Ballenera and Area Grande (Galicia, northern Spain) (S5
Data and Fig 4). Results show greater heterogeneity regarding size among Littorina shells in Upper Solutrean levels, while
during the Middle Magdalenian shells tend to cluster around larger sizes, compared to modern collections and the solu-
trean record. Trivia shell sizes exhibit no statistically significant variation across different chronologies or in comparison to
modern specimens. Biometric analysis of red deer canines has enabled the verification of sex attribution based on mor-
phological criteria by comparing it with the results of root width-to-root thickness ratios. Overall, no significant preference
for one sex over the other is observed in the Cervus elaphus sample from Llonin at any point of the sequence (Fig 4).

Taphonomic analysis

We have identified 16 taphonomic processes that are heterogeneously present, with variability depending on the type of
material (Fig 5 and 6, S1-S4 Data). In general terms, natural processes related to karst activity, such as concretions, manga-
nese deposits, and sedimentary infillings, are abundant, as are those associated with the marine-coastal ecosystem, including
abrasion, lithophagous perforations, and encrustations, which implies that these shells were mostly gathered from thanatoco-
enoses. However, the most characteristic taphonomic alterations are of anthropogenic origin. The abundant presence of ochre
may be attributable to sedimentary layers rich in this material (e.g., Galeria Levels IV and lll), although it could also result from
suspension using an ochre-treated hide cord or from contact with processed or ochre-painted hides, whose antiseptic proper-
ties inhibit putrefaction and desiccation [95,96]. A tendency can be observed —particularly during the Middle Magdalenian— for
ochre to accumulate within the grooves of the shell spirals, as well as on surface areas polished through use, where it has been
preserved within the micro-pores of the shell surfaces (S10 Fig), which does not preclude the possibility that some of these
elements were deliberately painted, or in intense contact with painted skin or clothes. Cut marks on the root of some teeth sug-
gest their extraction from animal carcasses by cutting through the gingival tissue [76]. Thermal alteration affects only a single
Littorina obtusata specimen and three atrophic red deer canines, most probably resulting from incidental hearth exposure rather
than intentional aesthetic burning, as observed in other Paleolithic assemblages [97—99].

The most common anthropogenic modification is perforation, indicating a predominance of finished ornamental ele-
ments over those considered raw material. This proportion varies between shell elements and those made of teeth or
bone: in the former, anthropogenic perforations account for 86.67%, while in the latter, they represent 56.67%.

Finally, fracturing may result from factors related to sedimentary processes, trampling, technical errors during manufac-
turing, and other similar causes. In the studied assemblage, 39.48% of the elements exhibit some type of fracture, more
frequently in shell elements, providing insight into the overall good state of preservation of the collection.

Use wear-analysis

Among the 208 specimens deliberately conditioned as ornaments, 200 bear one perforation, five have two perforations,
and one single specimen has three perforations. Three specimens of L. obtusatalfabalis perforated by lithophagous
organisms in areas that could be used for ornamental purposes are also included among the single-perforated elements.
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Fig 4. Biometric analyses. (A) Scatter plot showing the width to length relation of Llonin cave and modern Littorina obtusatalfabalis and Trivia sp.
shells. (B) Scatter plot of root thickness (RT) and root width (RW) of male and female red deer canines, and separate boxplots for RT and RW distribu-
tions. A Wilcoxon-Mann-Whitney U test was carried out, with a post-hoc Holm-Bonferroni correction, showing that both groups are significantly different
(RT p-value=1,224e-11; RW p-value=0.009604).

https://doi.org/10.1371/journal.pone.0351170.9004

PLOS One | https://doi.org/10.137 1/journal.pone.0351170  June 8, 2026 10/32




PLO\Sﬁ\\.- One

PRE-COLLECTION ALTERATIONS

Encrustation 3 Il SHELL
Lithophagous perf 16 W TOOTH
Marine abrasion 93

ANTHROPIC ALTERATIONS

BONE

Thermal alteration 8 FOSSIL

Decoration 14
Cut marks 15
Ochre residue 133

Anthropic perforation 206

POST-DEPOSITIONAL ALTERATIONS
Weathering
Biodegradation
Dissolution
Sedimentary infilling
Concretion
Manganese residue

Fragmentation

0 50 100 150 200 250

Fig 5. Taphonomic processes and their abundance in the assemblage.

https://doi.org/10.1371/journal.pone.0351170.9005

The remaining two pieces correspond to tubular fragments, which therefore lack proper perforations. On the other hand,
59 items do not show anthropic modifications, although the absence of perforations in 19 of them cannot be confirmed
due to the degree of fragmentation. Of the 41 pieces in which the absence of perforations is verifiable, 36 correspond to
deer (C. elaphus) canines, and five to L. obtusatalfabalis and Tritia shells. Finally, the remaining three pieces correspond
to ornaments whose manufacturing process was left incomplete (S2 Data).

Production of personal ornaments

We have determined the use of 8 different preparation and/or perforation techniques (Figs 3 and 7), which vary depend-
ing on the raw material and taxon used. In shell beads, abrasion is predominantly used, often combined with rotation or
pressure/percussion. This technique uses flat abrasive surfaces, although some beads show traces of abrasion employing
a convex surface as a matrix, perforating the shell by creating an elongated U-shaped channel (Fig 7F). Evidence for the
use of this technique includes flattened surfaces, thinning around the perforation, and parallel micro-striations aligned with
the direction of the abrasive motion (S12 Fig in S2 File). Rotation in shell ornaments is rarer, but for certain taxa, such as
Trivia sp, it is used almost exclusively. This technique implies a rotative motion with a lithic implement and is extensively
employed on all tooth and bone elements across all the chronological phases represented at Llonin, either as a stand-
alone method or in combination with preparatory incision, abrasion, or both. It produces perforations with a generally
circular outline, conical or biconical cross-sections, and concentric circular striations along the edges of the perforation
(S12 Fig in S2 File). Other techniques, used less frequently and with particular variability in Solutrean levels, respond to
specific morphologies of the shells or specific cases. An example of this is the use of flexion in the manufacture of Antalis
sp beads, sawing in a specimen of L. obtusatal/fabalis, or preparation by incision in one specimen of Tritia mutabilis. The
salmonid vertebrae documented in the Solutrean level of the Galeria sector warrant special attention. These elements
were transversely sectioned by sawing and subsequently perforated by rotation. An alternative method for separating

the articular surfaces of vertebrae, as demonstrated experimentally (S12 Fig in S2 File), involves percussion. However,
this technique significantly alters the morphology of the resulting beads, producing concave profiles and fragile, irregular
forms, a pattern not observed in the archaeological specimens.
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Fig 6. Evidence of the different taphonomic processes present in the assemblage. A. Dissolution, B. Weathering, C. Lithophagous perforation, D.
Cut marks, E. Marine abrasion, F. Biodegradation, G. Thermal alteration, H. Sedimentary infilling, I. Concretion, J. Manganese residue, K. Fragmenta-
tion, L. Encrustation, M-P. Ochre residue.
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Fig 7. Manufacture techniques present in the assemblage. A,F. Abrasion, B,J. Abrasion and rotation, C. External pressure, D. Incision and pressure/
percussion, E,K. Incision and rotation, G. Sawing, H,L. Internal pressure/percussion, I. Rotation, M. Capra pyrenaica tooth bearing two unfinished perfo-
rations, made through incision and rotation, which provides evidence of ornament manufacture within the cave.

https://doi.org/10.1371/journal.pone.0351170.9007

Lastly, the pressure technique is traceologically indistinguishable from indirect percussion, as it leaves similar traces on
the perforations (S12 Fig in S2 File); however, it is possible to determine whether the perforation was made from the outer
or inner face of the shell, as a characteristic bevel is formed on the surface opposite to the one receiving the pressure
or percussion [28] (S12 Fig in S2 File). Various materials have been proposed for executing these techniques, ranging
from antler or bone to wood or crab claws [5,28]. Perforation from the inside has been used in the vast majority of shells,
except for some specimens of L. obtusatalfabalis and T. tricarinata.
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A greater homogeneity is perceived among tooth and bone beads from terrestrial fauna, due to the natural hardness
and density they present. Bipolar rotation is used unanimously, often accompanied by preparation through incision (Fig
3). In certain tooth and bone elements, other techniques are occasionally applied, such as root thinning by abrasion. In
the case of Equus hyoids and the bone disk, trimming was used to give the piece the desired shape before perforation by
rotation. Although the combination of techniques is common, the application of a single technique predominates in most
finished ornaments.

The Llonin collection includes 3 unfinished ornaments, which were discarded or lost during the manufacturing pro-
cess, consisting of two deer canines and one caprine incisor. In the latter, an initial transversal line was traced by incision,
aiming to delimit the perforation area or create a stable support point for applying a rotational movement. This first attempt
was abandoned, and the same method was applied to a more proximal part of the root, which ultimately led to the piece
being left unfinished (Fig 7M). The two deer canines show two distinct manufacturing methods: in one of them, rotation
was started directly without prior preparation and was abandoned in an early stage of the process; while in the other, par-
allel incisions were made that possibly delineated and flanked the area where rotation would begin.

The preferred perforation areas in shells, bones, and teeth are heavily influenced by both the morphology of the taxon
and the type of suspension intended for each bead [27] (S7 Fig in S1 File). In spiral gastropods, perforation near the edge
of the labrum (E1) predominates (81.13%), although perforations in E2, E3, and E4 are also documented, especially in
Solutrean levels. The combination of perforations in E1 and E4 is exclusive to the genus Trivia. Regarding non-spiral
gastropods, two specimens were perforated in A3 and one in A2; while the bivalve specimens were perforated in Z1,
except C. islandica, which was perforated in Z2. Tooth ornaments bear perforations exclusively in the root. The remaining
elements were perforated in areas according to their morphology, as seen in circular pieces perforated at the center, such
as fossils or fish vertebrae; and in flattened quadrangular elements, such as hyoids or metapodial fragments, perforated at
one of their longitudinal ends. For Antalis sp. specimens, no perforation zone has been defined, as their tubular structure
serves this function (S1 Data).

The morphology of the perforations is conditioned by factors such as the shape of the support, the technique used,
the purpose, and the taphonomic processes involved. Certain techniques generate repetitive and standardized shapes,
while others produce highly varied morphologies. Rotation is associated with regular circular shapes, while abrasion is
linked to oval or elongated shapes. Pressure and indirect percussion mainly generate irregular shapes. Sub-regular and
quadrangular morphologies are less commonly associated with all the documented techniques, drawing from the range of
morphological variability generated by abrasion, pressure, and percussion techniques (S12 Fig in S1 File). The variability
range of pressure and percussion is also reflected in the morphometric values of the perforations (S1-S4 Data), as these
techniques allow for less control of the drilling process, resulting in more diverse holes in terms of morphology and mor-
phometry. Abrasion and rotation generate more homogeneous perforations.

Use and suspension systems of personal ornaments

Continued suspension of personal ornaments generates friction between the suspended element and the suspensor,

the ornament and the wearer, or between ornamental pieces, which favors the appearance of use-wear in the form of
notches, enlargements, rounding, polishing, striations and deformations in the perforations [27] (Figs 8 and 9), visible at
the microscopic level, that help locate the contact areas and infer the suspension methods used [29,33]. The attenuation
of technological marks around the perforation edges (rotational traces, scraping, bevels...) is also indicative of use [30,37]
(S13 Fig in S2 File).

Taphonomic processes present in the assemblage have limited the analysis of use-wear to 170 of the 208 finished
beads (S1-S4 Data). The main taphonomic limitations affecting use-wear analysis relate to the fragmented condition of
several specimens, such that the preserved remains were not sufficiently diagnostic. In addition, the presence of abun-
dant concretions or sediment infilling within perforations and on the surfaces of some ornaments, as well as advanced
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Fig 8. Micro-polish and striations on perforation edges. Prolonged use and friction against the thread and the wearer generates use-wear visible at
microscopic level (50 to 200x magnification).

https://doi.org/10.1371/journal.pone.0351170.9008

biodegradation or dissolution, has in some cases hindered the analysis of use-wear. The study determined that 157
(92.35%) of the analyzed ornaments were used, although in 16 cases, said use is doubtful. No use-wear was found on the
remaining 13 elements. In addition, no proportional differences are observed by material, with 91.3% of the shell elements
and 96.77% of the bone and tooth ornaments showing use-wear traces. Although we have not conducted a quantitative
study of the degree of use, the variability and development of wear traces are more noticeable in upper Solutrean levels
than in later periods.

aimed to infer their arrangement based on the analysis of perforation zones and wear traces caused by friction with the

PLOS One | https://doi.org/10.1371/journal.pone.0351170  June 8, 2026 15/ 32




CA.X.67

Fig 9. Rounding, enlargements, notches, and deformation of the perforations. At the macroscopic level (10-50 x magnification), prolonged use
alters the shape of the edges, fades the manufacturing traces, and enlarges the perforations depending on the stringing method applied.

https://doi.org/10.1371/journal.pone.0351170.9009

suspending element or the body. These premises allow for suggesting various possible arrangements for the studied
specimens (Fig 10). Stringing methods are more influenced by the perforation zones selected for each taxon than by the
technique employed. However, in some cases, the morphology resulting from this technique determines the subsequent
suspension mode of the shell. In the case of tubular beads, such as Antalis sp. fragments, suspension would have been
achieved by threading a cord longitudinally through the piece; moreover, these shells could subsequently be arranged

in a wide variety of configurations [35,100]. Some shells, such as Trivia specimens often display two perforations, which
enables specific stringing methods, by threading the cord through both perforations, in a parallel display.
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Fig 10. Evidence of use and suspension hypotheses. Notches, rounding, deformations, and microscopic polish observed in the assemblage are
interpreted as traces resulting from use and suspension as personal ornaments. Correlated with these traces, proposed hypotheses of suspension are
presented according to the different documented wear patterns.
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Gastropods, particularly L. obtusatal/fabalis, display the greatest variability in suspension modes documented,
although evidence of free suspension (Fig 10A) predominates over knotted or lateral suspension (Fig 10B—C). Tooth
and bone elements likewise predominantly exhibit free suspension, although certain specimens show clear evidence of
having been sewn, as indicated by marked differences in use-wear between their two faces (Fig 10H). Finally, particu-
lar attention should be drawn to an atrophic canine from the Upper Magdalenian (CA.VIIl.4) (Fig 10l), as its use-wear
marks are present exclusively and intensely on one side of the tooth’s root. This position does not physically align
with a vertical suspension and the opposite end shows much fewer signs of wear, suggesting that this specimen was
likely strung and attached solely through one side, and subjected to significant tension, which leads us to hypothesize
that it may have functioned as a button. Additionally, the level of wear indicates that it was heavily used before being
decommissioned.

Decorated elements

The decoration of personal ornaments made from teeth and bone is a relatively common practice in European Paleolithic
since the Aurignacian, becoming recurrent during and after the Solutrean period [80]. Nevertheless, the proportion of
decorated elements compared to undecorated pieces remains very low. The Llonin assemblage comprises 14 decorated
specimens (Fig 11), all of which feature sequences of parallel, concentric, or longitudinal incisions of a non-figurative geo-
metric nature. In certain cases (CA.XI.3, GA.IV.15, CA.IX-X.1), the decorative nature of the incisions is uncertain, as they
coincide or are related to similar functional grooves intended for perforation preparation or delimitation. In other instances
(CA.XI1.2), longitudinal incisions made before perforation could be attributed to cut marks or the cleaning process of the
hyoid bone. The remaining specimens show no doubts regarding their intentionally decorative nature. The atrophic red
deer canines (GA.IV.6, GA.IV.26, CA.VIIl.4, and GA.lll.14) exhibit 4, 10, 4, and 7 incisions, respectively, all of them short
and fine, except for the last specimen, which presents wider and deeper concentric incisions. The decoration is located on
the enamel, particularly in the occlusal wear area.

The wolf canine (CA.X.85) and the Bos/Bison sp incisor (CA.XII.3) display very similar decorations despite their dif-
ferent chrono-cultural attributions, consisting of numerous (12 and 23, respectively) deep, wide, parallel grooves made
through bidirectional sawing along the entire root surface. The assemblage also includes a bone disk previously described
by Fortea et al. [101] (CA.X.81), a fragment of an Equus hyoid bone decorated with 19 fine oblique parallel incisions (VE.
[1.3), and a perforated scapula decorated on its anterior face with 20 parallel incisions on the cranial edge, nine on the
caudal edge, and numerous long, fine incisions across the entire anterior scapular surface (GA.IV.27). Incisions made on
the cranial and caudal edges employed bidirectional sawing. In contrast, those made on the scapular surface were pro-
duced through fine single incisions.

Decoration on shell ornaments is extremely rare throughout the Paleolithic. However, the inner surface of the C.
islandica specimen from Llonin shows possible engraved incisions (Fig 11). These markings are exceptionally thin and
barely perceptible, raising doubts about a possible taphonomic origin. Nevertheless, the non-random arrangement of the
lines, creating parallel patterns and geometrically intersecting shapes, suggests an anthropogenic origin. Similarly, this
pseudo-reticular layout and the presence of incisions across the entire inner surface rule out the possibility that they are
cut marks related to the mollusk’s consumption.

Discussion
Raw material procurement

The acquisition process of raw materials provides vital information about the context, production strategies and mobility
of human groups. The malacological assemblage of Llonin indicates a primary ornamental intent, as more than 95% of
the ornamental shells come from taxa with no nutritional value (Table 1), except for Patella, Veneridae, Glycymeris, and
L. littorea specimens. The study of mollusks with nutritional value is currently ongoing; however, procurement primarily for
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Fig 11. Decorated specimens. Red deer canines (CA.VIIl.4, GA.IV.26, GA.IV.6, GA.lll.14, CA.IX-X.1, GA.IV.15), wolf canine (CA.X.85), bovine incisor
(CA.XIL.3), horse hyoid bones (VE.II.3, CA.XI.2), caprine incisor (CA.XI.3), red deer scapula (GA.IV.27), perforated bone disk (CA.X.81), Chlamys
islandica shell (CA.X1.66).
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https://doi.org/10.1371/journal.pone.0351170.9011
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ornamental purposes is inferred again, from the relatively low number of edible mollusks in proportion to the specimens
modified into pendants. For instance, the total number of remains from the Solutrean levels across all excavation sec-
tors—mainly fragments of Patella and Littorina littorea—does not exceed 60 pieces, whereas 64 shell ornaments or raw
material remains intended for ornamental use have been documented.

Regarding their geographical origin, most of the studied taxa are commonly found in the Cantabrian Sea, although
many of them, such as Antalis, Tritia, or Turritellinella sp., are also present in Mediterranean waters. An exception to this
pattern is represented by the two documented specimens of Tritia mutabilis, one assigned to the Upper Solutrean (CA.
X1.52) and the other lacking a clear chronological attribution. This species does not currently inhabit the Cantabrian coast;
therefore, it is likely that during the Paleolithic its ecological niche was restricted to the Mediterranean [19]. Likewise,
cold-water specimens such as Littorina sp. or N. lapillus may have been present in the Mediterranean during the LGM
[102]. Llonin cave is located less than 13 km in a straight line from the sea during the LGM; however, the orography favors
a detour around the Sierra del Cuera mountains, following the course of the Cares River to reach the coastal platform.
This means the actual distance may have been tripled, although there are shorter routes that require greater energy
expenditure, either through mountain passes or by traveling upstream through other contemporary sites like La Cova-
ciella, El Bosque or Coimbre (S1 Fig in S1 File). The collection of raw materials may, therefore, have been carried out by
the inhabitants of Llonin on multi-day expeditions which included the occasional gathering of edible shellfish, or brought to
the site by groups from the coastal strip as items of exchange or gift. Regarding the Mediterranean taxa, they were incor-
porated through long range contact networks, which will be further discussed below.

Criteria for shell selection were influenced by technical factors (perforation feasibility and availability in the ecosystem),
and symbolic/aesthetic factors (taxon, morphology, size, shine, color, etc.). The predominance of L. obtusatalfabalis is
consistent throughout the entire sequence. This preference may be linked to its abundance, aesthetic appeal, the range
of techniques and perforation zones it offers, and especially its wide range of colors, which would allow for the creation of
compositions with a chromatic component. The presence of lithophagous attacks and marine abrasion in several shells
(S1 Data) suggests that most of them were collected from thanatocoenoses. Additionally, certain taxa inhabit deeper
subtidal zones and the continental shelf (S2 Text in S1 File), such as Antalis sp., Chlamys islandica, Glycymeris sp. or
Trivia sp., also suggesting that they were collected along the shoreline. The biometric study suggests an indiscriminate
collection of Trivia and Littorina shells along the sequence, except during the Middle Magdalenian, when a deliberately
biased search by size among L. obtusatalfabalis shells is reported (S1 Data and Fig 4). This diachronic difference is also
observed in the selection of taxa. During the Solutrean, ornaments were made from a wide taxonomic range of mollusks,
while during the Magdalenian, L. obtusatal/fabalis is almost exclusively documented (Table 1).

Acquisition of bone and teeth also comes from the local-regional area, both from terrestrial and riverine-marine fauna,
coincident with the typically Pleistocene fauna of the Cantabrian region [103—105], suggesting they were obtained through
hunting activities. The presence of cut marks on several teeth surfaces (S2 Data) supports this interpretation [76]. With
regard to the archaeozoological evidence from Llonin, Gravettian occupations of the cave show a clear predominance
of caprines (Capra pyrenaica and Rupicapra pyrenaica), consistent with the rugged topography of this pre-Alpine envi-
ronment [106]. This pattern shifts in the Upper Solutrean levels, where an intensive exploitation of red deer and ibex is
documented, with chamois playing a secondary role [107]. During the Badegoulian occupations, Rupicapra pyrenaica
once again constitutes the predominant taxon, surpassing both red deer and ibex, while horse and aurochs are only
occasionally recorded [64]. We consider that the imbalance between the most hunted species and the preferred orna-
mental raw materials responds to a human decision rather than a matter of availability. Deer vestigial canines were likely
imbued with a special symbolic, standardized and globalized status, justified not only by the strong recurrence of these
teeth transformed into ornaments but also by the existence of numerous imitations in other materials such as bone, antler,
ivory, or mineral; in several European contexts such as Tito Bustillo, Gatzarria, Gourdan, Pech de la Boissiere, Rigney or
Continenza [80,108—110]. No clear preference is reported in the selection of canine teeth regarding laterality, sex, or age
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at any point of the sequence (Fig 4 and S2 Data). The most notable aspect is the high MNI represented in the sample,
which amounts to 71 (29 Solutrean, 14 Badegoulian, 9 M. Magdalenian, 6 U. Magdalenian, 1 Azilian, 12 undetermined),
and, coupled with the absence of paired specimens, leads us to consider the acquisition of canine teeth through means
other than exclusively hunting or carcass scavenging, such as the deliberate exchange of canines between individuals of
the same group or different groups [76].

Lastly, the fossil tube worm specimen (Fig 2) is present in marine geological deposits dating from the Kimmeridgian to
the Oligocene [75,111]. There are Eocene and Oligocene marine outcrops in the immediate surroundings of the Llonin
cave [112-113], with the closest being less than 20 km away (Fig 12). While we consider the nearby local origin as the
most plausible option, the exotic nature of the piece cannot be ruled out. Similar specimens have been found in other
Cantabrian contexts such as La Garma A (Cantabria) or Bolinkoba (Basque Country), although in magdalenian rather
than solutrean layers [69]. The procurement of fossils through long-distance contacts is evidenced by the presence of
Vitta picta specimens originating from southwestern France in the Gravettian levels of La Garma A and Aitzbitarte IlI
[118] and is particularly well attested in French Upper Paleolithic contexts such as Abri Lachaud, Abri Fritsch, or Mont
Saint Aubin [35].

Manufacture techniques and suspension modes

The techniques chosen for ornament manufacturing respond to the physical properties of the raw materials used. Thick
materials such as teeth, bone, and fossils employ rotation exclusively throughout the sequence, preceded in around
70% of the cases by an incision-based preparation (Figs 3 and 7). In the case of mollusks, this technical consistency
disappears. Shell beads are perforated using a wide range of techniques, although abrasion is the most commonly used,
both for surface preparation prior to perforation and for the execution of the perforation itself (Fig 3). Despite being more
labor-intensive, this method reduces the risk of technical failure and allows for the production of beads with highly stan-
dardized perforations. The use of surface preparation techniques is significantly less frequent than that documented for
tooth and bone elements and is largely limited to abrasion (Fig 3). A difference in technical and morphological diversity
is observed between the different phases of the sequence. During the Upper Solutrean, the full spectrum of documented
techniques, taxa, and perforation zones is used; however, in the Middle Magdalenian, abrasion near the edge of the
labrum (E1) predominates in over 85% of shell ornaments, frequently complemented by rotation. This suggests a stan-
dardization and homogenization of manufacturing processes in this phase of the sequence (Fig 3 and S1-S2 Data).
Detailed analysis of the perforation zones and associated use-wear traces (Figs 8 and 9), resulting from friction with
suspension elements or direct contact with the body, has enabled the formulation of hypotheses regarding the suspension
systems and functional use of the personal ornaments under study (Fig 10). The proposed reconstructions suggest mul-
tiple possible arrangements for the analyzed specimens, with morphological and spatial choices in perforation placement
often exerting greater influence than the specific manufacturing techniques employed. Ultimately, the appearance of the
ornaments formed by these beads or the items to which they were sewn can only be hypothesized, often based on ethno-
graphic comparisons. In this regard, White [119] suggests that these elements were used in necklaces, bracelets, anklets,
and earrings, as well as sewn onto clothing or attached to various objects such as bags, baskets, blankets, and weapons.

Social functions

The social functions and symbolic sphere surrounding personal ornaments likely varied diachronically and geographically,
depending on the specific circumstances of each region and period [80]. Beads can be considered irreducible elements
of potentially complex communication systems, susceptible to being recombined, relocated, and reformulated in terms of
symbolic meaning [1]. Studies based on ethnography have proposed a broad range of functions for personal ornaments
[39]. The most commonly associated with Paleolithic groups are aesthetics or self-affirmation of individual status, identifi-
cation with an ethnic group or social category, use as trade goods, or involvement in ritual acts.
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Fig 12. Rotularia sp. fossil geological sources and distribution of Mediterranean shell occurrences in the Cantabrian region. (A) Location of
marine Priabonian and Oligocene outcrops in relation to Llonin cave through a least-cost-path analysis. The dotted line represents how these outcrops
fall within what Gamble [114] and Fuentes et al. [115] defined as the local area of influence. Geological layers provided by the Instituto Geoldgico y
Minero de Espafa [116]. (B) Distribution of Solutrean, Magdalenian and Azilian Cantabrian sites where shells of Mediterranean origin have been doc-
umented. The Solutrean and Magdalenian coastlines employed on both maps derive from the Paleocoastlines GIS dataset developed by Zickel et al.
[117] and from the sea-level reconstructions proposed by Bilbao-Lasa et al. [59].
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In Llonin cave, the context of bead production and its temporal variability are critical for interpreting the potential social
functions of these ornaments. During the Upper Solutrean, partially perforated mammal teeth and 16 unperforated deer
canines are documented alongside finished beads, providing direct evidence for the in-situ manufacture of teeth orna-
ments. With regard to shells, some specimens exhibit no use-wear and display fracture patterns consistent with technical
errors incurred during perforation. Likewise, three non-perforated Littorina obtusatalfabalis specimens were recorded;
these may have been discarded due to their small size or peristome breakage, factors that, however, did not prevent
basal perforation in other similar specimens. The Solutrean level (IV) of Galeria also yields the highest ornament density
at both the diachronic and synchronic scales within the entire site (S3 Table in S1 File). Collectively, these results demon-
strate that ornament production occurred within the Llonin site itself, on a limited, likely group-scale level, and focused on
a diverse range of materials generally available in the local environment. Furthermore, the heterogeneity in terms of tech-
niques, choices, and perforation zones visible in this period points to the existence of different crafters with distinct goals
and preferences. This suggests a more individual and personal function of the ornaments, although we cannot be certain
whether they were worn as hunting trophies, body adornments, talismans, or other purposes. In any case, we can identify
them as markers of individual identity. The Badegoulian record, despite its small volume, lends itself to a similar interpre-
tation, judging by the variety of typologies and taxa, with a notable presence of a decorated specimen (GA.lll.14) (Fig 11)
and three incisors of Bos/Bison sp., which, based on their location, technological, use-wear and taphonomic character-
istics (S3 Data), appear to belong to the same pendant. The scarcity of shell beads contrasts with the general dynamics
of the context. It could be attributed to reduced mobility or interaction of the Llonin inhabitants with the coastal area or
the groups living there, within the context of worsening climatic conditions during the Last Glacial Maximum. However,
this interpretation is contradicted by the variety and quantity of mollusks found in the cave during the Upper Solutrean. In
general terms, the lower density of ornaments during this phase may be related to the specialized nature of the Badegou-
lian occupation, closely associated with fire-related activities (e.g., smoking, drying, hide processing), in contrast to the
preceding phase, in which a broader range of symbolic, economic, and technical activities is documented, in accordance
to its interpretation as a residential site [61,64] (S1 Text in S1 File).

On the other hand, the Middle Magdalenian assemblage presents different characteristics from the Solutrean. The
malacofaunal sample, already technically, biometrically, and typologically less varied, lacks unperforated specimens or
verifiable technical failures (S1 Data); suggesting that the ornaments were brought to the site already manufactured. The
fact that most of the fragmented specimens show use wear on the preserved edge of the perforation rules out the possibil-
ity that they were fractured during the manufacturing process. In this sense, we propose that the arrival of the shell beads
was related to an event of aggregation or exchange that took place in the cave itself. These are interpreted as contexts
in which dispersed hunter-gatherer groups aggregated at a single location for varying durations in response to economic,
social, or ritual factors [120]. The interpretation of Llonin as a recurrent aggregation site during the Middle Magdalenian
has already been suggested by other authors [68], based on the rich thematic diversity of the bone industry and portable
art, as well as the rich parietal graphic assemblage [66].

The Middle Magdalenian assemblage suggests a collective social nature and function, given the level of homogeneity
and standardization presented (Fig 3, S1-S3 Data and S8 Fig in S1 File). During aggregation contexts, this could translate
into their use as group identity markers, or as exchange goods. In an inland site like Llonin, shell ornaments may have
been exchanged for bone and tooth items obtained from local fauna and manufactured at the cave itself. This interpretation
coincides, at least, with the scarce record of bone and tooth ornaments from Middle Magdalenian layers; among which the
perforated bone disk [101] stands out, considered by some authors [121] as a standardized element used to distinguish
individuals or groups during social interactions. Use wear traces on Middle Magdalenian specimens of L. obtusatal/fabalis
are less developed than those from other periods, suggesting they were likely used for a shorter period of time before being
discarded or worn out, possibly as part of the process. The fact that the elements are displaced from their original position
due to the sedimentary dynamics of the dejection cone prevents further interpretations based on the location of the pieces.
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During the Upper Magdalenian, a techno-economic and symbolic regionalization is observed, with less thematic diversi-
fication in bone industry and parietal art [66,68]; contrasting with a greater taxonomic and typological variety in ornaments
than that observed in the previous phase, despite only having 14 specimens (Fig 3). These characteristics refer to what
has been proposed for the Solutrean period, with greater heterogeneity of techniques, models, and artisans; associated
with a more individualistic character in terms of the social use of these ornaments.

Cultural networks and mobility

Personal ornaments provide a valuable proxy for reconstructing intergroup networks and patterns of hunter-gatherer
mobility [17-23,80,122,123]. In this regard, Llonin Cave is strategically located within an east—west corridor that links
the western Cantabrian region with two major routes: one leading north of the Pyrenees and another connecting to the
Mediterranean coast through the Ebro valley [17,19,80,124] (Fig 1). Within these networks, the circulation of raw mate-
rials is well attested by the abundant presence of lithic elements originating from the eastern Cantabrian area and the
northern Pyrenees [19,64,118], as well as the formal parallels observed in mobiliary and parietal graphic representations
[125-130].

Regarding the lithic industries, the entire sequence shows a clear predominance of immediately local raw materials.

In fact, within the Badegoulian assemblages from Gallery Level Ill, more than 90% of the lithic elements originate from
sources located within 5 km of the site [64]. In addition, raw materials from local and semi-local environments are also
documented, including quartzites, lutites, radiolarites, and flint, within a range extending approximately 40—-85 km to the
east (Monte Picota and Virgen del Mar-type flints) [131-132], and 60—100 km to the west (Pilofia and Piedramuelle-type
flints) [64,133,134]. This pattern, characterized by the predominance of local raw materials complemented by exogenous
elements, continues throughout the Magdalenian, during which the transport of Pilofia flint cores to Llonin Cave has been
documented [133]. The existence of east—west procurement and exchange routes is well documented by the presence
of northwestern Pyrenean (e.g., Chalosse, Bidache flints) or eastern Cantabrian (e.g., Trevifio, Urbasa, Flysch flints) raw
materials in several Upper Paleolithic contexts from the central-western Cantabrian region, including sites such as El
Juyo, Altamira, El Cierro, Coimbre, Cova Rosa, Tito Bustillo, Llonin, La Vifia, and Las Caldas [118,135,136]. Conversely,
raw materials from the western Cantabrian region (e.g., Pilofa flint) have also been identified in central sites such as
Cualventi, El Linar, and Las Aguas [133,137].

The study of osseous artifacts made from whale bone further supports the existence of long-distance exchanges along
this Cantabrian—Pyrenean axis during the Magdalenian, involving key reception sites and major nodes such as central
Asturias (e.g., Las Caldas and La Vifa), the Ariége region (e.g., Mas d’Azil and La Vache) and, mainly, the Franco—Span-
ish Basque Country (e.g., Ermittia and Isturitz) [138,139]. Llonin itself lies in a natural passage through the Cares River
valley, linking western Asturias to the central-eastern section of the Cantabrian corridor, an area rich in Upper Paleolithic
contexts (e.g., La Covaciella, Coimbre, El Bosque, Arangas, etc.) [64,140-143] (S1 Fig in S1 File). This setting made it a
likely aggregation and reception point [68], consistent with the large number of beads documented at the site.

Focusing on the personal ornaments, the Llonin assemblage fits within the general patterns of the Late Upper Paleo-
lithic in the Cantabrian region, characterized by a predominance of shell elements. While shell and dental ornaments—
mainly atrophic red deer canines—occurred in roughly similar proportions during the Last Glacial Maximum, shell use
became clearly preeminent throughout the Magdalenian. Other raw materials such as bone, antler, fossils, or minerals
occur only sporadically [80,144]. The region exhibits remarkable malacological diversity through time, shaped by local
raw material availability and shifting cultural preferences. Yet, during the Magdalenian L. obtusata/fabalis emerged as
the dominant taxon throughout the region. Similar trends appear at other major Cantabrian sites, both Solutrean (e.g., La
Riera, Cueto de la Mina, El Mirdén, Bolinkoba) and Magdalenian (e.g., Tito Bustillo, El Juyo, El Mirén, El Pendo, Coimbre,
Altamira, Cualventi, La Garma A, Rascafio, Santa Catalina, Urtiaga) [80,86,145—-147]. This broad consistency points to a
shared cultural background and continuity in ornamental preferences across the Cantabrian corridor, with local nuances
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reflecting environmental and cultural constraints [144]. This coherence was further strengthened by east—west mobility
and by exchange networks through which lithic and osseous raw materials, finished items, personal ornaments, informa-

In relation to the Cantabrian—Mediterranean axis, the presence of strictly Mediterranean species such as Tritia mutabi-
lis in Llonin cave confirms the existence of long-distance networks and contacts from the Solutrean onwards, linking the
Iberian Mediterranean coast with the Cantabrian region, probably through the natural corridor of the Ebro Valley [80]. The
earliest evidence of Mediterranean mollusks in the Cantabrian area corresponds to a specimen of Luria lurida from the
Gravettian levels of Bolinkoba; however, it is not until the end of the Solutrean that such evidence becomes more recurrent.
Tritia mutabilis appears contemporaneously with Llonin in the Upper Solutrean levels of Cueto de la Mina [148] and El Ruso
[ [149] (Fig 12). During the Magdalenian, although absent from the Llonin assemblage, evidence of Mediterranean-
cantabrian exchange networks increases, with specimens of taxa such as Tritia neritealpellucida, Homalopoma san-
guineum, Zonaria pyrum, in addition to Tritia mutabilis, documented in contexts such as El Horno, El Juyo, El Castillo, Tito
Bustillo, EI Miron, or La Garma A[17,19,80,150]. Besides, the presence of several Tritia neritealpellucida specimens in
Level 1 of the nearby site of Coimbre B (Upper Magdalenian) [19] (Fig 12), located less than five kilometers upstream, indi-
cates that such connections did occur within Llonin’s immediate surroundings during broadly contemporaneous phases.

Taken together, the available evidence suggests the existence of two complementary forms of mobility around Llonin,
a pattern also documented at regional sites such as Las Caldas [124]. One operated at a local scale associated with
logistical movements for acquiring subsistence resources and raw materials [42—51], from which certain ornamental sub-
strates—teeth, bone, shells, and possibly fossils—were procured. The second mode encompassed broader, non-utilitarian
mobility [122] along east—west and coastal-inland axes, positioning Llonin as a significant node within the wider network
of intergroup communication linking the western Cantabrian region and both the northern Pyrenees and the Iberian
Mediterranean coast. Through these connections, Llonin’s foragers engaged in, and benefited from, the circulation of raw
materials, finished ornaments, and symbolic traditions.

Conclusions

The results obtained provide a basis for discussing the identity and mobility of hunter-gatherer populations and the
ornaments associated with them. During the Upper Solutrean, small-scale manufacture of personal ornaments is doc-
umented, in consistence with a residential occupation pattern, likely serving a social role as individual identity markers
within a context of frequent population movements across the surrounding region. This interpretation is supported by the
pronounced heterogeneity in locally sourced taxa, manufacturing techniques, use-wear intensity, suspension methods,
and ornamental typologies, as well as the complete representation of the ornament production chaine opératoire. Similar,
though more limited, processes are documented in the Badegoulian and Late Magdalenian layers. In contrast, during the
Middle Magdalenian, the cave may have served as an aggregation site for hunter-gatherers, acting as a node in the long-
range networks extending along the west—east axis. Llonin cave became a repository for finished ornaments produced
elsewhere along the coastal area. These objects may have been linked the collective identity of a group or to related
individuals who gathered at the site during events of social interaction. This is supported by the marked homogeneity com-
bined with low techno-typological and taxonomic diversity of the assemblage. Llonin Cave thus emerges as a key context
for understanding diachronic social interaction and mobility dynamics among Iberian Upper Paleolithic hunter-gatherers.
It serves as a reference point for approaching these questions from a functional and social perspective, moving beyond
purely technological analyses of ornament assemblages.

Supporting information

S1 Data. Detailed analytical dataset of shell personal ornaments and raw materials.
(ZIP)
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S2 Data. Detailed analytical dataset of teeth personal ornaments and raw materials.
(ZIP)

S3 Data. Detailed analytical dataset of bone personal ornaments.
(ZIP)

S4 Data. Detailed analytical dataset of fossil personal ornaments.
(ZIP)

S5 Data. Biometric data of modern Littorina obtusatalfabalis and Trivia sp. shells.
(ZIP)

S1 File. Site description (S1 Text). Information regarding the ecology of the mollusk taxa identified in Llonin cave (S2 Text).
Radiocarbon dates. Absolute dates for Levels Ill (Badegoulian), IV (Upper Solutrean) and V (Gravettian) from Galeria, and
Level Vla (Gravettian) from Cono Posterior. Original dates recalibrated using IntCal20 (S1 Table). List of references consulted
for the creation of Fig 1. Numbers refer to the bibliography cited above (S2 Table). Summary of sectors and levels, including
excavated area, mean depth, number of recovered objects, sediment volume, and ornament density (items/m?) (S3 Table).
Detail map of Llonin cave and other archaeological sites in the Cantabrian region and in Llonin immediate surroundings (S1
Fig). Llonin cave fence, vestibule and Galeria excavation area (left). Plan of the cave with the excavation sectors and rock art
panels (right) (82 Fig). General view of the vestibule (Vestibulo) (83 Fig). View of the dejection cone, including the Cono Ante-
rior (above) and Cono Posterior (below) excavation sectors (S4 Fig). General view of the stratigraphic section from Galeria
(above). Detail of Level llI (below) (S5 Fig). Stratigraphic profiles of the four excavation sectors of Llonin cave (S6 Fig). Cate-
gories used to classify perforation location and morphology (A). Biometric criteria used to measure coiled and non-coiled gas-
tropods, scaphopods, bivalves and red deer canines (B) (S7 Fig). Scatter plots showing the positive correlation between root
width and root thickness among hind and stag canines from Llonin cave, proving its availability for sex estimation (S8 Fig).
(ZIP)

S9 Fig. Images of the complete personal ornaments and raw materials assemblage of Llonin cave.
(PDF)

S$10 Fig. Graphic representation of use-wear and ochre distribution on personal ornaments from Llonin cave.
(ZIP)

S2 File. Summary of the experimental collection employed during the analysis of the Llonin cave ornamental
assemblage. The figure below illustrates the suspension modes employed during the use-wear experiments. Suspension
durations ranged from 1,000 hours to 6 months, depending on the specimen. In total, the manufacturing experiments
comprised 260 beads, whereas the use-wear experiments comprised 373 beads arranged into 126 ornaments (S11

Fig). Detailed images of the manufacture traces of experimentally pierced teeth, shell and bone elements using the main
techniques documented on the Llonin cave assemblage (S12 Fig). Evolution of use-wear in experimental shell and tooth
ornaments, evidenced by polishing, rounding, enlargement, and deformation of perforation edges. Note how use-wear
progressively obscures the technological traces of manufacture (S13 Fig).

(ZIP)

Acknowledgments

We are deeply grateful for the assistance and facilities provided by the Archaeological Museum of Asturias. We also wish
to thank Lucia Agudo Pérez and Alexandre Lefebvre (EvoAdapta group) for their support and the resources made avail-
able for the taxonomic study, and Igor Gutiérrez Zugasti for the assistance provided on the taxonomic identification of
several shell beads. Finally, we thank Jara Pascual Revilla for producing the maps and other visual materials.

PLOS One | https://doi.org/10.137 1/journal.pone.0351170  June 8, 2026 26/32



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0351170.s009

PLO\Sﬁ\\.- One

Author contributions

Conceptualization: Daniel Pérez-Garcia de los Salmones, David Cuenca-Solana.

Formal analysis: Daniel Pérez-Garcia de los Salmones, David Cuenca-Solana, Borja Gonzalez-Rabanal.
Funding acquisition: David Cuenca-Solana, Marco de la Rasilla-Vives.

Investigation: Daniel Pérez-Garcia de los Salmones.

Methodology: Daniel Pérez-Garcia de los Salmones, David Cuenca-Solana, Borja Gonzalez-Rabanal, Ana B.
Marin-Arroyo.

Resources: Elsa Duarte-Matias, Marco de la Rasilla-Vives.
Writing — original draft: Daniel Pérez-Garcia de los Salmones, David Cuenca-Solana.

Writing — review & editing: Daniel Pérez-Garcia de los Salmones, David Cuenca-Solana, Borja Gonzalez-Rabanal, Ana
B. Marin-Arroyo, Elsa Duarte-Matias, Marco de la Rasilla-Vives.

References

1. Stiner MC. Finding a Common Bandwidth: Causes of Convergence and Diversity in Paleolithic Beads. Biol Theory. 2014;9(1):51-64. https://doi.
org/10.1007/s13752-013-0157-4

2. Vanhaereny M, d’Errico F, Stringer C, James SL, Todd JA, Mienis HK. Middle Paleolithic shell beads in Israel and Algeria. Science.
2006;312(5781):1785-8. https://doi.org/10.1126/science.1128139 PMID: 16794076

3. Sehasseh EM, Fernandez P, Kuhn S, Stiner M, Mentzer S, Colarossi D. Early Middle Stone Age personal ornaments from Bizmoune Cave, Ess-
aouira, Morocco. Sci Adv. 2021. https://doi.org/10.1126/sciadv.abi8620

4. Henshilwood C, d’Errico F, Vanhaeren M, Van Niekerk K, Jacobs Z. Middle Stone Age shell beads from South Africa. Science. 2004;304(5669):404.
https://doi.org/10.1126/science.1095905

5. d’Errico F, Henshilwood C, Vanhaeren M, van Niekerk K. Nassarius kraussianus shell beads from Blombos Cave: evidence for symbolic behaviour
in the Middle Stone Age. J Hum Evol. 2005;48(1):3—24. https://doi.org/10.1016/j.jhevol.2004.09.002 PMID: 15656934

6. Bouzouggar A, Barton N, Vanhaeren M, d’Errico F, Collcutt S, Higham T, et al. 82,000-year-old shell beads from North Africa and implications
for the origins of modern human behavior. Proc Natl Acad Sci U S A. 2007;104(24):9964-9. https://doi.org/10.1073/pnas.0703877104 PMID:
17548808

7. dErrico F, Vanhaeren M, Barton N, Bouzouggar A, Mienis H, Richter D. Additional evidence on the use of personal ornaments in the Middle Paleo-
lithic of North Africa. Proc Natl Acad Sci USA. 2009;106(38):16051—6. https://doi.org/10.1073/pnas.0903532106

8. dErrico F, Vanhaeren M, Wadley L. Possible shell beads from the Middle Stone Age layers of Sibudu Cave, South Africa. J Archaeol Sci.
2008;35(10):2675-85. https://doi.org/10.1016/j.jas.2008.04.023

9. Hublin J-J, Sirakov N, Aldeias V, Bailey S, Bard E, Delvigne V, et al. Initial Upper Palaeolithic Homo sapiens from Bacho Kiro Cave, Bulgaria.
Nature. 2020;581(7808):299-302. https://doi.org/10.1038/s41586-020-2259-z PMID: 32433609

10. Caron F, d’Errico F, Del Moral P, Santos F, Zilhdo J. The reality of Neandertal symbolic behavior at the Grotte du Renne, Arcy-sur-Cure, France.
PLoS One. 2011;6(6):e21545. https://doi.org/10.1371/journal.pone.0021545 PMID: 21738702

11.  Koumouzelis M, Ginter B, Kozlowski JK, Pawlikowski M, Bar-Yosef O, Albert RM. The Early Upper Palaeolithic in Greece: The excavations in
Klissoura Cave. J Archaeol Sci. 2001;28:515-39. https://doi.org/10.1006/jasc.2000.0599

12. Arrighi S, Bortolini E, Tassoni L, Benocci A, Manganelli G, Spagnolo V. Backdating systematic shell ornament making in Europe to 45,000 years
ago. Archaeol Anthropol Sci. 2020;12:1-22. https://doi.org/10.1007/s12520-019-00985-3

13. d’Errico F, Zilhdo J, Julien M, Baffier D, Pelegrin J. Neanderthal Acculturation in Western Europe? A Critical Review of the Evidence and Its Inter-
pretation. Current Anthropology. 1998;39(S1):S1—-44. https://doi.org/10.1086/204689

14. Alvarez-Fernandez E, Joris O. Personal ornaments in the Early Upper Paleolithic of western Eurasia: An evaluation of the record. Eurasian Prehis-
tory. 2007;5(2):31-44.

15. Vanhaeren M, d’Errico F, Julien M, Mourer-Chauviré C, Lozouet P. Les objets de parure. In: Julien M, et al., editors. Le Chatelperronien de la grotte
du Renne (Arcy-sur-Cure, Yonne, France). Paleo Num spécial. 2019:259-85.

16. Bar-Yosef O. The Upper Paleolithic Revolution. Annual Review of Anthropology. 2002;31:363—-93.

17. Fernandez EA. Perforated Homalopoma sanguineum from Tito Bustillo (Asturias): mobility of Magdalenian groups in northern Spain. Antiquity.
2002;76(293):641-6. https://doi.org/10.1017/s0003598x00091043

PLOS One | https://doi.org/10.1371/journal.pone.0351170  June 8, 2026 27132



https://doi.org/10.1007/s13752-013-0157-4
https://doi.org/10.1007/s13752-013-0157-4
https://doi.org/10.1126/science.1128139
http://www.ncbi.nlm.nih.gov/pubmed/16794076
https://doi.org/10.1126/sciadv.abi8620
https://doi.org/10.1126/science.1095905
https://doi.org/10.1016/j.jhevol.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15656934
https://doi.org/10.1073/pnas.0703877104
http://www.ncbi.nlm.nih.gov/pubmed/17548808
https://doi.org/10.1073/pnas.0903532106
https://doi.org/10.1016/j.jas.2008.04.023
https://doi.org/10.1038/s41586-020-2259-z
http://www.ncbi.nlm.nih.gov/pubmed/32433609
https://doi.org/10.1371/journal.pone.0021545
http://www.ncbi.nlm.nih.gov/pubmed/21738702
https://doi.org/10.1006/jasc.2000.0599
https://doi.org/10.1007/s12520-019-00985-3
https://doi.org/10.1086/204689
https://doi.org/10.1017/s0003598x00091043

PLO\Sﬁ\\.- One

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

Fullola JM, Mangado X, Estrada A. Circulation des matieres premiéres lithiques et des coquillages dans le Paléolithique supérieur du nord-est
ibérique. In: Soto JG, editor. La notion de mobilité dans les sociétés préhistoriques. Paris: CTHS Ed. 2007:57—66.

Alvarez-Fernandez E, Martin-Jarque S, Tarrifio A. Flint & shell: raw materials as evidence of long-distance contacts in Cantabrian Spain during
the Magdalenian. In: Gauzinski-Windheuser S, Joris O, editors. The Beef behind all Possible Pasts — The Tandem Festschrift in Honour of Elaine
Turner and Martin Street. Mainz: R6misch-Germanisches Zentralmuseum. 2021:215-35.

Alvarez-Fernandez E. Magdalenian personal ornaments on the move: a review of the current evidence in Central Europe. Zephyrus.
2009;63(1):45-59.

Bori¢ D, Cristiani E. Social networks and connectivity among the Palaeolithic and Mesolithic Foragers of the Balkans and lItaly. In: KrauR® R, Floss
H, editors. Southeast Europe before the Neolithisation. Tibingen: Universitatsbibliothek Tubingen. 2016:73—112.

Schwendler RH. Diversity in social organization across Magdalenian Western Europe ca. 17—-12,000 BP. Quat Int. 2012;272:333-53. https://doi.
org/10.1016/j.quaint.2012.03.054

Vanhaeren M, d’Errico F. Aurignacian ethno-linguistic geography of Europe revealed by personal ornaments. J Archaeol Sci. 2006;33:1105-28.
https://doi.org/10.1016/j.jas.2005.11.017

Baker J, Rigaud S, Pereira D, Courtenay LA, d’Errico F. Evidence from personal ornaments suggests nine distinct cultural groups between 34,000
and 24,000 years ago in Europe. Nat Hum Behav. 2024;8:431-44. https://doi.org/10.1038/s41562-023-01803-6

d’Errico F, Baker J, Pereira D, Alvarez-Fernandez E, Laznitkova-Galetova M, Rigaud S. Multivariate analyses of Aurignacian and Gravettian
personal ornaments support cultural continuity in the Early Upper Palaeolithic. PLoS One. 2025;20(6):e0323148. https://doi.org/10.1371/journal.
pone.0323148 PMID: 40465694

Cucart-Mora C, Gémez-Puche M, Romano V, Fernandez-Lépez de Pablo J, Lozano S. Reconstructing Mesolithic social networks on the Iberian
Peninsula using ornaments. Archaeol Anthropol Sci. 2022;14:174. https://doi.org/10.1007/s12520-022-01641-z

Taborin Y. Traces de fagonnage et d’'usage sur les coquillages perforés. In: Anderson PC, Beyries S, Otte M, Plisson H, editors. Traces et fonction:
les gestes retrouvés. Liége: Service de Préhistoire. 1993:255-67.

Tata F, Cascalheira J, Marreiros J, Pereira T, Bicho N. Shell bead production in the Upper Paleolithic of Vale Boi (SW Portugal): an experimental
perspective. J Archaeol Sci. 2014;42:29-41. https://doi.org/10.1016/j.jas.2013.10.029

André L, Bicho N. Perforation techniques and traces of use on the Mesolithic adornments of the Trench Area at Cabego da Amoreira Shellmidden
(Muge, central Portugal). Comptes Rendus Palevol. 2016;15(5):569-80. https://doi.org/10.1016/j.crpv.2015.10.003

d’Errico F, Rigaud S. Crache perforée dans le Gravettien du Sire (Mirefleurs, Puy-de-Déme): étude archéozoologique, technologique et fonction-
nelle. PALEO. 2011;22:301-31. https://doi.org/10.4000/pale0.2172

d’Errico F, Jardon-Giner P, Soler-Mayor B. Critéres a base expérimentale pour I'étude des perforations naturelles et intentionnelles sur coquillages.
In: Anderson PC, Beyries S, Otte M, Plisson H, editors. Traces et fonction: les gestes retrouvés. Liége: Service de Préhistoire. 1993:255-67.

Rigaud S, Gutiérrez-Zugasti I. Symbolism among the last hunter—fisher—gatherers in northern Iberia: personal ornaments from El Mazo and El
Toral Il Mesolithic shell midden sites. Quat Int. 2016;407:131-44. https://doi.org/10.1016/j.quaint.2015.10.029

Vanhaeren M, d’Errico F, van Niekerk KL, Henshilwood CS, Erasmus RM. Thinking strings: additional evidence for personal ornament use in the
Middle Stone Age at Blombos Cave, South Africa. J Hum Evol. 2013;64(6):500-17. https://doi.org/10.1016/j.jhevol.2013.02.001 PMID: 23498114

Rigaud S, d’Errico F, Vanhaeren M, Pefalber X. A short-term, task-specific site: Epipalaeolithic settlement patterns inferred from marine shells
found at Praileaitz | (Basque Country, Spain). J Archaeol Sci. 2014;41:666—78. https://doi.org/10.1016/j.jas.2013.10.009

Peschaux C. La parure des sociétés du dernier maximum glaciaire: évolution des pratiques et traditions ornementales entre la fin du solutréen, le
badegoulien et le début du magdalénien dans les bassins parisien, ligérien et aquitaine. Paris: Université Paris 1 Panthéon-Sorbonne. 2017.

Cristiani E, Bori¢ D. 8500-year-old Late Mesolithic garment embroidery from Vlasac (Serbia): technological, use-wear and residue analyses. J
Archaeol Sci. 2012;39(11):3450-69. https://doi.org/10.1016/j.jas.2012.05.016

Margarit M, Vlad A, Radu V, Pavel M, Gurita E, Radu R. Experimental studies of personal ornaments from the Iron Gates Mesolithic. Archaeol
Anthropol Sci. 2018;10(8):2095—122. https://doi.org/10.1007/s12520-017-0522-5

Cristiani E, Farbstein R, Miracle P. Ornamental traditions in the eastern Adriatic: the Upper Palaeolithic and Mesolithic personal adornments from
Vela Spila (Croatia). J Anthropol Archaeol. 2014;36:21-31. https://doi.org/10.1016/j.jaa.2014.06.009

Vanhaeren M. Les fonctions de la parure au Paléolithique supérieur: de I'individu a I'unité culturelle. Bordeaux: Université Bordeaux |. 2002.

Falci CG, Cuisin J, Delpuech A, Van Gijn A, Hofman CL. New Insights into Use-Wear Development in Bodily Ornaments Through the Study of
Ethnographic Collections. J Archaeol Method Theory. 2018;26(2):755—-805. https://doi.org/10.1007/s10816-018-9389-8

Gonzalez Sainz C, Gonzalez Morales M. La prehistoria en Cantabria. Santander: Ediciones Tantin. 1986.

Clark GA, Barton CM, Straus LG. Landscapes, climate change & forager mobility in the Upper Paleolithic of northern Spain. Quat Int.
2019;515:176-87. https://doi.org/10.1016/j.quaint.2018.04.037

Bocquet-Appel JP, Demars PY, Noiret L, Dobrowsky D. Estimates of Upper Palaeolithic meta-population size in Europe from archaeological data. J
Archaeol Sci. 2005;32(11):1656—68. https://doi.org/10.1016/j.jas.2005.05.006

Straus LG. Human geography of the late upper paleolithic in western europe: present state of the question. J Anthropol Res. 1991;47(2):259-78.
https://doi.org/10.1086/jar.47.2.3630328

PLOS One | https://doi.org/10.1371/journal.pone.0351170 June 8, 2026 28/32



https://doi.org/10.1016/j.quaint.2012.03.054
https://doi.org/10.1016/j.quaint.2012.03.054
https://doi.org/10.1016/j.jas.2005.11.017
https://doi.org/10.1038/s41562-023-01803-6
https://doi.org/10.1371/journal.pone.0323148
https://doi.org/10.1371/journal.pone.0323148
http://www.ncbi.nlm.nih.gov/pubmed/40465694
https://doi.org/10.1007/s12520-022-01641-z
https://doi.org/10.1016/j.jas.2013.10.029
https://doi.org/10.1016/j.crpv.2015.10.003
https://doi.org/10.4000/paleo.2172
https://doi.org/10.1016/j.quaint.2015.10.029
https://doi.org/10.1016/j.jhevol.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23498114
https://doi.org/10.1016/j.jas.2013.10.009
https://doi.org/10.1016/j.jas.2012.05.016
https://doi.org/10.1007/s12520-017-0522-5
https://doi.org/10.1016/j.jaa.2014.06.009
https://doi.org/10.1007/s10816-018-9389-8
https://doi.org/10.1016/j.quaint.2018.04.037
https://doi.org/10.1016/j.jas.2005.05.006
https://doi.org/10.1086/jar.47.2.3630328

PLO\Sﬁ\\.- One

45. Straus LG. Southwestern Europe at the Last Glacial Maximum. Current Anthropology. 1991;32(2):189-99. https://doi.org/10.1086/203940

46. Straus LG, Bicho N, Winegardner AC. The Upper Palaeolithic settlement of Iberia: first-generation maps. Antiquity. 2000;74(285):553-66. https://
doi.org/10.1017/s0003598x00059913

47. Straus LG. Recent developments in the study of the Upper Paleolithic of Vasco-Cantabrian Spain. Quat Int. 2015;364:255-71. https://doi.
org/10.1016/j.quaint.2014.05.008

48. Straus LG. The human occupation of southwestern Europe during the Last Glacial Maximum: Solutrean cultural adaptations in France and Iberia. J
Anthropol Res. 2015;71(4):465-92. https://doi.org/10.3998/jar.0521004.0071.401

49. AchilliA, Rengo C, Magri C, Battaglia V, Olivieri A, Scozzari R, et al. The molecular dissection of mtDNA haplogroup H confirms that the Franco-
Cantabrian glacial refuge was a major source for the European gene pool. Am J Hum Genet. 2004;75(5):910-8. https://doi.org/10.1086/425590
PMID: 15382008

50. Burke A, Levavasseur G, James PMA, Guiducci D, Izquierdo MA, Bourgeon L, et al. Exploring the impact of climate variability during the Last
Glacial Maximum on the pattern of human occupation of Iberia. J Hum Evol. 2014;73:35-46. https://doi.org/10.1016/j.jhevol.2014.06.003 PMID:
25034085

51. Burke A, Riel-Salvatore J, Barton CM. Human response to habitat suitability during the Last Glacial Maximum in Western Europe. J Quat Sci.
2018;33(3):335-45. https://doi.org/10.1002/jgs.3004

52. Fu Q, Posth C, Hajdinjak M, Petr M, Mallick S, Fernandes D, et al. The genetic history of Ice Age Europe. Nature. 2016;534(7606):200-5. https://
doi.org/10.1038/nature 17993 PMID: 27135931

53. Jones JR, Marin Arroyo AB, Corchén MS, Richards MP. After the last glacial maximum in the refugium of northern Iberia: environmental shifts,
demographic pressure and changing economic strategies at Las Caldas Cave (Asturias, Spain). Quat Sci Rev. 2021;262:106931. https://doi.
org/10.1016/j.quascirev.2021.106931

54. Naughton F, Sanchez-Gofi MF, Desprat S, Turon JL, Duprat J, Malaizé B. Present-day and past (last 25,000 years) marine pollen signal off west-
ern Iberia. Mar Micropaleontol. 2007;62(2):91-114. https://doi.org/10.1016/j.marmicro.2006.07.006

55. Naughton F, Sanchez-Goii MF, Rodrigues T, Salgueiro E, Costas S, Desprat S. Climate variability across the last deglaciation in NW Iberia and its
margin. Quat Int. 2016;414:9-22. https://doi.org/10.1016/j.quaint.2015.08.073

56. Osman MB, Tierney JE, Zhu J, Tardif R, Hakim GJ, King J, et al. Globally resolved surface temperatures since the Last Glacial Maximum. Nature.
2021;599(7884):239—44. https://doi.org/10.1038/s41586-021-03984-4 PMID: 34759364

57. Rasmussen SO, Bigler M, Blockley SP, Blunier T, Buchardt SL, Clausen HB, et al. A stratigraphic framework for abrupt climatic changes during the
Last Glacial period based on three synchronized Greenland ice-core records: refining and extending the INTIMATE event stratigraphy. Quat Sci
Rev. 2014;106:14—28. https://doi.org/10.1016/j.quascirev.2014.09.007

58. Stanford JD, Rohling EJ, Bacon S, Roberts AP, Grousset FE, Bolshaw M. A new concept for the paleoceanographic evolution of Heinrich event 1 in
the North Atlantic. Quat Sci Rev. 2011;30(9-10):1047-66. https://doi.org/10.1016/j.quascirev.2011.02.003

59. Bilbao-Lasa P, Jara-Mufioz J, Pedoja K, Alvarez |, Aranburu A, Iriarte E, et al. Submerged Marine Terraces Identification and an Approach
for Numerical Modeling the Sequence Formation in the Bay of Biscay (Northeastern Iberian Peninsula). Front Earth Sci. 2020;8. https://doi.
org/10.3389/feart.2020.00047

60. Fortea FJ, De La Rasilla M, Rodriguez V. La cueva de Llonin (Llonin, Pefiamellera Alta). Campafias de 1987 a 1990. Excav Arqueol Asturias.
1992;2:9-18.

61. Fortea FJ, De La Rasilla M, Rodriguez V. La cueva de Llonin (Llonin, Pefiamellera Alta). Campanas de 1991 a 1994. Excav Arqueol Asturias.
1995;3:33-43.

62. Fortea FJ, De La Rasilla M, Rodriguez V. La cueva de Llonin (Llonin, Pefiamellera Alta). Campafas de 1995 a 1998. Excav Arqueol Asturias.
1999;4:59-68.

63. Fortea FJ, De La Rasilla M, Rodriguez V. La cueva de Llonin (Llonin, Pefiamellera Alta). Campafias de 1999 a 2002. Excav Arqueol Asturias.
2007;5:77-86.

64. de la Rasilla M, Duarte E, Aura-Tortosa JE, Sanchis A, Carrion Y, Pérez-Ripoll M. The Llonin Cave (Pefiamellera Alta, Asturias, Spain), level Il
(Galeria): techno-typological characterisation of the Badegoulian lithic and bone assemblages. In: Deschamps M, editor. La conquéte de la mon-
tagne: des premiéres occupations humaines a I'anthropisation du milieu. Paris: Editions du CTHS. 2019.

65. Aura JE, Tiffagom M, Jorda-Pardo JF, Duarte E, Fernandez de la Vega J, Santamaria D. The Solutrean—Magdalenian transition: a view from Iberia.
Quat Int. 2012;272—-273:75-87. https://doi.org/10.1016/j.quaint.2012.05.020

66. Fortea FJ, De La Rasilla M, Rodriguez V. L'art pariétal et la séquence archéologique paléolithique de la grotte de Llonin (Pefiamellera Alta, Astur-
ies, Espagne). Préhistoire, Art et Sociétés. 2004;59:7-29.

67. Gonzalez-Pumariega M, de la Rasilla M, Polledo M, Duarte E, et al. La Galeria de la Cueva de Llonin: un conjunto premagdaleniense poco cono-
cido. In: Garate D, Gonzalez Urquijo JE, editors. Reflejos de una sociedad: estudios sobre el Paleolitico superior en homenaje al profesor César
Gonzalez Sainz. Santander: Ediciones Tantin. 2026:185-95.

68. Duarte E, de la Rasilla M. The bone industry collections from the Middle and Upper Magdalenian levels in La Vifia rock shelter and Llonin cave
(Asturias, Northern Spain). In: Straus LG, Langlais M, editors. Magdalenian chrono-stratigraphic correlations and cultural connections between
Cantabrian Spain and Southwest France... and beyond. Paris: Société préhistorique frangaise. 2020. p. 319-56.

PLOS One | https://doi.org/10.1371/journal.pone.0351170  June 8, 2026 29/32



https://doi.org/10.1086/203940
https://doi.org/10.1017/s0003598x00059913
https://doi.org/10.1017/s0003598x00059913
https://doi.org/10.1016/j.quaint.2014.05.008
https://doi.org/10.1016/j.quaint.2014.05.008
https://doi.org/10.3998/jar.0521004.0071.401
https://doi.org/10.1086/425590
http://www.ncbi.nlm.nih.gov/pubmed/15382008
https://doi.org/10.1016/j.jhevol.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/25034085
https://doi.org/10.1002/jqs.3004
https://doi.org/10.1038/nature17993
https://doi.org/10.1038/nature17993
http://www.ncbi.nlm.nih.gov/pubmed/27135931
https://doi.org/10.1016/j.quascirev.2021.106931
https://doi.org/10.1016/j.quascirev.2021.106931
https://doi.org/10.1016/j.marmicro.2006.07.006
https://doi.org/10.1016/j.quaint.2015.08.073
https://doi.org/10.1038/s41586-021-03984-4
http://www.ncbi.nlm.nih.gov/pubmed/34759364
https://doi.org/10.1016/j.quascirev.2014.09.007
https://doi.org/10.1016/j.quascirev.2011.02.003
https://doi.org/10.3389/feart.2020.00047
https://doi.org/10.3389/feart.2020.00047
https://doi.org/10.1016/j.quaint.2012.05.020

PLO\Sﬁ\\.- One

69.
70.
71.
72.

73.

74.
75.
76.

77.

78.
79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.
96.
97.

98.

WoRMS Editorial Board. World Register of Marine Species. https://www.marinespecies.org 2024. Accessed 2024 August 9.

Palacios-Egtien N, Vega de la Torre JJ. Guia de conchas de las playas y rias de Cantabria. Santander: Gobierno de Cantabria. 1997.
Crothers JH. Dog-whelks: an introduction to the biology of Nucella lapillus (L.). Field Stud. 1985;6:291-360.

Wiborg KF. Some observations on the Iceland scallop, Chlamys islandica (Muller), in Norwegian waters. Rep Norw Fish Mar Invest.
1963;13:38-53.

Dupont C, Gruet Y. Variations morphologiques de mollusques gastropodes (Nucella lapillus et Hinia reticulata): intéréts pour I'archéologie. Archeo-
Sciences. 2000;24(1):53-61.

Madariaga B. La cueva del Otero (estudio paleontoldgico). Madrid: Direccion General de Bellas Artes. 1966.
Uppsala ES. Morphology and mode of life of the polychaeteRotularia. Palaontol Z. 1995;69(1-2):73-85. https://doi.org/10.1007/bf02985975

d’Errico F, Vanhaeren M. Criteria for identifying red deer (Cervus elaphus) age and sex from their canines: application to the study of Upper Palae-
olithic and Mesolithic ornaments. J Archaeol Sci. 2002;29:211-32. https://doi.org/10.1006/jasc.2001.0687

Azorit C, Analla M, Carrasco R, Calvo JA, Mufioz-Cobo J. Teeth eruption pattern in red deer (Cervus elaphus hispanicus) in southern Spain. Anales
Biol. 2002;24.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: Springer. 2016. https://doi.org/10.1111/].1541-0420.2011.01616.x
R Core Team. R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing. 2020.

Alvarez-Fernandez E. Los objetos de adorno-colgantes del Paleolitico superior y del Mesolitico en la Cornisa Cantabrica y en el Valle del Ebro:
una vision europea. Salamanca: Universidad de Salamanca. 2006.

Gutiérrez-Zugasti |. La explotacion de moluscos y otros recursos litorales en la region cantabrica durante el Pleistoceno final y el Holoceno inicial.
Santander: Universidad de Cantabria. 2009.

Behrensmeyer AK. Taphonomic and ecologic information from bone weathering. Paleobiology. 1978;4(2):150-62. https://doi.org/10.1017/
s0094837300005820

Fernandez-Jalvo Y, Andrews P. Atlas of Taphonomic Identifications: 1001 Images of Fossil and Recent Mammal Bone Modification. Dordrecht:
Springer. 2016.

Lyman R. Vertebrate taphonomy. Cambridge: Cambridge University Press. 1994.

Avezuela B, Martin-Lerma I, Marin de Espinosa JA, Mufioz Ibafiez FJ. Los adornos-colgantes en el Paleolitico superior: experimentacion sobre las
perforaciones en Littorina obtusata. In: Morgado A, Baena J, Garcia D, editors. La investigacion experimental aplicada a la Arqueologia. Granada:
Universidad de Granada. 2011:263-9.

Berganza E, Arribas JL, Idarraga RR. Estudio tecnolégico de los moluscos marinos perforados de los yacimientos de Lumentxa y Santa Catalina
(Lekeitio, Bizkaia). Munibe. 2012;63:91-102.

Hoareau L. Evolutions des sociétés épigravettiennes au cours du Tardiglaciaire: de la biographie des objets de parure aux traditions ornementales.
Nice: Université Cote d’Azur. 2023.

Osipowicz G, Piliciauskiené G, Olszewski J, Piliciauskas G. An occasional ornament, part of clothes or just a gift for ancestors? The results of
traceological studies of teeth pendants from Subneolithic sites in éventoji, Lithuania. J Archaeol Sci Rep. 2020;29:102130. https://doi.org/10.1016/].
jasrep.2019.102130

Garcia-Argudo G, Mangado X, Mercadal O, Sanchez de la Torre M, Fullola JM. Los ornamentos en concha durante el Paleolitico superior final
pirenaico: el caso del yacimiento de Montlle6 (Prats i Sansor, Catalufia). In: Pascual JL, Sanchis A, editors. Valencia: Museu de Prehistoria de
Valéncia. 2019:85-105.

Torres HR, Groman-Yaroslavski |, Weinstein-Evron M, Yeshurun R. A micro-wear analysis of Natufian gazelle phalanx beads from el-Wad Terrace,
Mount Carmel, Israel. J Archaeol Sci Rep. 2020;31:1-11. https://doi.org/10.1016/j.jasrep.2020.102304

Costa D, Sotelo G, Kaliontzopoulou A, Carvalho J, Butlin R, Hollander J, et al. Hybridization patterns between two marine snails, Littorina fabalis
and L. obtusata. Ecol Evol. 2020;10(3):1158-79. https://doi.org/10.1002/ece3.5943 PMID: 32076505

Reid DG. Systematics and evolution of Littorina. London: The Ray Society. 1996.

Dommergues E, Dommergues JL, Dommergues CH. Deux espéces sous un méme masque. Le point de vue paléontologique piégé par les
coquilles de deux espéces européennes de Trivia (Mollusca, Gastropoda). Rev Paléobiol. 2006;25:775-90.

Boessneck J, Jéquier JP, Stampfli HR. Die Trennung von Wisent und Ur [The differentiation between bison and aurochs]. Seeberg
Burgaschisee-Sud 3: Die Tierreste. Acta Bernensia. 1963:117-59.

Rifkin RF. Assessing the efficacy of red ochre as a prehistoric hide tanning ingredient. J Afr Archaeol. 2011;9(2):131-58.
Gonzalez-Urquijo JE, Ibafez JJ. Metodologia de andlisis funcional de instrumentos tallados en silex. Cuad Arqueol Univ Deusto. 1994;14.

d’Errico F, Vanhaeren M, Van Niekerk K, Henshilwood CS, Erasmus RM. Assessing the Accidental Versus Deliberate Colour Modification of Shell
Beads: a Case Study on PerforatedNassarius kraussianusfrom Blombos Cave Middle Stone Age levels. Archaeometry. 2013;57(1):51-76. https://
doi.org/10.1111/arcm.12072

Perles C, Vanhaeren M. BlackCyclope neriteaMarine Shell Ornaments in the Upper Palaeolithic and Mesolithic of Franchthi Cave, Greece: Argu-
ments for Intentional Heat Treatment. Journal of Field Archaeology. 2010;35(3):298-309. https://doi.org/10.1179/009346910x12707321358874

PLOS One | https://doi.org/10.137 1/journal.pone.0351170  June 8, 2026 30/32



https://www.marinespecies.org
https://doi.org/10.1007/bf02985975
https://doi.org/10.1006/jasc.2001.0687
https://doi.org/10.1111/j.1541-0420.2011.01616.x
https://doi.org/10.1017/s0094837300005820
https://doi.org/10.1017/s0094837300005820
https://doi.org/10.1016/j.jasrep.2019.102130
https://doi.org/10.1016/j.jasrep.2019.102130
https://doi.org/10.1016/j.jasrep.2020.102304
https://doi.org/10.1002/ece3.5943
http://www.ncbi.nlm.nih.gov/pubmed/32076505
https://doi.org/10.1111/arcm.12072
https://doi.org/10.1111/arcm.12072
https://doi.org/10.1179/009346910x12707321358874

PLO\Sﬁ\\.- One

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.
109.
110.

1.

112,

113.

114.
115.

116.

117.

118.

119.
120.
121.
122.

123.

124.

125.

126.

127.

Lange K. Heat-induced modification of marine shells used as personal ornaments at the prehistoric site of Franchthi Cave, Greece: First results of
a multi-analytical approach. Art. 2008.

Hoareau L, Beyries S. Insights into use-wear development on shell beads through macro- and microanalysis of experimental ornaments. In:
Margarit M, Boroneant A, editors. Recreating artefacts and ancient skills: from experiment to interpretation. Targoviste: Cetatea de Scaun.
2022:183-200.

Fortea FJ, De La Rasilla M, Rodriguez V. Sobre un rodete perforado magdaleniense de Llonin (Asturias). Arch Prehist Levant. 1990;20:95-108.
Taborin Y. La parure en coquillage au Paléolithique. Gallia Préhistoire. 1993;Suppl. XXIX.

Marin-Arroyo AB. Human response to Holocene warming on the Cantabrian Coast (northern Spain): an unexpected outcome. Quat Sci Rev.
2013;81:1-11. https://doi.org/10.1016/j.quascirev.2013.09.006

Portero R, Fernandez-Gémez MJ, Alvarez-Fernandez E. Revisiting macromammal exploitation in the Spanish Cantabrian region during the
Lower Magdalenian (ca. 20-17 ky cal BP). Quat Sci Rev. 2024;332:108651. https://doi.org/10.1016/j.quascirev.2024.108651

Altuna J. Faunas de mamiferos y cambios ambientales durante el Tardiglaciar cantabrico. In: Moure A, Gonzalez C, editors. El Final del
Paleolitico Cantabrico. Santander: Universidad de Cantabria. 1995:77—117.

de la Rasilla M, Duarte E, Sanchis A, Carrion Y, Cafaveras JC, Marin-Arroyo AB. Environment and subsistence strategies at La Vifia rock shelter
and Llonin cave (Asturias, Spain) during MIS3. J Archaeol Sci Rep. 2020;30:1-17. https://doi.org/10.1016/j.jasrep.2020.102198

de la Rasilla M, Duarte E, Sanchis A, Carrion Y, Cafaveras JC, Real C, et al. Investigaciones en la cueva de Llonin (Pefiamellera Alta). Excav
Arqueol Astur. 2025;10:31-40.

Taborin Y. Langage sans parole: la parure aux temps préhistoriques. Paris: La Maison des Roches; 2004.

Bevilacqua R. La grotta continenza di tarasacco. | livelli mesolitici ed epigravettiani. Riv Sci Preistoriche. 1994;46:3-39.

Alvarez-Fernandez E. Azabache et alii: la utilizacién del lignito durante el Paleolitico Superior en Europa. In: Allué Marti EA, editor. Actas del 1er
Congreso Peninsular de Estudiantes de Prehistoria. 2004:386—93.

Jager M. Serpulidae und Spirorbidae (Polychaeta sedentaria) aus Campan und Maastricht von Norddeutschland, den Niederlanden, Belgien und
angrenzenden Gebieten. Geol Jb A. 2005;157:121-49.

Payros A, Dinares-Turell J, Monechi S, Orue-Etxebarria X, Ortiz S, Apellaniz E, et al. The Lutetian/Bartonian transition (Middle Eocene) at
the Oyambre section (northern Spain): implications for standard chronostratigraphy. Palaeogeography, Palaeoclimatology, Palaeoecology.
2015;440:234—48. https://doi.org/10.1016/j.palaeco.2015.09.015

Elorza J, Astibia H. El anélido Rotularia spirulaea (Lamarck, 1818) (Polychaeta, Serpulidae) de las margas del Eoceno de la Cuenca de Pam-
plona (Navarra): microestructura, tafonomia y paleoecologia. Spanish J Palaeontol. 2017;32:343—-66.

Gamble C. Interaction and Alliance in Palaeolithic Society. Man. 1982;17(1):92. https://doi.org/10.2307/2802103

Fuentes O, Lucas C, Robert E. An approach to Palaeolithic networks: the question of symbolic territories and their interpretation through Magda-
lenian art. Quat Int. 2019;503:233-47. https://doi.org/10.1016/j.quaint.2017.12.017

Ramirez del Pozo J, Portero Garcia JM, Olivé Davo A, Martin Alafont JM, Aguilar Tomas MJ. Mapa geolégico de la hoja n® 33 (Comillas). Madrid:
Instituto Geoldgico y Minero de Espafa (IGME). 1974.

Zickel M, Becker D, Verheul J, Yener Y, Willmes C. Paleocoastlines GIS dataset. 2016.

Martin-Jarque S, Tarrifio A, Delclos X, Garcia-Alonso B, Pefalver E, Prieto A. Les silex et autres matieres premiéres comme preuves de contacts
entre les groupes de chasseurs-cueilleurs pendant le Paléolithique supérieur de la région cantabrique (nord de 'Espagne): Synthése de I'infor-
mation disponible. L'Anthropologie. 2023;127(1):103092. https://doi.org/10.1016/j.anthro.2022.103092

White R. Observations technologiques sur les objets de parure. galip. 2002;34(1):257—-66. https://doi.org/10.3406/galip.2002.2801
Conkey MW. The identification of prehistoric hunter-gatherer aggregation sites: the case of Altamira. Curr Anthropol. 1980;21(5):609-30.

Schwendler RH. Magdalenian perforated bone disks in geographic and social contexts. Mém Soc Préhist Fr. 2005;39:73-84.

Whallon R. Social networks and information: Non-“utilitarian” mobility among hunter-gatherers. J Anthropol Archaeol. 2006;25(2):259-70. https://
doi.org/10.1016/j.jaa.2005.11.004

Rigaud S, Costamagno S, Pétillon J-M, Chalard P, Laroulandie V, Langlais M. Settlement dynamic and beadwork: new insights on Late Upper
Paleolithic craft activities. PaleoAnthropology. 2019;137-55. https://doi.org/10.4207/PA.2019.ART128

Corchén MS, Mateos A, Alvarez Fernandez E, Pefialver E, Delclos X, van der Made J. Ressources complémentaires et mobilité dans le Magda-
Iénien cantabrique. Nouvelles données sur les mammiferes marins, les crustacés, les mollusques et les roches organogenes de la Grotte de Las
Caldas (Asturies, Espagne). L'Anthropologie. 2008;112(2):284—-327. https://doi.org/10.1016/j.anthro.2008.02.008

Leroi-Gourhan A. Préhistoire de I'art occidental. Paris: Editions d’Arthaud. 1965.

Sauvet G, Fortea J, Fritz C, Tosello G. Echanges culturels entre groupes humains paléolithiques entre 20.000 et 12.000 BP. Préhist Art Sociétés.
2008;63:73-92.

Fritz C, Tosello G, Sauvet G. Groupes ethniques, territoires, échanges: la notion de frontiére dans I'art magdalénien. Frontiéres naturelles et
frontiéres culturelles dans les Pyrénées préhistoriques. Santander: Editorial Universidad de Cantabria. 2007:165-82.

PLOS One | https://doi.org/10.1371/journal.pone.0351170  June 8, 2026 31/32



https://doi.org/10.1016/j.quascirev.2013.09.006
https://doi.org/10.1016/j.quascirev.2024.108651
https://doi.org/10.1016/j.jasrep.2020.102198
https://doi.org/10.1016/j.palaeo.2015.09.015
https://doi.org/10.2307/2802103
https://doi.org/10.1016/j.quaint.2017.12.017
https://doi.org/10.1016/j.anthro.2022.103092
https://doi.org/10.3406/galip.2002.2801
https://doi.org/10.1016/j.jaa.2005.11.004
https://doi.org/10.1016/j.jaa.2005.11.004
https://doi.org/10.4207/PA.2019.ART128
https://doi.org/10.1016/j.anthro.2008.02.008

PLO\Sﬁ\\.- One

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.
142.
143.

144.

145.

146.

147.

148.

149.

150.

Rivero O, Sauvet G. Defining Magdalenian cultural groups in Franco-Cantabria by the formal analysis of portable artworks. Antiquity.
2014;88(339):64—-80. https://doi.org/10.1017/s0003598x00050225

Fortea FJ, Fritz C, Garcia M, Sanchidrian JL, Sauvet G, Tosello G. L’art pariétal paléolithique a I'épreuve du style et du carbone-14. La spiritual-
ité. Actes du colloque de la commission 8, UISPP (Paléolithique supérieur). Liége: Eraul. 2004:163-76.

Gravel-Miguel C. Using species distribution modeling to contextualize Lower Magdalenian social networks visible through portable art stylistic
similarities in the Cantabrian region (Spain). Quat Int. 2016;412:112-23. https://doi.org/10.1016/j.quaint.2015.08.029

Rissetto JD. Late Pleistocene hunter-gatherer mobility patterns and lithic exploitation in eastern Cantabria (Spain). Albuquerque: University of
New Mexico. 2009.

Tarrifio A, Elorrieta |, Garcia-Rojas M. Flint as raw material in prehistoric times: Cantabrian Mountain and western Pyrenees data. Quat Int.
2015;364:94—108. https://doi.org/10.1016/j.quaint.2014.10.061

Tarrifio A, Duarte E, Santamaria D, Martinez L, Fernandez de la Vega J, Suarez P. El silex de Pilofa: caracterizacion de una nueva fuente de
materia prima en la prehistoria de Asturias. In: de la Rasilla M, editor. F. Javier Fortea Pérez, Universitatis Ovetensis Magister: estudios en home-
naje. Oviedo: Ediciones de la Universidad de Oviedo. 2013. p:115-32.

Duarte E, Santamaria D, Forcelledo E, Tarrifio A, de la Rasilla M. El silex como recurso mineral en la prehistoria de Asturias. Cuad Prehist
Arqueol Univ Granada. 2016;26:11-28.

Fontes LM, Straus LG, Gonzalez MR. Lithic raw material conveyance and hunter-gatherer mobility during the Lower Magdalenian in Cantabria,
Spain. Quat Int. 2016;412:66—81. https://doi.org/10.1016/j.quaint.2015.09.017

Corchon MS, Tarrifio A, Martinez X. Mobilité, territoires et relations culturelles au début du Magdalénien moyen cantabrique: nouvelles perspec-
tives. In: Djindjian F, Kozlowski J, Bicho N, editors. Le concept de territoires dans le Paléolithique supérieur européen. Oxford: BAR International
Series. 2007:217-30.

Tarrifio A. Procedencia de los silex del proyecto Los tiempos de Altamira. In: Lasheras JA, editor. Proyecto de investigacion “Los tiempos de
Altamira”. Madrid: Ministerio de Educacién, Cultura y Deporte. 2016:457-76.

Pétillon J-M. Circulation of whale-bone artifacts in the northern Pyrenees during the late Upper Paleolithic. J Hum Evol. 2013;65(5):525—43.
https://doi.org/10.1016/j.jhevol.2013.06.006 PMID: 24103459

Lefebvre A, Marin-Arroyo AB, Alvarez-Fernandez E, de la Rasilla M, Duarte E, Cueto M. Interconnected Magdalenian societies as revealed
by the circulation of whale bone artefacts in the Pyreneo-Cantabrian region. Quat Sci Rev. 2021;251:106692. https://doi.org/10.1016/].
quascirev.2020.106692

Moure Romanillo JA, Gil Alvarez G. Noticia preliminar sobre los nuevos yacimientos de arte rupestre descubiertos en Pefiamellera Alta (Astur-
ias). Trab Prehist. 1972;29:245.

Fortea Pérez J. El bosque. Excav Arqueol Asturias. 1995;3:271-4.
Fortea Pérez J, De La Rasilla M, Rodriguez V. Covaciella. Excav Arqueol Asturias. 1995;3:258-70.

Cueto M, Alvarez-Fernandez E, Cubas M, Portero R, Uzquiano P, Arias P. Aportacion al estudio arqueozoolégico de la Cueva de Arangas
(Cabrales, Asturias): los conjuntos paleoliticos de la camparia de 2007. Ferv Rev Inv. 2015;8:75-88.

Alvarez-Fernandez E, Barrera |, Fernandez-Gémez MJ. Early personal ornaments — Living among personal ornaments during the Magdalenian:
Some reflections about perforated marine shells in Cantabrian Spain. PaleoAnthropology. 2019;:116-36.

Gutiérrez-Zugasti |, Cuenca-Solana D. Ornaments from the Magdalenian burial area in EI Miron Cave (Cantabria, northern Spain). Were they
grave goods? Journal of Archaeological Science. 2015;60:112—-24. https://doi.org/10.1016/j.jas.2015.04.012

De las Heras-Martin C. Objetos grabados y elementos de adorno de los yacimientos de Cualventi, El Linar y Las Aguas (Cantabria). Proyecto de
investigacion “Los tiempos de Altamira”. Madrid: Subdireccién General de Documentacion y Publicaciones. 2016:645-88.

Alvarez-Fernandez E. Los objetos de adorno de la zona B de la cueva de Coimbre (Asturias, Espafia). La cueva de Coimbre (Pefiamellera Alta,
Asturias): ocupaciones humanas en el valle del Cares durante el Paleolitico superior. Oviedo: Fundacion Maria Cristina Masaveu Peterson.
2017:458-69.

Vega del Sella R. Paleolitico de Cueto de la Mina (Asturias). Madrid: Museo Nacional de Ciencias Naturales. 1916.

Alvarez-Fernandez E, Fernandez Garcia R. Marine resources exploitation in Cantabrian Spain during the Solutrean: molluscs, fish and sea mam-
mals. Bull Mus Anthropol Préhist Monaco. 2012;51:87-97.

Fano MA, Alvarez-Fernandez E. Magdalenian marine shells from El Horno Cave (Ramales, Cantabria, Spain) in the regional context. Not only
food: marine, terrestrial and freshwater molluscs in archaeological sites. San Sebastian: Sociedad de Ciencias Aranzadi. 2010:58—68.

PLOS One | https://doi.org/10.137 1/journal.pone.0351170  June 8, 2026 32/32



https://doi.org/10.1017/s0003598x00050225
https://doi.org/10.1016/j.quaint.2015.08.029
https://doi.org/10.1016/j.quaint.2014.10.061
https://doi.org/10.1016/j.quaint.2015.09.017
https://doi.org/10.1016/j.jhevol.2013.06.006
http://www.ncbi.nlm.nih.gov/pubmed/24103459
https://doi.org/10.1016/j.quascirev.2020.106692
https://doi.org/10.1016/j.quascirev.2020.106692
https://doi.org/10.1016/j.jas.2015.04.012

	Identity and mobility through personal ornaments in Upper Paleolithic cantabrian hunter-gatherer societies: Insights from Llonín cave (Asturias, Spain)
	Introduction
	Materials and methods
	Taxonomic and biometric analyses
	Taphonomic analysis
	Morphometric and use wear analysis

	Results
	Taxonomic analysis
	Biometric analysis
	Taphonomic analysis
	Use wear-analysis
	Production of personal ornaments
	Use and suspension systems of personal ornaments
	Decorated elements

	Discussion
	Raw material procurement
	Manufacture techniques and suspension modes
	Social functions
	Cultural networks and mobility

	Conclusions
	Supporting information
	References‌‌


