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Abstract 

Previous morphofunctional analyses linked Pleistocene leopards from the eastern Pyrenees to 

rocky mountainous habitats, within a broader interpretation of European leopard ecology. Such 

environments are expected to increase exposure to falls, missteps and difficult landings during 

locomotion and prey capture. Here we develop the palaeopathological dimension of this 

interpretation by examining two pathological leopard (Panthera pardus) forelimb elements 

from Late Pleistocene European cave assemblages: a radius from Grotte de la Carrière, France, 

and a fifth metacarpal from Tut de Fustanyà, Iberia. External morphology and computed-

tomography images reveal pronounced diaphyseal enlargement, irregular periosteal bone 

formation, cortical reorganization and persistent deformation, most consistent with remodeled 

fractures. Substantial reparative bone documents survival beyond the acute injury and through 

an extended phase of osseous repair. Comparisons with pathological leopards, lynxes, cave lions 

and saber-toothed felids support the diagnostic assessment and place these injuries within a 

broader record of skeletal trauma. We propose that the fractures reflect the mechanical risks of 

locomotion and hunting in steep, rocky terrain. The pathological evidence adds an individual 

life-history dimension to the postcranial adaptations previously recognized in European 

leopards. Integrating the lesions with the morphological and environmental evidence, we 

interpret them as potential traumatic consequences of the mountain-associated way of life 

proposed for European Pleistocene leopards. Their extensive repair also documents the capacity 

of injured individuals to survive within this demanding ecological setting. 
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Introduction 

The ecology of Pleistocene European leopards has recently been interpreted in relation to a 

preference for mountainous and rocky environments, supported by postcranial anatomy, 

geographical distribution and palaeoecological comparisons (Prat-Vericat et al. 2025). This 

interpretation raises a complementary question about the physical consequences of exploiting 

such habitats. Locomotor adaptations that facilitate movement and prey capture on steep and 

irregular substrates may coexist with exposure to falls and other accidents. Pathological bones 

provide a means of examining injuries and survival within this ecological model. 

Paleopathological remains preserve aspects of an animal's life history that cannot be 

reconstructed from healthy anatomy alone. A healed lesion records both an injury or disease 

process and a biological response, providing evidence that the individual survived at least part 

of its subsequent functional consequences. In carnivores, this type of observation is particularly 

relevant due to their active foraging behaviour, which involves direct interaction with other 

animals. Reliable interpretation requires a distinction between the lesion itself, its likely 

pathological origin and the behavioral circumstances in which it developed (Lovell 1997; 

Rothschild and Martin 2006). 

Felid forelimbs contribute to body support and locomotion as well as to grasping and restraining 

prey. Comparative anatomy links aspects of forelimb construction to prey-size preferences, 

making injuries to the radius and manus particularly informative for evaluating potential 

functional limitations (Meachen-Samuels and Van Valkenburgh 2009). At Rancho La Brea 

(California, USA), differences in the skeletal distribution of trauma between Smilodon fatalis and 

dire wolves have been interpreted in relation to their contrasting predatory strategies (Brown 

et al. 2017). Complementary studies of tooth breakage demonstrate that dental damage also 

contains information about feeding ecology (Van Valkenburgh and Hertel 1993; Van 

Valkenburgh 2009). 

The European record provides several relevant examples of pathological felids. Pleistocene cave 

lions preserve healed fractures and other skeletal abnormalities, including a callused rib from 

Sloup Cave (Czech Republic; Rothschild and Diedrich 2012). A pathological scapula of 

Homotherium latidens from Schöningen (Germany) records shoulder osteoarthritis with trauma, 

ageing or their combined effects considered as possible causes (Janssens et al. 2019). More 

recently, a displaced and healed fifth-metacarpal fracture, together with changes in adjacent 
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metacarpals, was described in the Early Pleistocene lynx from Taurida Cave, Crimea (Serdyuk et 

al. 2025). These cases illustrate both survival with skeletal lesions and the diversity of processes 

represented by abnormal bone morphology. 

Pathological remains are also known in older European felids. The Late Miocene saber-toothed 

felid Promegantereon ogygia, includes healed metatarsal injuries from Batallones-1 (Iberia; 

Salesa et al. 2006; Salesa et al. 2014). A radius of the same species from La Roma 2 (Iberia) was 

interpreted as showing tendon-related ossification associated with the abductor pollicis longus, 

rather than a shaft fracture (Salesa et al. 2014). In Machairodus aphanistus, also from 

Batallones-1, a proliferative calcaneal lesion, metacarpal osteosclerosis and a mandibular 

abscess were evaluated through separate differential diagnoses (Salesa et al. 2024). These 

Miocene examples provide a useful comparative framework, while remaining distinct from the 

Pleistocene occurrences considered here. 

Leopard palaeopathology is less extensively documented. A proximal radius of Panthera pardus 

from Biśnik Cave (Poland), bears a porous excrescence at the radial tuberosity, but the 

fragmentary specimen provided no unequivocal evidence of a fracture and its etiology remained 

unresolved (Marciszak et al. 2011). This record establishes that skeletal abnormalities in 

European fossil leopards have received previous attention, while also showing why an external 

proliferation should not automatically be described as fracture callus. Internal imaging can 

materially improve diagnosis: computed tomography of a pathological Smilodon pelvis and 

associated femur favored developmental hip dysplasia over earlier traumatic or infectious 

interpretations (Balisi et al. 2021). 

Leopards were geographically widespread in Pleistocene Europe, although their fossil record is 

uneven and consists largely of material from cave deposits. Iberian records document the 

species in both archaeological and palaeontological contexts, while ancient DNA reveals a more 

complex Eurasian population history than can be reconstructed from morphology alone (Sanchís 

et al. 2015; Paijmans et al. 2018). Prat-Vericat et al. (2025) combined the eastern Pyrenean 

assemblages with a broader European comparative sample and identified hindlimb, tarsal and 

metapodial characteristics resembling those of the snow leopard (Panthera uncia). We 

interpreted this combination of traits as facilitating powerful jumps, stability and prey capture 

in rugged mountain environments. Together with the geographical distribution and 

palaeoecological evidence, these results supported preferential exploitation of mountainous 

habitats, including montane forests and rocky terrain with steep cliffs, particularly during the 

Late Pleistocene. 

This mountain ecology model predicts repeated exposure to mechanically demanding 

situations. Hunting caprines and moving across broken slopes would require secure footing, 
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precise jumps and controlled landings, with a risk of sudden loading when a step or landing failed 

(Prat-Vericat et al. 2025). Fractures affecting the forelimb are therefore relevant to the potential 

costs of this habitat use. Their occurrence, morphology and repair can be evaluated alongside 

the functional evidence to investigate how the exploitation of rugged terrain may have shaped 

individual life histories. 

Here we extend the ecological interpretation developed by Prat-Vericat et al. (2025) through a 

palaeopathological study of a radius from Grotte de la Carrière (France) and a fifth metacarpal 

from Tut de Fustanyà (Iberia). We describe the lesions, evaluate a traumatic interpretation 

against alternative diagnoses and compare them with pathological European felids.  

 

Materials and Methods 

Research framework 

The study concerns two Panthera pardus forelimb elements with pathologies: a right radius 

(GDC2021-S2-P30-624-Nv.2) from Grotte de la Carrière and the left fifth metacarpal (RO25-834-

Mg-03) from Tut de Fustanyà. In the following analyses, the specimens are treated as separate 

cases from distinct localities. Their taxonomic context follows the regional assessment of 

Pyrenean leopard remains, while comparisons of pathological morphology are drawn from 

published descriptions and illustrations of fossil and living felids. 

The assessment focuses on the position and extent of bone proliferation, alteration of shaft 

alignment, preservation of cortical boundaries, internal cavities and evidence of integration 

between the original shaft and newly formed bone. The diagnostic approach follows established 

paleopathological principles and considers fracture repair, infection, neoplasia and other causes 

of localized bone formation (Lovell 1997; Rothschild and Martin 2006). Comparative examples 

are used to evaluate morphological alternatives and functional implications; they are not 

treated as equivalent cases merely because an element is enlarged or deformed. 

Grotte de la Carrière 

Grotte de la Carrière forms part of the Réseau Lachambre in Les Gorges de Villefranche, in the 

Têt Valley of the eastern French Pyrenees. The cave lies at approximately 540 m above sea level 

and contains fossiliferous deposits sampled in two distinct excavation areas, Sondage 1 and 

Sondage 2. Sondage 2, situated in the main gallery, contains a Late Pleistocene assemblage 

assigned to MIS 3, around 47 ka (Prat-Vericat et al. 2025). 

The Grotte de la Carrière collection is under the supervision of the Direction régionale des 

affaires culturelles (DRAC) Occitanie and the Conflent Spéléo Club de Prades (Prat-Vericat et al. 

2025). 
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Tut de Fustanyà 

Tut de Fustanyà is a karstic cavity in the Freser Valley near Queralbs, Ripollès, Girona, on the 

southern side of the eastern Pyrenees. Its approximately 16 m horizontal gallery opens towards 

the southwest at about 1130 m above sea level. Excavations in 1973, 1974 and 1978 recovered 

Middle Palaeolithic artefacts and faunal remains, including Panthera pardus, from Sector 3 in 

the inner part of the gallery. The cave also contains younger archaeological material, including 

Holocene and Bronze Age remains, which should be distinguished from its Pleistocene faunal 

deposits. Excavations resumed in 2022 and documented a preserved Late Pleistocene sequence 

(Prat-Vericat et al. 2025). 

Prat-Vericat et al. (2025) reported accelerator mass spectrometry radiocarbon determinations 

of 28,235 ± 143 and 31,604 ± 168 uncalibrated 14C yr BP for TUT22-101-224 and TUTnd-sup-5, 

respectively, with uncertainties expressed at 1σ.  

The collection recovered during the 2022–2025 campaigns and housed at the Institut Català de 

Paleoecologia Humana i Evolució Social (IPHES-CERCA), Tarragona (Prat-Vericat et al. 2025). The 

pathological fifth metacarpal is retained there under its supplied inventory, RO25-834-Mg-03. 

Imaging and diagnostic assessment 

The internal structure of both pathological specimens was investigated using X-ray computed 

tomography (CT). The right radius from Grotte de la Carrière (GDC2021-S2-P30-624-Nv.2) was 

scanned using a 16-slice helical CT scanner (Brivo CT385, GE Healthcare) at the Hospital Clínic 

Veterinari, Universitat Autònoma de Barcelona, Bellaterra, Spain. The left fifth metacarpal from 

Tut de Fustanyà (RO25-834-Mg-03) was examined using a GE Phoenix v|tome|x s 240 micro-

computed tomography system at the Centro Nacional de Investigación sobre la Evolución 

Humana (CENIEH), Burgos, Spain. Longitudinal and transverse sections were examined to assess 

fracture morphology, cortical continuity, medullary architecture and bone remodelling. The 

approximate positions of the illustrated sections are indicated on the corresponding three-

dimensional surface models in Figs. 1 and 2. 

The comparison is qualitative and concerns gross bone architecture. Particular attention was 

paid to changes in cortical continuity and alignment, the distribution of compact and porous 

tissue, and connections across the affected shaft segment. A traumatic interpretation was 

favored when these features jointly indicated reparative integration around a deformed 

diaphysis. Periosteal proliferation or increased radiopacity alone was not considered diagnostic 

of a fracture. Such caution is supported by CT reassessments and differential studies of other 

fossil felids (Balisi et al. 2021; Salesa et al. 2024). 

Possible infectious changes were assessed through the presence or absence of recognizable 

destructive lesions, sequestra and drainage channels, while considering that a previous infection 
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may leave incomplete or ambiguous evidence (Lee et al. 2016). Sharp internal cracks were 

evaluated separately from integrated reparative tissue because fossil breakage and post-

depositional alteration can mimic unhealed discontinuities. Attenuation differences were 

interpreted as structural features rather than measurements of original bone mineral density.  

 

Results 

Pathological radius from Grotte de la Carrière 

The studied radius preserves its proximal and distal epiphysis and exhibits marked deformation 

of the middle to distal diaphysis (Fig. 1A–D). A large, asymmetric bony expansion interrupts the 

normal shaft outline. The enlarged segment has irregular margins and a surface that combines 

relatively smooth areas with rough projections and depressions. The unaffected portions of the 

shaft remain recognizable above and below the lesion, but their alignment through the 

expanded region is altered. The external deformation therefore comprises both increased shaft 

breadth and a change in its longitudinal architecture. 

Longitudinal CT sections show substantial mineralized tissue around the deformed shaft, with 

irregular cortical boundaries and a heterogeneous internal network of cavities and trabecular 

structures (Fig. 1E, F). Parts of the original cortical outline remain recognizable within the 

enlargement, alongside additional bone that connects the affected region. Transverse sections 

reveal an irregular expanded perimeter and internal spaces of differing size and position (Fig. 

1G, H). The pathological mass is not uniformly solid, and residual cavities should be distinguished 

from the surrounding compact and trabecular tissue. 

Together, the external and internal observations document localized bone proliferation 

integrated with a markedly deformed diaphysis. They support substantial osseous repair around 

a previous shaft injury. The persistence of deformation and heterogeneous architecture 

indicates that healing did not restore the original shape. 

Pathological fifth metacarpal from Tut de Fustanyà 

The fifth metacarpal retains recognizable proximal and distal epiphysis, but an extensive, 

irregular enlargement occupies much of its diaphysis (Fig. 2A–F). The swelling is elongated along 

the shaft and is particularly conspicuous relative to the narrower distal portion. Its external 

surface is rough and locally porous, and the contour differs between the complementary views. 

The relationship between the articular ends and the intervening shaft is deformed, with 

pronounced curvature near the distal part of the pathological expansion. 

Longitudinal CT sections show dense cortical tissue associated with a broad zone of porous bone 

and internal cavities (Fig. 2G–I). Cortical boundaries can be followed through parts of the 

specimen, while the enlarged region displays substantial reorganization and additional 
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mineralized tissue around the original shaft. The medullary space is irregular and locally 

constricted, but remains visible in several sections. Transverse images likewise show variation 

in the balance between compact tissue, porous peripheral bone and central cavities (Fig. 2J–L). 

Thin, sharply bounded internal fissures are also present and distinguished from the more 

extensive integrated bony reaction. 

The principal features are therefore an enlarged and deformed shaft, extensive bone deposition 

and reorganized internal architecture. In combination, they are consistent with a remodeled 

diaphyseal injury and substantial reparative callus. The specimen does not preserve the soft 

tissues or associated metacarpals needed to assess the full extent of the original injury to the 

manus. 

 

Discussion 

Interpretation of the lesions and differential diagnosis 

A remodeled traumatic fracture is the most plausible explanation for each lesion. This 

interpretation rests on the combined evidence of localized diaphyseal expansion, altered shaft 

architecture and integration of newly formed bone with the affected segment. Callus formation 

can stabilize a fracture even when the original alignment is not restored, producing an enlarged, 

persistently deformed bone. Subsequent remodeling modifies the balance between cortical and 

trabecular tissue and can obscure the original fracture surfaces (Lovell 1997; Rothschild and 

Martin 2006; Einhorn and Gerstenfeld 2015). The Pyrenean specimens are consistent with this 

sequence, but the available evidence does not justify reconstructing a specific transverse, 

oblique or comminuted fracture pattern. 

The interpretation of repair also requires care in describing its endpoint. A large mineralized 

callus demonstrates a substantial biological response, but its size is not a direct measure of 

healing duration, original trauma severity or final strength. Persistent deformity can coexist with 

union, and the restoration of bony continuity does not imply recovery of normal limb mechanics. 

Fracture repair is influenced by stability, vascular supply and biological condition, while later 

remodeling can continue after functional use resumes (Einhorn and Gerstenfeld 2015). 

Accordingly, the studied specimens are described as showing advanced osseous repair and 

remodeling, without asserting complete functional recovery or assigning a minimum survival 

time in weeks or months. 

Infection is an important alternative or associated process because osteomyelitis can combine 

bone proliferation with cortical destruction. No unequivocal sequestrum or drainage channel is 

evident in the studied material. This reduces the positive evidence for chronic suppurative 

infection but does not exclude an earlier secondary infection of a fracture. Moreover, periosteal 
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reaction and increased bone formation are nonspecific findings that can accompany several 

disorders (Lee et al. 2016). A traumatic lesion and infection should therefore not be treated as 

mutually exclusive diagnoses solely based on the external swelling. 

A proliferative neoplasm is less strongly supported than repair around a deformed shaft, 

although morphology alone cannot eliminate every benign or malignant lesion. The extent of 

preserved cortical architecture and the relationship of the proliferation to the shaft favor a 

reparative explanation. Similarly, the principal abnormality is diaphyseal rather than centered 

on an articular surface, making primary degenerative joint disease a less satisfactory explanation 

for the main swelling. The calcaneal and metacarpal lesions described in Machairodus illustrate 

why enlargement, sclerosis and new bone formation need to be interpreted in their anatomical 

settings (Salesa et al. 2024). 

Tendon or ligament injury, stress-related changes and a fracture through previously diseased 

bone also merit consideration. A focal insertional lesion would not readily explain the full extent 

of the deformed diaphyseal architecture in these specimens. Nevertheless, an isolated radius or 

metacarpal does not reveal the condition of the entire skeleton, so systemic or metabolic 

disease cannot be rejected merely because only one abnormal element is available. The 

preferred diagnosis is therefore a remodeled fracture, with residual uncertainty concerning its 

precise configuration and any contributing pathology (Lovell 1997; Rothschild and Martin 2006). 

Comparison with other pathological European felids 

The leopard radius from Biśnik Cave (Poland) provides a particularly relevant species-level 

comparison. Its porous excrescence is situated at the radial tuberosity, and no fracture or bite 

damage was identified. Marciszak et al. (2011) explicitly left its aetiology open because 

preservation was incomplete. The Grotte de la Carrière radius differs in the extensive 

involvement of the shaft and the internal evidence of repair accompanying deformation. The 

comparison supports recognizing a leopard-specific paleopathological record, while avoiding the 

assumption that two proliferative radial lesions necessarily represent the same disease or injury. 

The closest anatomical comparator for the Tut de Fustanyà specimen is the fifth metacarpal of 

Lynx from Taurida Cave. Serdyuk et al. (2025) described a displaced healed fracture with callus 

and deformation, together with periosteal changes affecting neighboring metacarpals. Both 

cases document substantial pathology in the lateral manus and survival during bone repair. 

However, the Taurida material includes associated metacarpals, whereas the Tut element is 

considered in isolation. The latter consequently offers less information on the distribution of 

injury across the manus or on possible compensatory changes in neighboring bones. 

European cave lions broaden the comparison beyond the forelimb. The callused rib from Sloup 

(Czech Republic) and other lesions reviewed by Rothschild and Diedrich (2012) show that both 
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injury and non-traumatic skeletal abnormalities occurred in Pleistocene large felids. These cases 

support comparisons of lesion morphology and repair, but specific proposed aggressors or 

behavioral events remain interpretations. The shoulder osteoarthritis of Homotherium from 

Schöningen (Germany) makes the same distinction especially clear: an osteophyte and a 

subchondral cystic lesion supported the diagnosis, whereas the role of trauma, ageing and 

clinical symptoms remained less certain (Janssens et al. 2019). 

The Miocene cases are informative about the range of lesions that can affect comparable 

anatomical systems. Healed metatarsal damage in Promegantereon from Batallones-1 (Iberia) 

shows survival following injury to the autopodium, while the La Roma 2 (Iberia) radial lesion 

demonstrates that tendon-related ossification can produce an abnormal bony outgrowth 

without a diaphyseal fracture (Salesa et al. 2006, 2014). These examples strengthen a lesion-

specific approach to the Pyrenean material. Their value is diagnostic and functional; their 

different ages, body plans and environmental settings do not establish shared causes of injury 

or equivalent ecological responses. 

Survival and functional consequences 

The clearest biological inference is that both individuals survived the initial injury and a 

substantial period of bone formation. This is a record of survival during repair, irrespective of 

whether either animal ultimately regained normal performance. A radial shaft injury would be 

expected to compromise forelimb support and force transmission, whereas damage to a fifth 

metacarpal could affect the lateral manus during stance and prey restraint. However, the 

condition of the ulna, neighboring metacarpals, joints and soft tissues would influence the 

degree of impairment. Those anatomical relationships cannot be reconstructed fully from the 

isolated elements. 

Living felids demonstrate that significant injury can be compatible with continued survival and 

reproduction. García-Perea (2000) documented Iberian lynxes that had recovered in the wild 

from serious injuries, including limb loss. More recent tracking of severely injured felids 

recorded continued space use and activity in Iberian lynx, bobcat and snow leopard (Nájera et 

al. 2024). These observations are useful analogues for persistence with impairment, but their 

circumstances differ: the Iberian lynxes underwent surgery and rehabilitation, while the bobcat 

was encountered with an already self-healed traumatic limb loss. They should not be treated as 

equivalent examples of completely unaided fracture recovery. 

Leopard feeding ecology offers plausible routes by which an injured individual could continue 

obtaining food. The species uses a broad prey spectrum and can combine hunting with 

opportunistic exploitation of carcasses (Bailey 1993; Sunquist and Sunquist 2002). Changes in 

prey choice, movement or food acquisition could therefore contribute to survival during 
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recovery. These possibilities remain hypotheses for the fossil individuals, however. Neither 

callus morphology nor survival identifies the food consumed, the frequency of successful hunts 

or the extent to which scavenging compensated for reduced mobility. The fossils demonstrate 

a biological outcome, while the behavioral route to that outcome remains unresolved. 

Leopard-associated assemblages at Los Rincones, Racó del Duc and S’Espasa demonstrate how 

prey transport and repeated cave use can contribute to fossil accumulations (Sauqué et al. 2014; 

Sauqué and Sanchis 2017; Sauqué et al., 2018). At Grotte de la Carrière, Prat-Vericat et al. (2025) 

proposed that the studied injured leopard could have used the bear-occupied cavity as a refuge 

and exploited bear remains. The paleopathological assessment makes survival with a damaged 

forelimb credible, but does not identify that individual's cave-use behavior or attribute 

associated feeding traces to it. Spatial association, skeletal pathology and evidence of carcass 

exploitation need to be assessed separately before they are combined into a reconstruction of 

one animal's life history. 

Survival after injury also does not require a particular social system. It can reflect individual 

behavioral flexibility, remaining locomotor capacity and access to food, and does not on its own 

demonstrate provisioning by conspecifics. Likewise, an irregular or thickened shaft should not 

be interpreted simply as a stronger functional equivalent of normal anatomy. Comparative work 

on carnivoran forelimbs shows that shape reflects several interacting influences, including body 

size and phylogeny (Martín-Serra et al. 2014). In these specimens, pathological thickening is an 

acquired response to injury and its effect on performance would require evidence beyond 

external robustness. 

Mountain ecology and the mechanical risks of life in rocky terrain 

The principal ecological interpretation of these lesions follows directly from the study of Prat-

Vericat et al. (2025). Our former analysis of Pyrenean and other European leopards identified 

postcranial similarities with snow leopards, particularly in hindlimb proportions, the tarsus and 

several metapodial indices. The relatively high crural indices, tarsal morphology and robust 

metapodials were interpreted together as adaptations favoring jumping, stability and prey 

capture in rugged mountain environments. The paleogeographical distribution and associated 

prey evidence reinforced this interpretation. The fractures described here extend that 

reconstruction by documenting substantial traumatic damage in populations associated with 

these habitats and by allowing the possible physical costs of their locomotor ecology to be 

considered alongside their functional adaptations (Fig. 3). 

Extant African leopards provide a comparative context for interpreting the injuries described 

here. In a retrospective series of 61 free-ranging leopards from the Greater Kruger National Park, 

South Africa, Mitchell et al. (2026) recorded traumatic injuries in 25 individuals (41%), including 



11 

bite wounds attributed to conspecifics, lions and hyaenas, porcupine-quill injuries, rib fractures 

in three animals and a fractured tarsus. Two healed ribs in one individual document survival 

after skeletal trauma, while canine fractures were recorded in eight animals. Other findings 

included hip arthrosis, skull lesions attributed to tuberculous osteomyelitis, and pulmonary, 

renal and vascular abnormalities, many of the visceral changes being considered incidental. One 

individual had no recorded non-parasitic conditions. No comparable healed radial or metacarpal 

shaft fractures were reported, although incomplete anatomical coverage precludes interpreting 

this as a true absence. These observations document both injury and skeletal repair in living 

African leopards, with aggressive encounters and potentially prey capture contributing to 

trauma. Against this background, we propose that repeated movement and prey capture on 

steep, irregular substrates exposed Pleistocene Pyrenean leopards to additional mechanical 

hazards. 

Regular movement across steep slopes, rocky ledges and uneven substrates would have 

required controlled climbing, descent and landing, including during the pursuit and restraint of 

prey. We propose that repeated exposure to these situations increased opportunities for falls, 

loss of footing and awkward landings, even in animals anatomically adapted to mountain 

locomotion. A failed landing could impose sudden compression and bending on the radius, while 

an irregular contact or trapped manus could concentrate loads on individual metacarpals (Fig. 

3). The dual role of felid forelimbs in support and prey restraint makes both locomotor accidents 

and hunting on difficult terrain relevant to these injuries (Meachen-Samuels and Van 

Valkenburgh 2009). This provides a mechanistic explanation for how the habitats reconstructed 

by Prat-Vericat et al. (2025) could contribute to forelimb fractures. 

The distribution of damage in the two specimens is compatible with this interpretation. Both 

lesions affect the diaphysis of a forelimb element and preserve deformation associated with 

extensive repair. We interpret these features as evidence of traumatic events whose 

consequences are consistent with the falls, missteps or forceful landings predicted by the 

mountain ecology model (Fig. 3). Prey capture and terrain-related injury can also interact: 

restraining or transporting prey on an uneven slope may combine resistance from the prey with 

instability of the supporting limb. The new observations therefore connect the previously 

inferred locomotor adaptations with injuries that could arise during the activities those 

adaptations facilitated. 

Sampling limits and contribution to felid palaeobiology 

The proposed association between mountain habitat use and trauma concerns ecological 

interpretation; the two selected pathological elements do not establish a higher fracture 

frequency than in leopards from less rugged habitats. Nor can their remodeled morphology 
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identify the particular accident or exclude prey-inflicted trauma and aggressive encounters. 

Testing the prediction of increased injury risk requires standardized comparisons among 

habitats, including counts of unaffected elements and comparable recording of skeletal regions, 

as illustrated by the broader comparative approach at Rancho La Brea (USA; Brown et al. 2017). 

The present contribution is a qualitative link between documented injuries and the mountain 

ecology supported by the regional anatomical and palaeoecological evidence. 

The preservation of repaired lesions also selects individuals that survived long enough to form 

recognizable new bone. Rapidly fatal trauma may leave less diagnostic evidence of an 

antemortem event, while later breakage can obscure both healed and unhealed injuries. The 

observed record consequently represents a subset of the injuries that occurred in the living 

population (Lovell 1997). This limitation affects behavioral interpretation as well as comparisons 

among assemblages and should be considered before treating an apparent absence of lesions 

as evidence of low injury risk. 

 

Conclusions 

The radius from layer 2 of Grotte de la Carrière Sondage 2 and the fifth metacarpal from Tut de 

Fustanyà, both from the Late Pleistocene of the Pyrenees, exhibit extensive diaphyseal bone 

proliferation, deformation and internal reorganization. Their combined external and 

tomographic morphology is most consistent with remodeled fractures, documenting survival 

beyond the acute injury and through substantial osseous repair. Comparisons with pathological 

European felids strengthen this assessment. These findings provide the palaeopathological 

continuation of the morphofunctional and palaeoecological study by Prat-Vericat et al. (2025), 

adding evidence of injury and recovery to the reconstruction of Pyrenean and European 

Pleistocene leopards as inhabitants of mountainous and rocky environments. 

Within this ecological model, regular movement and prey capture on steep, rocky substrates 

would have exposed leopards to falls, unstable footing and difficult landings. We propose that 

the fractures described here reflect these mechanical hazards and illustrate potential traumatic 

consequences of a mountain-associated lifestyle. Their repair also records the capacity of 

injured individuals to survive within this demanding setting. The study therefore develops the 

interpretation of European Pleistocene leopards as mountain dwellers by integrating the 

possible costs of locomotion and hunting in rugged terrain with the previously documented 

anatomical adaptations that enabled them to exploit these environments. 
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Figure captions 

Fig. 1. Pathological right radius of Panthera pardus from Grotte de la Carrière, eastern French 

Pyrenees, layer 2 of Sondage 2 (GDC2021-S2-P30-624-Nv.2). A, B, lateral and medial views. C, D, 

three-dimensional surface representations in corresponding views. E, F, longitudinal computed-

tomography sections through the affected shaft. G, H, transverse sections showing the 

expanded contour, reorganized bone and residual internal cavities. I, reference surface models 

indicating the approximate positions of longitudinal sections E and F (blue) and transverse 

sections G and H (orange).  

Fig. 2 Pathological left fifth metacarpal of Panthera pardus from Tut de Fustanyà, eastern 

Catalan Pyrenees (RO25-834-Mg-03). A–D, anterior, posterior, lateral and medial views. E, F, 

three-dimensional surface representations of medial and lateral views. G–I, longitudinal 

computed-tomography sections showing altered cortical architecture, porous bone and an 

irregular medullary space. J–L, transverse sections through the shaft. M, reference surface 

models indicating the approximate positions of longitudinal sections G, H and I (blue) and 

transverse sections J, K and L (orange).  

Fig. 3. Locomotor behaviour and proposed links between habitat use and traumatic fracture 

risk in extant and Pleistocene European leopards (Panthera pardus). a, Extant leopards 

combine terrestrial locomotion and prey capture with climbing and prey hauling, involving 

forelimb support, propulsion and weight-bearing contact. b, Inferred locomotor scenario for 

Pleistocene European leopards inhabiting steep, rocky terrain, illustrating leaping, downhill 

braking and forelimb landing on irregular footholds. Unstable substrates or an awkward 

landing could cause loss of support and expose the forelimb to abrupt, asymmetric loading. c, 

Proposed mechanical pathways linking contact stability to injury: stable contact allows 

controlled load transfer, whereas a misstep or failed landing may generate traumatic loading 

sufficient to cause a fracture. Red dashed arrows highlight loss of support and the potential 

progression to fracture.  

 








	MadurellJME2026Text
	MadurellFigure1
	MadurellFigure2
	MadurellFigure3

