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Abstract
The late Early Pleistocene archaeological site of Fuente Nueva 3 (Orce, Guadix-Baza Depression, SE Spain), dated to ~1.4 
Ma, provides evidence on the subsistence strategies of the first hominin population that dispersed in Western Europe. The 
site preserves Oldowan tool assemblages associated with abundant remains of large mammals. A small proportion of these 
remains show cut marks and percussion marks resulting from defleshing and bone fracturing, and a small proportion of bones 
also show tooth marks. Previous taphonomic studies of FN3 suggested that the hominins had secondary access to the prey 
leftovers abandoned by sabretooth cats and other primary predators. However, a recent analysis by Yravedra et al. (2021) of 
the frequency of anthropogenic marks and tooth marks has concluded that the hominins had primary access to the carcasses 
of a wide variety of ungulate prey, even though the frequency of evisceration marks is strikingly low. In this rebuttal, we 
analyse the patterns of bone preservation in FN3, which show that the exploitation of bone marrow by the hominins after 
hammerstone breakage was a usual activity at the site. Our study also reviews the evidence available on the lesser abilities of 
sabretooth cats for carcass processing compared to pantherine felids. This reinforces the hypothesis that primary predators 
provided the hominins the opportunity to scavenge sizeable chunks of meat and bone marrow of their prey carcasses before 
the arrival of hyaenas. Finally, we also provide new inferences on resource availability and competition intensity among the 
members of the carnivore guild in FN3, which reinforce our interpretation that a secondary access by the Oldowan hominins 
to the prey leftovers of sabretooth cats was an optimal foraging strategy in the Guadix-Baza Depression.
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Introduction

This article is a rebuttal to Yravedra et al. (2021), who have 
recently published a reinterpretation of the taphonomy of 
the late Early Pleistocene archaeological site of Fuente 
Nueva 3 (FN3; Guadix-Baza Depression, SE Spain). In 
their paper, Yravedra et al. (2021) challenge our previous 
inferences (Espigares et al. 2013, 2019) on the mode and 
time of access of sabretooth cats, hominins, and hyaenas to 
ungulate carcasses, favouring a model of primary access by 
the hominins to these resources. In this rebuttal, we focus on 

the following issues, providing counterarguments to Yrave-
dra et al. (2021) that include: (i) a review of the models of 
primary and secondary access to ungulate carcasses by the 
Oldowan hominins; (ii) a comparison of the frequencies of 
anthropogenic marks and tooth marks described by Espig-
ares et al. (2019) and Yravedra et al. (2021) in the skeletal 
remains of large mammals unearthed from FN3 in different 
excavation seasons; (iii) new data on the patterns of skeletal 
completeness and bone survival in the faunal assemblage of 
FN3; (iv) a review of the craniodental and postcranial anat-
omy of sabretooth cats and their implications on the hunt-
ing habits of these predators, their limitations for carcass 
consumption, and the scavenging opportunities provided to 
the hominins and hyaenas; (v) a review of the bone crack-
ing abilities and other ecomorphological inferences for the 
giant hyaena Pachycrocuta brevirostris; (vi) new estimates 
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of resource abundance and competition intensity among the 
members of the carnivore guild of FN3; and (vii) a review 
of faunal turnover events in the late Early Pleistocene and 
their implications for hominin ecology.

FN3 is located near the town of Orce in the north-eastern 
sector of the Guadix-Baza Depression, SE Spain (Fig. 1A). 
This inland basin extends over an area of ~4000 km2 and is 
surrounded by the highest relief of the Alpine-Betic orog-
eny, which rises to an altitude of ~3000 m. The basin pre-
serves a relatively complete Plio-Pleistocene sedimentary 
record, which is composed of lacustrine and fluvial depos-
its (limestones, marls, shales, sands, and conglomerates) as 
well as dark clays and silexites originated from hot springs 
(García-Aguilar and Palmqvist 2011; García-Aguilar et al. 
2014, 2015). During the Miocene, the basin was connected 
to the Mediterranean Sea by the Almanzora Corridor and to 
the Atlantic Ocean by the Guadalquivir Basin. The closure of 
these corridors took place between the end of the Tortonian 
and the Messinian, which led to a change from exorheic con-
ditions to continental sedimentation (Soria et al. 1999; Hüsing 
et al. 2010). Isostatic uplifting, with an average uplift rate of 
~200 m/Ma (estimated from Late Neogene coastal marine 
conglomerates and coral reefs; Braga et al. 2003), resulted 
in an elevation of the uppermost level of the basin to ~1000 
m above sea level. During most of the Pliocene and Pleisto-
cene, the Guadix-Baza Depression developed a network of 
endorheic drainage and was subject to intense tectonic sub-
sidence, which allowed the accumulation of a thick (~550 
m) and relatively continuous record of continental sediments. 
Tectonically induced hydrothermal activity provided a mild 
and productive environment for the terrestrial fauna dur-
ing the Early Pleistocene (García-Aguilar et al. 2014, 2015; 
Palmqvist et al. 2022a). This allowed the establishment of 
a rich and diverse community of large mammals, whose 
remains are preserved in many archaeological and palaeon-
tological localities across the entire sedimentary depression, 
especially in its north-eastern sector (Palmqvist et al. 1996, 
2011; Arribas and Palmqvist 1998; Palmqvist and Arribas 
2001; Espigares et al. 2013, 2019; Toro-Moyano et al. 2013; 
Rodríguez-Gómez et al. 2016a, 2017a; Ros-Montoya et al. 
2017). The Orce area, a satellite basin in the NE sector of the 
Guadix-Baza Depression with an extent of ~170 km2, pre-
serves a unique fossil record of the Early Pleistocene fauna, 
including two Late Villafranchian sites that mark the oldest 
presence of hominins in Western Europe, Barranco León (BL) 
and FN3 (Martínez-Navarro et al. 1997, 2014; Espigares et al. 
2013, 2019; Toro-Moyano et al. 2013; Palmqvist et al. 2016).

The archaeological sites of BL and FN3 preserve huge 
lithic assemblages of Oldowan tradition (Martínez-Navarro 
et al. 1997; Toro-Moyano et al. 2011, 2013; Barsky et al. 
2010, 2015, 2016; Titton et al. 2018, 2021) together with 
an abundant fauna of large and small vertebrates, including 
a high diversity of carnivores: two mustelids (Martellictis 

ardea and Meles meles), three canis (Vulpes alopecoides, 
Canis mosbachensis, and Lycaon lycaonoides), one ursid 
(Ursus struscus), one hyaenid (Pachycrocuta brevirostris), 
and three felids (Lynx pardinus, Megantereon whitei, and 
Homotherium latidens) (Martínez-Navarro et al. 2010, 2021; 
Madurell-Malapeira et al. 2011; Boscaini et al. 2015; Medin 
et al. 2017; Ros-Montoya et al. 2021). This rich carnivore 
guild resembles those found in other Early Pleistocene 
archaeological and palaeontological sites of Eurasia, such as 
Dmanisi in Georgia, dated to ~1.8 Ma (Lordkipanidze et al. 
2007; Bartolini-Lucenti et al. 2022), Pirro Nord in Italy, 
dated to 1.6–1.3 Ma (Petrucci et al. 2013), and Vallonnet in 
France, dated to ~1.1 Ma (Moullé et al. 2006), or the early 
Acheulian site of Ubeidiya in Israel, dated to 1.6–1.2 Ma 
(Ballesio 1986; Bar-Yosef and Goren-Inbar 1993; Martínez-
Navarro et al. 2009). In Africa, carnivores are well repre-
sented at sites older than 1.8–1.7 Ma: for example, Shungura 
E-F-G, Lokalalei and Olduvai Bed I in East Africa, the lower 
levels of Swartkrans and Sterkfontein Member 5 in the South 
African cave complexes, and Ain Hanech in North Africa 
(Brain 1981; O’Regan 2007; O’Regan and Steininger 2017; 
Sahnouni and van der Made 2009; and references therein).

There are several age estimates for the archaeologi-
cal sites of BL and FN3. For example, a combination of 
biostratigraphy, magnetostratigraphy, and the U-series/
electron spin resonance (ESR) dating method applied to 
optically bleached quartz grains and fossil teeth allowed the 
estimation of their age as 1.43 ± 0.38 Ma for BL and 1.19 ± 
0.21 for FN3 (Duval et al. 2012; Toro-Moyano et al. 2013). 
In addition, an age of 1.50 ± 0.31 Ma has been derived for 
FN3 based on cosmogenic nuclides (Álvarez et al. 2015). 
Other age estimates for these sites (1.26 ± 0.13 Ma for BL 
and 1.20 ± 0.12 Ma for FN3) were obtained with a biom-
etric approach based on the size of the lower molar tooth 
of the arvicolid Mimomys savini (Lozano-Fernández et al. 
2013, 2014). However, this “vole-clock” assumes a rectilin-
ear pattern of change through time, which discourages its 
use in biostratigraphy (Martin 2014; Palmqvist et al. 2014, 
2016). Moreover, the absence of suids from the fossil assem-
blages of BL and FN3 provides a useful biochronological 
marker (Martínez-Navarro et al. 2015): suids are not present 
in Europe in the interval between 1.8 and 1.2 Ma until the 
arrival of a derived form of Sus strozzi during the Epivil-
lafranchian (Cherin et al. 2018, 2020). This species is first 
recorded in association with hominin remains at level TE9 of 
Sima del Elefante in the Atapuerca karstic complex, which is 
dated to 1.22 ± 0.16 Ma on the basis of cosmogenic nuclides 
(Carbonell et al. 2008), and later in other sites of Jaramillo 
age like Untermassfeld in Germany, Vallonnet in France, or 
Vallparadís in Spain (Moullé et al. 2006; Madurell-Mala-
peira et al. 2010, 2014; Cherin et al. 2018, 2020). Accord-
ing to these lines of evidence, the most parsimonious age 
estimate for BL and FN3 is ~1.4 Ma (Palmqvist et al. 2016).
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The sub-horizontal stratigraphy of FN3 shows three sedi-
mentary cycles deposited in a lutitic-carbonate, lacustrine-
to-swampy environment, each with limestones at the top of 
the sequence separated by clays, fine sands, and marly lutites 

(Fig. 1B). The clays and calcilutites were deposited under a 
semi-permanent water table while the sands correspond to 
lake shore deposits. Microscopic analyses showed that the 
sands are poorly concretioned ostracodites, which indicates 

Fig. 1   A Geological context of the Guadix-Baza Depression in the 
Betic Cordillera, SE Spain. The rectangle encloses the Orce-Fuente 
Nueva sector of the Baza Basin. The position of the two late Early 
Pleistocene sites discussed in the text, Barranco León (BL) and 

Fuente Nueva 3 (FN3), is marked. B Stratigraphic series of the FN3 
site. C View of FN3 during the summer excavation of 2015. D View 
of a tusk of elephant Mammuthus meridionalis, probably a male indi-
vidual given the length (>3 m) and width (~30 cm) of this specimen
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the presence of oligosaline waters (Anadón et al. 1986), with 
scarce detritic cobbles (10–15% of quartz grains). The fertile 
strata of FN3 comprise six layers, which cluster in two main 
archaeological levels (Turq et al. 1996; Martínez-Navarro 
et al. 1997; Espigares et al. 2013, 2019). The stratigraphy of 
BL is dominated by limestones, sandstones, carbonate silts, 
and dark mudstones deposited in a lacustrine system with an 
alternation of oligo- to mesohaline waters (Turq et al. 1996; 
Arribas and Palmqvist 2002; Anadón et al. 2015). These 
sediments are associated with a swampy environment except 
level D (formerly BL-5: Arribas and Palmqvist 2002), which 
shows fluvial features and encases most of the archaeologi-
cal assemblage (Toro-Moyano et al. 2013).

BL and FN3 have provided assemblages of Oldowan tools 
that represent the whole reduction sequence, composed of 
abundant small flakes, cobbles (one-third with percussion 
marks), cores, and debitage made of flint, limestones, and cal-
carenites from the surroundings of the sites. Flint was largely 
exploited for flake production while limestones, although also 
used for flake production, were mostly employed as percus-
sion tools (Tixier et al. 1995; Turq et al. 1996; Martínez-
Navarro et al. 1997; Oms et al. 2000; Palmqvist et al. 2005; 
Barsky et al. 2010, 2015, 2016; Toro-Moyano et al. 2011, 
2013; Titton et al. 2018, 2021). The tools are associated 
with abundant remains of large mammals. These rich lithic 
assemblages, together with the inferences on the availability 
of animal resources and the intensity of competition among 
carnivores (including hominins) for these resources, provide 
interesting clues on the subsistence strategies of the earliest 
hominin population of Western Europe (Rodríguez-Gómez 
et al. 2016a; Espigares et al. 2019).

A small proportion of bones show cut marks and percus-
sion marks resulting from defleshing and bone fracturing 
for accessing their marrow contents (Espigares et al. 2019; 
Yravedra et al. 2021). This provides useful information on 
the subsistence strategies of the first hominins that colonized 

Western Europe in the late Early Pleistocene (Espigares 
et al. 2013, 2019; Toro-Moyano et al. 2013). Cut marks 
are relatively short (length range: 1.8–13.0 mm) and are 
predominantly represented by incisions, although scrapes, 
sawing marks, and chop marks are also documented. They 
mostly appear on the bone remains of animals of medium-
to-large and very large size (e.g., horses Equus altidens and 
E. suessenbornensis, megacerine deer Praemegaceros cf. 
verticornis, bison Bison sp., rhino Stephanorhinus hund-
seimensis, hippo Hippopotamus antiquus, and elephant 
Mammuthus meridionalis). Cut marks evidence patterns 
of skinning, disarticulation, defleshing, evisceration, and 
periosteum removal. Evidence of intentional bone break-
age includes percussion marks, pits, notches, impact flakes, 
and negative flake scars generated by a direct contact of 
the bones with the hammerstone (Espigares 2010; Espigares 
et al. 2013, 2019). The fossil assemblages of BL and FN3 
also preserve bones with carnivore modifications, which are 
less frequent than those of anthropogenic origin (Espigares 
et al. 2019; Yravedra et al. 2021). These tooth marks are 
similar in morphology, dimensions, and anatomical position 
to those recorded at quarry VM3 of Venta Micena, an Early 
Pleistocene site of Orce that has been definitively interpreted 
as a breeding den of the giant, short-faced hyaena Pachy-
crocuta brevirostris (Palmqvist et al. 1996, 2011, 2022b; 
Arribas and Palmqvist 1998; Palmqvist and Arribas 2001; 
Espigares 2010). For this reason, most tooth-marked bones 
of BL and FN3 were probably consumed by P. brevirostris, 
although some were apparently gnawed by porcupines (Espi-
gares et al. 2013, 2019). This is particularly evident in the 
case of the upper archaeological level of FN3, in which 
hyaena coprolites are abundantly preserved (Fig. 2).

Recently, Yravedra et al. (2021) analysed the evidence 
on the food procurement strategies of the hominins at FN3, 
focusing on the analysis of the anthropogenic traces and 
tooth marks identified in the bone remains of the 2017–2020 

Fig. 2   Spatial distribution of bones, lithic artefacts, stones (manu-
ports?), and coprolites recovered from Fuente Nueva 3 (FN3) in the 
2001–2015 excavation seasons. This 2D scatterplot is a longitudinal 
section that shows the X- and Z-coordinates of the records projected 

on the Y-plane. The graph shows a concentration of hyaena copro-
lites in the Upper Archaeological Level while the Oldowan tools and 
stones are more abundantly represented in the Lower Archaeological 
Level. Scales in cm
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excavation seasons, thus increasing the sample size of the pre-
vious study by Espigares et al. (2019). Despite the overall sim-
ilarity between the results of the two studies, Yravedra et al. 
(2021) concluded that the hominins had primary access in 
FN3 to the carcasses of a wide variety of ungulate prey. Here, 
we re-evaluate several issues overlooked by Yravedra et al. 
(2021) and reaffirm a model, originally proposed by Espigares 
et al. (2013, 2019), with a secondary access by hominins to 
the prey animals, which were abandoned by sabretooth cats H. 
latidens and M. whitei, as well as other predators such as jag-
uar Panthera gombaszoegensis and wild dog L. lycaonoides.

Primary or secondary access by the hominins 
to ungulate carcasses at FN3?

Yravedra et al. (2021) favoured a model of primary access 
to ungulate carcasses by the hominins of FN3, arguing that 
this would only be possible in either of the following three 
scenarios: (i) if the hominins hunted the prey on their own; 
(ii) if they engaged in confrontational scavenging, kleptopar-
asitizing the prey of other carnivores; or (iii) if they located 
carcasses of animals, which died from other natural causes 
before other scavengers. Although no direct method allows 
us to test if early Homo had primary access to ungulate 
carcasses by hunting or by early scavenging (Potts 1991), 
Yravedra et al. (2021) chose the first scenario based on a 
supposedly emerging consensus that the Oldowan hominins 
had primary access through hunting of animals of different 
sizes. Despite this, they acknowledged that such scenario 
“entails a series of important behavioural capacities among 
early hominins, since hunting involves some degree of plan-
ning, cooperation, and the ability to kill prey” (Yravedra 
et al. 2021: p. 2). However, the limited technological skills of 
the FN3 hominins make it difficult to argue that they could 
have hunted medium-to-large and very large-sized prey on 
a regular basis. According to Yravedra et al. (2021), the two 
predominant knapping techniques documented at FN3 (for 
details, see Barsky et al. 2010, 2015) are “bipolar knapping 
on anvil, as well as direct percussion knapping, used to pro-
duce small-sized flakes and choppers” (Yravedra et al. 2021: 
p. 5). In fact, it is the small size of the flakes unearthed from 
the site, few centimetres in most cases (Turq et al. 1996; 
Martínez-Navarro et al. 1997; Toro-Moyano et al. 2011; 
Espigares et al. 2013, 2019), which suggests the lack of an 
effective weaponry for killing large ungulate prey. For this 
reason, it is difficult to conceive how the hominin population 
of FN3 could had have a direct impact on megafauna (for 
a review on the ecology of Oldowan hominin carnivorous 
activity, see Blumenshine and Pobiner 2007). However, it 
must be noted that the use of organic weapons (e.g., wooden 
spears) for hunting cannot be discarded, although the Orce 
sites do not preserve evidence on them.

Endurance running (i.e., the ability to run many kilome-
tres at relatively low speed over extended time periods using 
aerobic metabolism) could have been an adaptation of homi-
nins for chasing to exhaustion small-to-medium sized ungu-
lates to exhaustion (Liebenberg 2006). Moreover, there are 
predators relatively small such as the dhole (Cuon alpinus) 
that are capable of effective communal hunting. Humans 
are comparatively poor sprinters, but they perform well at 
running long distances due to several anatomical and physi-
ological adaptations (Bramble and Lieberman 2004; Ruxton 
and Wilkinson 2012). These include: (i) a log tibia, which 
results in a long stride length combined with the presence of 
long spring-like tendons connected to short muscle fascicles 
(i.e., a longer Achillus tendon of the gastronemius muscle, 
which is where the elastic energy is stored), which can eco-
nomically generate substantial force; (ii) a long plantar arch 
and enlarged articular surface areas in most of the joints of 
the lower body, which dissipate the high impact loads gen-
erated in running; (iii) derived features that enhance trunk 
stabilization, such as an expanded area on the sacrum for 
attachment of an enlarged gluteus maximus muscle; and (iv) 
thermoregulatory adaptations for heat dissipation that help 
to maintain stable body temperature, including a multiplica-
tion of eccrine sweat glands for evapotranspiration, reduced 
body hair, mouth breathing, and an elaborated cranial venous 
circulation for brain cooling (Bramble and Lieberman 2004; 
Ruxton and Wilkinson 2012).

Endurance running seems to have evolved early in the 
genus Homo. The Dmanisi hominins show a number of 
archaic features (e.g., a small body size, a low encephali-
zation quotient, a more medial orientation of the foot, and 
absence of humeral torsion) that are largely comparable to 
the earliest members of Homo (i.e., H. habilis/rudolfensis). 
However, they also show some derived locomotor traits 
apparent in African H. erectus and later hominins, including 
modern human-like body proportions and lower limb mor-
phology, which are indicative of the ability for long-distance 
traveling (Lordkipanidze et al. 2007).

Persistence hunting would take place during the hottest 
time of the day and would involve chasing an animal until 
it is run to exhaustion (Liebenberg 2006). Two critical fac-
tors for persistence running are that humans can keep their 
body cool by sweating while running and can track down an 
animal, as shown by modern hunter-gatherers. As a result, 
persistence hunting may have been one of the most effi-
cient forms of hunting before the domestication of dogs and 
can therefore have been crucial in the evolution of humans 
(Liebenberg 2006).

The second scenario, confrontational scavenging, would 
be dangerous for the hominins (Treves and Palmqvist 
2007). For this reason, Yravedra et al. (2021) also con-
sidered it unlikely. However, aggressive scavenging could 
always be possible with rudimentary weapons, as shows the 
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kleptoparasitism of the prey carcasses of lions and leopards 
by modern African agropastoralists using simple stones or 
long sticks (Blumenschine and Pobiner 2007; Treves and 
Naughton-Treeves 1999). The studies of Lordkipanidze 
(2015) and Salopek (2015) are of particular interest here: 
they suggested that stone-throwing by the hominins could be 
an adaptive strategy for driving away carnivores from their 
kills and stealing their prey. This hypothesis would explain 
the huge number of allochthonous cobbles found in the Early 
Pleistocene site of Dmanisi (Coil et al. 2020). Although this 
is certainly a highly speculative scenario, it is worth noting 
that the bone remains preserved at FN3 are also intermin-
gled with abundant cobbles of dolomitic limestones from the 
Jurassic surroundings of the basin (Espigares et al. 2013), 
particularly in the lower archaeological level of FN3 (Fig. 2). 
Interestingly, in this level, hyaena coprolites are compara-
tively very scarce. The small size of the clastic components 
of the sediment at FN3 (clays and fine-grained sands) rules 
out the possibility that these stones were dispersed by water 
currents. This opens the possibility that the hominins trans-
ported the cobbles to the site and used them as weapons for 
forcing predators like sabretooth cats (or other scavengers 
like the hyaenas, jackals, and vultures) to surrender the prey 
carcass, as suggested by Espigares et al. (2013).

The third possibility, primary access to intact carcasses of 
animals that died through natural causes or to prey leftovers 
left by the primary predators such as sabretooth cats, seems 
the most reasonable given the anatomy of early Homo as 
well as their apparently limited technological skills (Espi-
gares et al. 2019). Apart from vultures, the large hyaena P. 
brevirostris (Palmqvist et al. 2011; Iannucci et al. 2021) and 
the jackal-sized dog Canis mosbachensis (Martínez-Navarro 
et al. 2010, 2021) would indeed be worthy competitors of 
the FN3 hominins in the access to carrion. Modern hyae-
nas and jackals often rely upon visual clues such as circling 
vultures to identify scavengeable resources, and then run 
long distances to secure the carcass (Bramble and Lieber-
man 2004). Compared with these carnivores, which have 
more twilight and nocturnal habits, the hominins were likely 
predominantly diurnal. This means that the information pro-
vided by the aerial scavengers was probably more helpful for 
the early members of Homo than for other terrestrial scav-
engers. Given that hominins and vultures occupied the same 
habitats and scavenged the same medium-to-large and very 
large mammals, they likely competed for access to carcasses 
alongside other terrestrial scavengers (Morelli et al. 2015). 
Vultures are such efficient scavengers that in some areas of 
Africa they consume more meat than all other carnivores 
combined (Ogada et al. 2012), which explains their high 
diversity. For this reason, it has been suggested that vultures 
used as beacons for meat were particularly important to the 
hominins that dispersed out of Africa, facilitating their occu-
pation of new landscapes (see review in Morelli et al. 2015).

Endurance running may have been the key to hominin 
success in the access to large ungulate carcasses before other 
terrestrial scavengers such as the giant hyena P. brevirostris: 
the human adaptations discussed above for persistence hunt-
ing are equally useful for scavenging in open habitats during 
the day, particularly in the dry season, when other terrestrial 
scavengers like hyaenas and jackals avoid running long dis-
tances due to thermoregulatory constraints (Bramble and 
Lieberman 2004; Liebenberg 2006; Lieberman et al. 2007; 
Ruxton and Wilkinson 2012).

In the case of FN3, endurance running may have allowed 
early Homo to reach and exploit carcasses of medium-to-
large sized ungulates before eventually surrendering them on 
the arrival of potentially dangerous hyaenas. This scenario 
is suggested by the finding of a partial skeleton of elephant 
Mammuthus meridionalis in the upper archaeological level 
of FN3 [equivalent to levels 9-10 of Turq et al. 1996 and 
Martínez-Navarro et al. 1997], which is surrounded by sev-
enteen flint flakes and thirty-four hyaena coprolites (Espig-
ares et al. 2013). This partial elephant carcass is composed 
of the mandible, the vertebral column, the ribs, and the 
pelvis, while the cranium and limbs are missing. Based on 
the shape of the mandibular symphysis and the pelvis mor-
phology, this individual was a female, while the advanced 
degree of wear of the third lower molar tooth indicates an 
old age at death, around 60 years. Yravedra et al. (2021: p. 
17) indicate that “no tooth marks or anthropogenic marks 
were observed on the elephantid bones, thus not conclusively 
proving the interaction of humans or carnivores with the 
proboscidean carcass” (Yravedra et al. 2021: p. 17). For this 
reason, they suggest that “this spatial association of lithic 
finds and coprolites with these elephant carcasses may have 
been fortuitous, resulting from independent episodes that 
coalesced into a palimpsest through complex site formation 
processes” (Yravedra et al. 2021: p. 17). However, it can be 
argued that more than 95% of the bones unearthed from FN3 
preserve intact their cortical surface and show weathering 
stage 0 (Yravedra et al. 2021: table 5). This means that they 
were exposed before burial during a short interval, less than 
1 year (Behrensmeyer 1978), which would refute the inter-
pretation of the site as a palimpsest and argues for a primary 
access of the hominins to this elephant carcass.

At first sight, the low degree of bone weathering in the 
FN3 assemblage might indicate that the reason behind the 
absence of cut marks and tooth marks from the bones of the 
elephant skeleton is that neither hominins nor hyaenas fed 
on this carcass, as suggested by Yravedra et al. (2021). How-
ever, we must consider here two issues. First, the periosteum 
on elephant long bones is 1–3 mm thick, which accounts for 
the rarity of cut marks on cortical bone surfaces at megafau-
nal butchery sites (Espigares et al. 2013; Haynes and Kra-
sinski 2021; Toth and Schick 2019). Moreover, the absence 
of tooth marks and anthropogenic marks on the elephant 
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bones could evidence a rapid burial of these remains, as sug-
gested by the skeleton being found in articulation. In other 
circumstances, the remains would be scattered, as happens 
when the scavengers dismember a carcass and disperse the 
bones (Leslie 2016; White and Diedrich 2012). Second, 
the excavation of this elephant skeleton was spread over 3 
years, from 2001 to 2003, which means that the remains 
were exposed to weather conditions in a region that nowa-
days has an alternation of very cold winters and very hot 
summers. This resulted in the secondary weathering of these 
bones, which probably erased any cut mark or tooth mark 
on their surface.

Although the absence of cut marks and tooth marks pre-
cludes making precise inferences on the sequence of access 
of hominins and hyaenas to this carcass (Espigares et al. 
2013), there are other taphonomic clues that provide relevant 
information. For example, spatial data analysis showed that 
the flint flakes and the coprolites were deposited separately 
in the area surrounding the partial elephant skeleton: 11 
out of 27 tools are closer to another tool than to a copro-
lite (expected frequency for a random distribution: 5.7) and 
31 out of 34 coprolites are closer to another coprolite than 
to a tool (expected frequency: 22.7). This indicates a non-
random distribution of the tools and coprolites around the 
elephant carcass (Espigares et al. 2013). Moreover, the flakes 
are absent from the places where the limbs would have been 
found before being dismembered from the body. In contrast, 
coprolites are abundantly preserved in these areas. This sug-
gests that hominins arrived first, dismembered the limbs 
from the skeleton, and transported them to another place 
distant from the FN3 site (Espigares et al. 2013). Later, the 
hyaenas, which would be able to consume meat at a more 
advanced stage of decomposition than the hominins due to 
their lower gastric pH value (Beasley et al. 2015), exploited 
the rest of the carcass, which at that time would be basi-
cally composed of the resources linked to the axial skeleton 
(Espigares et al. 2013).

Compared to other coprolites unearthed from the exca-
vation quarry of FN3, the darker colour of those that sur-
round the elephant skeleton tentatively suggests that the 
hyaenas consumed a high amount of fat and flesh from this 
carcass (Espigares et al. 2013). The lower part of the hyae-
na’s intestine contains the album graecum, a green paste 
which mixture with the mineral component of bone (calcium 
hydroxylapatite) results in the typical whitish colour of the 
coprolites when they are in contact with the atmosphere. 
However, darker excrements rich in inclusions of organic 
matter are produced when the hyaenas eat large quantities 
of flesh and grease (Matthews 1939; Bearder 1977). Hyaena 
coprolites are well represented in the excavated surface of 
FN3 (Fig. 2), particularly in the upper archaeological level 
(Espigares et al. 2013, 2019), but at lower densities than in 
the surroundings of the partial skeleton of M. meridionalis. 

Interestingly, the coprolites that are not associated to the 
elephant carcass show a whitish tone, which evidences the 
consumption of bones by the hyaenas (Espigares et al. 2013).

Given the evidence reviewed above, the most parsimonious  
hypothetical scenario is that hominins where the first to exploit 
this elephant carcass, and that they fractured the cranium, dis-
membered the legs, and transported them (as well as other 
grease-rich tissues like the brain, the trunk, the tongue, the 
temporal gland, and the edible fat inside the air cavities within 
the cranium; Byers and Ugan 2005; Shoshani et al. 2006; Agam 
and Barkai 2016) to a safer place for consuming them later 
(Espigares et al. 2013, 2021). In the absence of food preserva-
tion techniques, such resources — weighing more than half 
a tonne — would only be transported if they were to be con-
sumed in a relatively short time, which suggests that a large 
group of hominins collaborated in their transport (Palmqvist 
et al. 2022c). However, it must be noted that the gastric pH 
value in modern humans (1.5 on average) lies between those of 
obligate and facultative scavengers (1.3 ± 0.08 and 1.8 ± 0.27, 
respectively) and is lower than in generalist carnivores (2.2 ± 
0.44), omnivores (2.9 ± 0.33), and specialist carnivores (3.6 ± 
0.51) (data from Beasley et al. 2015). This high stomach acidity 
allows the combatting of meat-borne pathogens, which would 
represent an early adaptation of Homo to either: (i) scavenging 
prey carcasses abandoned by carnivores that had begun to rot; 
or (ii) protracted consumption of prey items hunted by the hom-
inins themselves, or that died from other causes than predation 
but were too large to be eaten all at once (Beasley et al. 2015; 
Dunn et al. 2020; Ben-Dor et al. 2021). Interestingly, although 
chimpanzees hunt cooperative small prey, they tend to avoid 
carrion, even when it is relatively fresh, which is probably due 
to the risk of bacterial infections and zoonoses (Pobiner 2020). 
In contrast to humans, the stomach acidity of chimpanzees is 
close to neutral in pH (Dunn et al. 2020). In fact, the ranges of 
stomach pH values in omnivorous (2.8–5.9) and herbivorous 
(3.4–5.9) primates do not encompass the highly acidic value 
shown by modern humans (Beasley et al. 2015). This provides 
a possible argument for an early adaptation to scavenging in the 
genus Homo and/or for a protracted consumption of carcasses 
of megafaunal prey (although hunting of very large prey would 
probably be beyond the possibilities of Oldowan hominins, as 
previously argued).

In summary, hominin adaptations for endurance running 
opened the possibility that they could have had primary 
access to ungulate carcasses and could have exploited these 
resources before surrendering them after the arrival of danger-
ous scavenging carnivores like the giant hyaena P. brevirostris. 
Certainly, this may have been the case of the partial skeleton 
of the elephant unearthed from FN3 (Espigares et al. 2013). 
However, more compelling evidence on the role played by the 
hominins and carnivores at this site can be retrieved from the 
frequencies of anthropogenic marks and tooth marks in the 
bone assemblage.
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Anthropogenic marks, tooth marks, 
and the role of hominins and carnivores 
at FN3

Yravedra et al. (2021) indicated that the low frequency 
of tooth-marked bones and the scarcity of digested bones 
suggest a limited impact of the giant hyaenas on the FN3 
assemblage. This was also the conclusion of the study of 
Espigares et al. (2019), based on the analysis of 9041 fos-
sils unearthed from all stratigraphic levels of FN3 during 
systematic excavations and fieldwork between the years 
1999 and 2015. After the exclusion of isolated teeth and of 
those bones badly preserved that needed restoration, 3852 
bone remains were searched for traces of modification on 
their cortical surfaces (Espigares et al. 2019). Cut marks 
were identified on 32 bones (0.9%) and percussion marks 
(i.e., pits, notches, impact flakes, and negative flake scars 
generated by hammerstone impact) on 74 bones (1.9%). 
In contrast, the study of Yravedra et al. (2021) was based 
on a smaller dataset, 4801 remains unearthed from FN3 
during the 2017–2020 excavation seasons. Once teeth and 
ivory fragments (752 specimens) were excluded, as well as 
the bone remains that were badly preserved (1192 speci-
mens), the sample in the search for anthropogenic marks 
consisted of 2857 bones (Yravedra et al. 2021: table 5). 
This barely represents three-quarters of the remains stud-
ied by Espigares et al. (2019). Of these remains, 25 bones 
showed cut marks (0.9%) and 16 preserved evidence of 
intentional bone fracturing by hominins (0.6%). Therefore, 
the frequency of cut-marked bones identified by Yravedra 
et al. (2021) is identical to the one previously reported 
by Espigares et al. (2019). For this reason, it is surpris-
ing that Yravedra et al. (2021: p. 3) suggested that “the 
results of Espigares et al. (2019) have been challenged by 
Domínguez-Rodrigo et al. (2020), who reassessed some of 
the evidence.” Specifically, they referred to two cut marks 
figured by Espigares et al. (2019) that were reinterpreted 
by Domínguez-Rodrigo et al. (2020) as a tooth mark and a 
trampling mark, respectively, using an algorithm based on 
artificial-intelligence computer vision through deep learn-
ing. Both marks were attributed by Domínguez-Rodrigo 
et al. (2020) to FN3, but the one that they reinterpreted as 
a tooth mark is from BL.

Given that Espigares et al. (2019) and Yravedra et al. 
(2021) reported on the same frequency of cut marks in the 
bone assemblage of FN3, it is difficult to understand the 
claim of Yravedra et al. (2021) that a significant fraction 
of the cut marks identified by Espigares et al. (2019) were 
not true cut marks: if the frequency of cut-marked bones is 
identical in both studies, they should have equally assumed 
that neither were a similar fraction of theirs. Otherwise, 
the frequency of cut marks reported in Espigares et al. 
(2019) should be higher than the one reported by Yravedra 

et al. (2021) if it was only the former that included tram-
pling/tooth marks misidentified as cut marks. In any case, 
the low frequencies of cut-marked and percussion-marked 
bones reported by Espigares et al. (2019) and Yravedra 
et al. (2021) for different subsets of the bone assemblage 
from FN3 are close to those recorded at Pirro Nord, a late 
Early Pleistocene site in which 14 out of 1285 vertebrate 
fossil remains (1.09%) show cut marks and eight (0.6%) 
evidence of intentional bone breakage (Cheheb et  al. 
2019). Finally, Espigares (2010), Espigares et al. (2013, 
2019), and Yravedra et al. (2021) all also report on a low 
frequency of carnivore tooth marks (e.g., scores, pits, fur-
rowing, and crenulated edges) in the bone remains of FN3. 
Therefore, the study of Yravedra et al. (2021) does not 
add relevant information to that previously available in 
Espigares et al. (2019).

To return to the cut marks: Yravedra et al. (2021: p. 3) 
also argued that “it is unexpected for Espigares et al. (2019) 
to claim that hominins had secondary access to carcasses 
when they are documenting evisceration cut marks on the 
ventral side of the ribs and vertebrae as well as defleshing 
cut marks on long bone diaphyses.” First, Yravedra et al. 
(2021) did not realize that only one of the four evisceration 
marks described by Espigares et al. (2019), the one found 
on a rib ventral shaft, is from FN3. The other three (one in 
the ventral side of a vertebral body and two in plastron frag-
ments of chelonians) are from BL. The study of Yravedra 
et al. (2021) also described one evisceration mark in their 
sample (in this case, on a pelvis of a very large mammal). 
This means that only two evisceration marks have been 
reported in FN3, one by Espigares et al. (2019) and the other 
by Yravedra et al. (2021). In any case, the low frequency 
of evisceration marks does not necessarily imply that the 
hominins had early access on a regular basis to ungulate 
carcasses obtained though hunting, as suggested by Yrave-
dra et al. (2021): evisceration marks could also record the 
opportunistic (and occasional) access to carcasses of animals 
that died from other causes than predation, as in the case of 
the elephant carcass discussed above.

Concerning the couple of anthropogenic marks from BL 
and FN3 figured by Espigares et al. (2019) that Domínguez-
Rodrigo et al. (2020) reinterpreted as a tooth mark and a 
trampling mark, respectively, it should be noted that the 
photographs analysed should have been taken under spe-
cific conditions, including: (i) an illumination with the same 
intensity from the focal centre of the image to the periph-
ery, with the mark positioned in a plane orthogonal to the 
camera lens; and (ii) a correct contrast of the colour chan-
nels (i.e., the image should be undistorted, not blurred, and 
with the absence of brightness and reflections). This was not 
the case of the images published by Espigares et al. (2019), 
especially in the case of the one from FN3, because these 
images were not taken for that purpose. For this reason, 
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they are not suitable to be analysed with the methodology 
of Domínguez-Rodrigo et al. (2020). As they indicated, 
“images from BSM from these sites should be properly taken 
following the same protocols as in the experimental sample 
used here” (Domínguez-Rodrigo et al. 2020: p. 6). Moreo-
ver, the experimental results obtained by Fernández-Jalvo 
and Andrews (2016) using lithic tools of different mineral 
compositions must also be considered, because some fea-
tures of the cut marks made with limestone flakes (a frequent 
raw material in FN3) were not considered by Domínguez-
Rodrigo et al. (2020) when they reclassified one cut mark of 
FN3 as a trampling mark. Specifically, limestone is a porous 
raw material, which means that the tool edge soon becomes 
blunted and needs to be frequently cleaned. The cut marks 
inflicted with limestone tools are wider and shallower than 
any other cut mark made with quartzite or flint. This makes 
the appearance of these cut marks very similar to the tram-
pling marks produced on those bones that were resting on 
a limestone substrate (Andrews and Cook 1985). For this 
reason, “location of marks on the anatomical element related 
to muscle or ligament attachment or filleting are the main 
criteria distinguishing butchering and the use of stone tools 
from trampling marks, locations of which are not related to 
anatomical traits” (Fernández-Jalvo and Andrews 2016: p. 
44). This criterion was followed by Espigares et al. (2019) 
when they described the cut marks of FN3. Finally, it is 
striking that Yravedra et al. (2021) assumed as correct the 
re-interpretations by Domínguez-Rodrigo et al. (2020) of 
two marks described by Espigares et al. (2019), even though 
very few of the images published by Yravedra et al. (2021) 
would pass the artificial intelligence filter used in the study 
of Domínguez-Rodrigo et al. (2020).

The low frequencies of tooth marks in the bone assem-
blage of FN3 reported by Espigares et  al. (2019) and 
Yravedra et al. (2021) suggest a relatively low intensity of 
carnivore ravaging. However, there is a high frequency of 
coprolites attributed to P. brevirostris in the upper archaeo-
logical level of FN3 (N > 200), while the record of coprolites 
is very low in the lower one (N = 14) (Fig. 2). This allows 
the inference of a regular presence of hyaenas in the upper 
level, despite the low frequency of tooth-marked bones. In 
this level, there are also abundant allochthonous cobbles, 
which suggests competition between hominins and hyaenas 
for the consumption of carcasses, as proposed by Espigares 
et al. (2013) for FN3 and Coil et al. (2020) for Dmanisi.

Insights about the carnivores responsible for the tooth 
marks preserved in the bones of FN3 can be derived from 
the analysis of their size and anatomical position. Moreo-
ver, the density and thickness of the bones on which they 
are found also provide useful information (Espigares et al. 
2019). Given that most tooth marks appear on diaphyseal 
bone shafts with a dense cortical surface, this suggests a 
large-sized carnivore like the hyaena P. brevirostris as the 

main biting agent (Espigares et al. 2019). This is also sug-
gested by the presence of notches on the bone edges result-
ing from bone crushing, a task not performed by living felids 
(Palmqvist et al. 2022b), as well as by the resemblance 
between the tooth marks of FN3 and the hyaena den of VM3. 
However, the low frequency of tooth marks in FN3 (<3% of 
the remains in the upper archaeological level; Yravedra et al. 
2021) compared with VM3, where one-third of the remains 
are tooth-marked (Espigares 2010), suggests that carnivore 
activity at FN3 was limited compared to hominin activity 
(Espigares et al. 2019).

It must be noted that the permanent premolar teeth of 
adult hyaenas are progressively blunted by bone crack-
ing, which results in very wide tooth marks (Espigares 
2010: fig. 7.117) or even in inconspicuous tooth marks if 
the hyaenas are very old and their premolars are heavily 
flattened (Arribas and Palmqvist 1998; Palmqvist et al. 
2022b). Moreover, the deciduous teeth of juvenile hyaenas 
are sharper, more feloid in shape than those of adults, so 
that their nibbling of bones results in abundant tooth marks, 
which can be unrecognized or misidentified with those left 
by small carnivores like jackals. Many of the bones found 
at modern hyaena dens are tooth-marked (e.g., 29.0–53.5% 
in spotted hyaena dens, 22.1–100% in brown hyaena dens, 
and 6.0–56.2% in striped hyaena dens; Kuhn et al. 2010). 
In the assemblage of VM3, tooth marks are found in 29.4% 
(1555/5288) of the remains (Palmqvist et al. 2022b) and the 
original proportion of tooth-marked bones was in all prob-
ability higher because many limb bones that do not preserve 
tooth marks show fracture patterns that evidence their break-
age in the fresh state by adult hyaenas for accessing their 
marrow contents (these anatomical portions were probably 
tooth-marked before being fractured and consumed). Moreo-
ver, although a significant portion of the tooth marks pre-
served in VM3 were most probably produced by the juvenile 
hyaenas, a minor implication of some small or medium-sized 
carnivore like the jackal-sized wolf Canis orcensis cannot 
be discarded (Martínez-Navarro et al. 2021). However, FN3 
was clearly not a denning area of P. brevirostris (Espigares 
et al. 2013, 2019). Given that the juvenile hyaenas do not 
forage with the adults searching for scavengeable carcasses 
(Arribas and Palmqvist 1998), this justifies their absence 
from FN3 and thus a lower frequency of tooth-marked bones 
in the site compared to VM3.

Additional insights on the role played by hominins and 
scavenging carnivores at FN3 can be retrieved from the anal-
ysis of the patterns of bone survival and their comparison 
with the hyaena den of VM3. Figure 3A and C show a direct 
relationship between the survival of skeletal remains and 
their mineral densities in FN3 (data from Espigares et al. 
2019) and VM3 (data from Palmqvist et al. 2022b), respec-
tively. While in FN3, there is considerable scatter around the 
regression line, which renders the relationship statistically 
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non-significant (p = 0.137), in the case of VM3 there is a 
high level of statistical significance (p = 0.003). Figure 3B 
and D show an inverse relationship between the abundance 
of major limb bone epiphyses and their marrow yields in 
FN3 and VM3, respectively. In this case, the least-squares 
regression is statistically significant in FN3 (p = 0.03) but 
to a lesser degree than in VM3 (p = 0.001).

These results tentatively suggest that exploitation by the 
hominins of bone marrow after hammerstone breakage was 
a usual activity during carcass processing at FN3 (Espigares 
et al. 2019). As a result, few bones retained their marrow 
contents after the exploitation of marrow by hominins, which 
explains the low frequencies of tooth-marked bones in the 
FN3 assemblage. Compared to VM3, where the bone-crack-
ing agency was the hyaena P. brevirostris, the lower selec-
tivity in bone fracturing at FN3 probably results from the 
fact that hominins fractured the bones assisted by their stone 
tools. This suggests that the mineral density of the skeletal 

elements was not as much of a problem for breaking them in 
the case of hominins as it was in the case of hyaenas, which 
performed this task using their robust jaws and enlarged pre-
molar teeth (Arribas and Palmqvist 1998; Palmqvist et al., 
2011, 2022b). This forced the hyaenas to be more selective 
than the hominins when choosing which skeletal elements to 
fracture, in order to avoid breaking their teeth or dislocating 
their jaws when fracturing the densest bones.

Two ratios that measure skeletal completeness have been 
proposed for estimating the intensity of carnivore ravaging 
in an assemblage (Domínguez-Rodrigo and Organista 2007). 
The first is the proportion of axial bones to appendicular 
bones, which would range between 4.25 for a carcass trans-
ported complete or from an animal that died in a setting 
devoid of competition among carnivores and 0 for a com-
pletely ravaged or transported skeleton. The second is the 
ratio between the frequencies of proximal humeri plus dis-
tal radii and the frequencies of distal humeri plus proximal 

Fig. 3   Comparison of bone preservation frequencies in the fossil 
assemblages from two late Early Pleistocene sites of Orce (Guadix-
Baza Depression, SE Spain), Fuente Nueva 3 (FN3) and quarry 3 
of Venta Micena (VM3) (data from Table  1). A, C Least-squares 
regression of the abundance of limb bone epiphyses and other 
skeletal elements against their estimated mineral densities (log-
transformed values; means for modern horse, plain zebra, gnu, and 
reindeer estimated from data in Lam et al. 1999) in FN3 and VM3, 
respectively. B, D Least-squares regression between the survival 
of major limb bone epiphyses and their marrow yields (log-trans-

formed values; means for modern horse and bison calculated from 
data in Outram and Rowley-Conwy 1988; Brink 1997) in FN3 and 
VM3, respectively. Bone frequencies in FN3 and VM3 from Espi-
gares et al. (2019) and updated from Espigares (2010), respectively. 
Striped lines show the 95% limits above and below the regression 
lines. Abbreviations: Hum, humerus; Rad, radius; Uln, ulna; Fem, 
femur; Tib, tibia; Astr, astragalus; Calca, calcaneum; Met, metapo-
dial; Phal, phalanx; Vert, vertebrae; Scap, scapula; Pel-ace, pelvis 
acetabulum; Pel-isil, pelvis ischium/ilium; p, proximal epiphysis; di, 
diaphysis; d, distal epiphysis
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radii. This ratio measures the relative abundance of the least 
dense bone portions (i.e., those in the numerator), which are 
preferentially consumed by the scavengers. Consequently, 
it takes a value comprised between 1 in an undisturbed car-
cass and 0 in the situation of highest ravaging intensity. In 
FN3, the axial/limb ratio has a value of 0.44 (99/227) while 
the (hp+rd)/(hd+rp) ratio is 0.30 (7/23) (frequencies updated 
from Espigares 2010). Both values indicate a high intensity 
of bone ravaging (Domínguez-Rodrigo and Organista 2007). 
The values of these ratios for VM3 are 0.13 (502/3721) and 
0.32 (89/274), respectively (frequencies from Palmqvist 

et al. 2022b). The first ratio is much lower in VM3 than 
in FN3 and this difference is statistically highly significant 
(χ2 = 150.369, p < 0.0001). The second ratio, however, 
shows similar values in VM3 and FN3 (χ2 = 0.041, p = 
0.8405). Given that both hominins and carnivores preferen-
tially remove the least dense bone portions from a skeleton, 
the similarity between FN3 and VM3 in the (hp+rd)/(hd+rp) 
ratio suggests a similar degree of bone consumption at both 
sites. However, the axial/limb ratio is greater at FN3 than at 
VM3. Living hyaenas do not cooperate in the transportation 
of large portions of a carcass, which limits the individuals 
in what they can move (Cruz-Uribe 1991). The analysis of 
skeletal representation for ungulate taxa in VM3 has shown 
that hyaenas selectively transported herbivore carcasses and 
body parts to their maternity den as a function of the mass 
of the ungulates scavenged (Palmqvist and Arribas 2001; 
Palmqvist et al. 2011): small-to-medium sized ungulates 
were transported as whole carcasses to their denning area 
while large-sized species were dismembered and the hyae-
nas preferentially transported the limbs that provided higher 
marrow yields. This resulted in a low ratio of axial elements 
to limb bones at VM3. In contrast, the higher value of this 
ratio at FN3 suggests that the carcasses of the ungulates 
scavenged were less biased by selective transport.

There is a positive correlation in FN3 between bone 
survival and mineral density, as well as a negative one 
between limb abundance and marrow contents. These cor-
relations are less significant than in the denning site of 
VM3, which suggests that hominins were the main agent 
involved in the exploitation of ungulate carcasses at FN3. 
This is also suggested by a higher ratio of axial elements to 
limb bones in FN3 than in VM3, which indicates a lower 
intensity of bone ravaging than the one expected for a site 
in which the bone accumulation was generated by a truly 
scavenging carnivore like the bone-destroying hyaena P. 
brevirostris. Therefore, the current evidence points to the 
involvement of hominins as the main accumulating and 
modifying agency of bones at FN3 and a similar conclu-
sion can also be drawn for BL (Espigares et  al. 2019; 
Palmqvist et al. 2022c).

In summary, there is compelling evidence of a regular 
access of hominins to meat and marrow resources at FN3, 
including the presence of cut marks associated to butchery 
of ungulate carcasses and the finding of percussion marks 
left during bone fragmentation for marrow exploitation. How-
ever, the evidence available points to a secondary access to 
these resources by these hominins, as argued by Espigares 
et al. (2013, 2019), instead of a primary one, as suggested by 
Yravedra et al. (2021). Given that most bones with anthro-
pogenic marks are of medium-to-large and large-to-very 
large sized animals, Espigares et al. (2019) proposed that the 
hominins of FN3 had secondary access to the prey leftovers 
of sabretooth cats like H. latidens and M. whitei. Based on 

Table 1   Bone frequencies in the fossil assemblages from Fuente Nueva 
3 (FN3) and quarry 3 of Venta Micena (VM3) [data for FN3 from Esp-
igares et al. (2019) and for VM3 updated from Espigares (2010)]

The estimated mineral densities of the bone portions (mean values for 
modern horse, plain zebra, gnu, and reindeer estimated from data in 
Lam et al. 1999) and the marrow yields for the major limb bone epi-
physes (mean values for modern horse and bison calculated from data 
in Outram and Rowley-Conwy 1988; Brink 1997) are also provided. 
Abbreviations: Hum, humerus; Rad, radius; Uln, ulna; Fem, femur; 
Tib, tibia; Astr, astragalus; Calca, calcaneum; Met, metapodial; Phal, 
phalanx; Vert, vertebrae; Scap, scapula; Pel-ace, pelvis acetabulum; 
Pel-isil, pelvis ischium/ilium; p, proximal epiphysis; di, diaphysis; d, 
distal epiphysis

Bone portion Abundance Density (g/cm3) Marrow (g)

FN3 VM3

Esc-d 4 71 0.687 ––
Esc-p 1 67 0.587 ––
Hum-p 2 19 0.270 166.7
Hum-di 11 203 0.650 ––
Hum-d 17 182 0.450 54.7
Rad-p 6 92 0.470 66.5
Rad-di 3 103 0.790 ––
Rad-d 5 70 0.460 39.2
Uln-p 2 21 0.577 ––
Fem-p 2 22 0.373 75.4
Fem-di 7 69 0.603 ––
Fem-d 5 16 0.333 144.1
Tib-p 0 24 0.357 76.6
Tib-di 20 205 0.767 ––
Tib-d 10 236 0.440 13.3
Met-p 27 441 0.587 7.6
Met-di 37 654 0.817 ––
Met-d 44 535 0.543 17.1
Phal-p 26 216 0.507 ––
Phal-di 24 225 0.580 ––
Phal-d 26 220 0.713 ––
Ast 13 221 0.690 ––
Cal 9 156 0.663 ––
Pel-ace 7 85 0.643 ––
Pel-isil 6 94 0.437 ––
Vert 17 215 0.360 ––
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Martínez-Navarro and Palmqvist (1995, 1996), Arribas and 
Palmqvist (1999), and Palmqvist et al. (2007, 2011), the rea-
soning of Espigares et al. (2019) was that these primary preda-
tors exploited the carcasses of their prey to a lesser extent than 
do modern felids do, which would result in greater amounts 
of flesh and all the internal bone nutrients being available to 
scavengers such as the Oldowan hominins and the giant hyae-
nas. However, Yravedra et al. (2021) criticized this proposal, 
arguing that sabretooth cats exploited the prey carcass to a 
similar extent than pantherine felids, which in their opinion 
would invalidate the model of Espigares et al. (2019). For this 
reason, in the two sections that follow, we review in depth 
(i) the specialized craniodental and postcranial anatomy of 
sabretooth cats; (ii) the inferences on their feeding habits; and 
(iii) the scavenging opportunities that these hypercarnivores 
provided to scavengers, including the hominins.

Dietary ecology of sabretooth cats 
and scavenging opportunities 
for the hominins

Sabretooth cats have no living analogues and they domi-
nated the mammalian carnivore guild during most of the 
Neogene, filling the niche now occupied by large pantherine 
felids (Van Valkenburgh 2001, 2007). In their paper, Yrave-
dra et al. (2021) argued that some biomechanical studies 
of the dentition of sabretooth cats (e.g., Bryant et al. 1995; 
Harstone-Rose 2008, 2011; Desantis et al. 2012) suggested 
that “these carnivores would have had no issue making con-
tact with bone surfaces when they were feeding on animal 
carcasses” (Yravedra et al. 2021: p. 16). For this reason, 
they considered that sabretooth cats could deflesh the car-
casses of their prey to the same extent as modern lions, leop-
ards, and jaguars, which inflict considerable damage to the 
bones of their prey and leave abundant tooth marks on them. 
This interpretation challenges the proposal of Martínez-Nav-
arro and Palmqvist (1995, 1996) that M. whitei, an African 
immigrant in Europe when the first hominin dispersal out 
of Africa took place, provided hominins and other scaven-
gers access to ungulate carcasses with significant amounts 
of flesh and all within-bone nutrients intact.

A detailed inspection of the references cited by Yravedra 
et al. (2021) does not allow to reach the conclusions they 
drew. In their review of nimravid and felid sabretooths, Bry-
ant et al. (1995) explicitly acknowledged that the carnassials 
of these predators were: (i) placed more posteriorly than 
those of other carnivorans, which maximized the available 
leverage of their mandibles (see discussion below); and (ii) 
mesiodistally rotated to compensate for the restricted medi-
olateral movement of the jaw posed by the enlarged canines, 
which resulted in heavy attritional (i.e., tooth-to-tooth) wear. 
Such wear could be misleading, as it could be confused 

with the tooth abrasion caused by consuming bones, which 
may be behind the erroneous assertion of Yravedra et al. 
(2021). Moreover, Bryant et al. (1995) cited the study of 
Van Valkenburgh et al. (1990) of the North American sabre 
tooth Smilodon fatalis. This study (reviewed below) pro-
vided conclusive evidence that S. fatalis actively avoided 
contact with bone, possibly to avoid potential breakage of 
the sabres, which were vulnerable to fracture about their 
mesiodistal axis (Van Valkenburgh and Ruff 1987; Palmqvist 
et al. 2022a, 2022b).

Harstone-Rose (2008, 2011) indicated that while the pat-
terns of occlusal sharpness and intercuspid notches of the 
postcanine dentition of sabretooth cats suggest that they were 
not more hypercarnivorous than other felids, these predators 
display no dental morphology indicative of durophagy. He 
also agreed that sabretooth cats were almost certainly hyper-
carnivores, as indicated by their elongated upper carnassial 
blades with reduced protocones. The upper carnassial tooth 
(fourth premolar) of sabretooth cats was extremely special-
ized for slicing, which allowed these predators to deflesh 
their prey rapidly (Marean 1989). In Megantereon, the pro-
tocone (lingual lobe) of the upper carnassial is reduced and 
lowered away from the occlusal surface, thus removing it 
from its role as a hammer for bone crushing (Arribas and 
Palmqvist 1999). Among the extant carnivores, this condi-
tion is only found in the cheetah (Acinonyx jubatus), the 
most meat-only specialist living felid. According to Pobiner 
(2007), sabretooth cats likely took large prey and consumed 
relatively less flesh and bone from those prey than modern 
lions, an ecological niche that is now partially filled in the 
modern ecosystems by the cheetah, although the latter pred-
ator takes smaller prey than sabretooth cats. This means that 
the cheetah probably provided potential scavenging oppor-
tunities to early hominins (Pobiner 2007), as argued for the 
giant cheetah Acinonyx pardinensis in Dmanisi by Hemmer 
et al. (2011).

Compared to Megantereon, the upper carnassials of 
Homotherium represent a further step towards hypercar-
nivory: the protocone is vestigial, or more commonly absent, 
and an accessory cusp has been added anteriorly (Marean 
1989). As a result, this tooth forms a long thin blade ideal for 
slicing through tough skin and flesh, although its resistance 
to stress — and particularly to the medio-lateral forces that 
result from bone chewing — is reduced compared to living 
felids (Arribas and Palmqvist 1999). Moreover, Harstone-
Rose (2008) indicated that the reduction of the sabretooth 
premolars (which resulted from the biomechanical need to 
accommodate the maxillary canine through an elongation 
of the diastema and reduction of teeth that would encroach 
on this functional space) reduced the premolar sectorial 
function seen in other hypercarnivores. Therefore, given 
the extreme reduction of the premolar teeth in sabretooth 
cats, which is particularly evident in the case of M. whitei 

17   Page 12 of 31 Archaeological and Anthropological Sciences (2023) 15:17



1 3

(see below), the assumption of their full functional equiva-
lence with the premolars of living felids must be taken with 
caution.

DeSantis et al. (2012) used dental microwear texture 
analysis (DMTA) for differentiating between the diet of S. 
fatalis and the North American giant lion Panthera atrox. 
This study showed no evidence of bone crushing by P. atrox, 
whose tooth-wearing attributes are like those of the cheetah, 
the species that shows the lowest degree of bone consump-
tion among the living African carnivores (Schubert et al. 
2010). In contrast, their microwear data suggested that S. 
fatalis did not avoid bone to the extent previously consid-
ered, despite having a relatively weak bite force (approxi-
mately one-third of the force delivered with the temporal 
muscles by a modern lion), because the range of DMTA 
complexity values of this species overlapped with the low-
est values obtained for modern lions (DeSantis et al. 2012: 
Fig. 2). However, it should be noted here that other analy-
ses of microwear textures of the canines and carnassials of 
sabretooth cats indicate a lower ability of these predators 
to process the prey carcass compared to living felids. For 
example, Anyonge (1996a) analysed the number of pits and 
scratches in the upper canines of S. fatalis and several living 
carnivores with disparate feeding and hunting repertoires, 
including the bone-cracking spotted hyaena, the lion, the 
cheetah, and the wild dog. In this study, the canines of S. 
fatalis exhibited the least number of pits of all the canines 
included in the sample, which demonstrated that these teeth 
avoided contact with bone during prey killing and feeding 
(Anyonge 1996a).

Carnassial microwear provides a more compelling source 
of evidence on the feeding ecology of sabretooth cats: while 
the canines are directly involved in prey killing, the car-
nassial teeth (upper fourth premolar and lower first molar) 
are used exclusively in food processing. Van Valkenburgh 
et al. (1990) performed scanning electron micrographs of the 
wear facets of the carnassials to estimate the average density, 
size, shape, and orientation of microwear features in a wide 
sample of living carnivores that ranged in durophagy from 
the spotted hyaena to the cheetah. The results showed that 
while the carnassials of hyaenas exhibit relatively few long 
scratches combined with a high proportion of pits, those of 
the cheetah are characterized by a predominance of narrow 
scratches with very few pits. Strikingly, the microwear pat-
tern of the carnassials of S. fatalis differed from the extant 
carnivores sampled in showing relatively narrow and long 
scratches combined with an extremely low frequency of 
pits, even lower than in the hypercarnivorous cheetah (Van 
Valkenburgh et al. 1990). At a kill, the cheetah opens the 
carcass, discards the intestines, and consumes first the liver, 
kidneys, heart, and lungs. Once the soft body parts are eaten, 
the cheetah concentrates on the musculature of the back, 
hind limbs, forelimbs, and neck. The skin that covers the 

trunk and upper limbs is usually consumed with the under-
lying musculature. Finally, the cheetah only occasionally 
consumes bones of small prey such as fawns of Thomson’s 
gazelle (Schaller 1968; Brain 1981; O’Connell and Hawkes 
1988; Skinner and Smithers 1990; Phillips 1993). No study 
on the microwear features of the canines and carnassials of 
M. whitei is available, but it is reasonable to think that this 
highly specialized dirk-toothed predator would have been at 
least as constrained as S. fatalis to feed on soft tissues.

Following their arguments that sabretooth cats could inflict 
considerable bone damage to the prey carcass, Yravedra et al. 
(2021: p. 16) emphasized that “high frequencies of bone dam-
age, particularly in relation to those documented at FN3, are 
noteworthy” in the bone assemblage of Friesenhahn Cave, a 
Late Pleistocene site interpreted as a denning refuge of the 
North American scimitar cat Homotherium serum (Marean 
and Eckhardt 1995). However, it must be noted that although 
the Friesenhahn Cave assemblage preserves skeletal remains 
of 20 species of large mammals, a diversity roughly equiva-
lent to that recorded at FN3, it shows strikingly low even-
ness: juvenile mammoths represent one-third of the remains 
at Friesenhahn Cave, most of them from animals 2–4 years 
of age with an estimated mass of 500–800 kg, while another 
third are remains of H. serum, mostly juveniles and senile 
individuals (Marean and Eckhardt 1995). This is in contrast 
with the more balanced distribution of species abundances 
in the assemblage of FN3 (Espigares et al. 2019; Yravedra 
et al. 2021) and argues against H. latidens, remains of which 
have been identified in FN3, as the bone collecting agency at 
this site. Concerning the remains of juvenile mammoths pre-
served at Friesenhahn Cave, limb bones are over-represented, 
which suggests that the scimitar cats selectively transported 
these parts of the skeleton away from the kill site to their den-
ning refuge (Marean and Eckhardt 1995). Moreover, the fre-
quency of tooth-marked bones in this assemblage is very high 
(>60%), a figure like those recorded at leopard dens (Brain 
1981), while the frequency of tooth-marked bones at FN3 
(<3%) is remarkably lower (Espigares et al. 2019; Yravedra 
et al. 2021). According to Marean and Eckhardt (1995), tooth 
marks are particularly abundant on the footbones of juvenile 
elephants from Friesenhahn Cave and most of them derive 
from the incisors of the scimitar cats contacting the bone dur-
ing flesh removal, a task performed by the living felids with 
the assistance of their shorter and more robust canines (see 
below). Of interest here, a recent analysis of dental microwear 
texture and anisotropy of the carnassial teeth of H. serum from 
Friesenhahn Cave showed that this predator consumed soft 
and tough foods, like the tough flesh of juvenile mammoths, 
and actively avoided bone (DeSantis et al. 2021: Fig. 1). In 
VM3, a site that preserves remains of the prey of sabretooth 
cats that were scavenged by the giant hyaenas (Palmqvist et al. 
1996, 2011, 2022b; Arribas and Palmqvist 1998; Palmqvist 
and Arribas 2001), the predator-prey relationships were 
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inferred from carbon and nitrogen stable isotope signals in 
the bone collagen of the large mammals (Palmqvist et al. 
2003, 2008a, 2008b) and the use of the dual-isotope, three-
source linear mixing (Phillips 2001). This approach showed 
that juveniles of elephant M. meridionalis also represented a 
significant proportion (∼10%) of the diet of the scimitar cat 
H. latidens, while bison Bison sp. (52%) and horse E. altidens 
(38%) comprised the bulk of its diet.

Yravedra et al. (2021) indicated that some studies have 
shown that the extant felids have the ability of inflicting 
considerable bone damage. Panthera gombaszoegensis, the 
European jaguar, is the only pantherine felid known from 
the Orce sites. This species is recorded in VM3, but not in 
FN3. Although no taphonomic field study is available for 
the extant jaguar (Panthera onca), an experimental feed-
ing program designed for assessing the nature and extent of 
alterations that captive jaguars can produce on horse bones 
showed that they make tooth marks on long limb bone dia-
physes and destroy epiphyses (Rodríguez-Alba et al. 2019). 
However, the breakage of major limb bones of medium-to-
large ungulates resulting in green fractures, as those abun-
dantly recorded in the Orce sites (Arribas and Palmqvist 
1998; Espigares 2010; Palmqvist et al. 2011, 2022b; Espi-
gares et al. 2019; Luzón et al. 2021), is clearly beyond the 
capacity of a jaguar.

The bone modifying abilities of lions are difficult to 
estimate, because these felids consume most of their prey 
near the kill site, where the skeletal remains are subse-
quently scavenged by the hyaenas, jackals, and vultures. A 
monospecific assemblage of wildebeest bones, presumably 
accumulated by lions within Olduvai Gorge in the short-
grassland ecological unit of the Serengeti, provides infor-
mation on the ability of lions for inflicting bone damage 
(Arriaza et al. 2016). Although these remains were proba-
bly secondarily ravaged by spotted hyaenas, the assemblage 
shows many complete carcasses; there are tooth-marked 
skeletal elements and the frequency of fractured bones 
(mostly small elements) is very low. This pattern of bone 
completeness argues against hyaenas as the main bone 
modifying agent, because most long bones found at spotted 
hyaena dens are broken and bone cylinders (i.e., isolated 
diaphyses) and diaphyseal bone shafts are common. Bone 
diaphyses are also abundant in the hyaena den of VM3 
(Arribas and Palmqvist 1998; Espigares 2010; Palmqvist 
et al. 2011, 2022b), VM4 (Luzón et al. 2021; Palmqvist 
et al. 2022b) and, to a lesser extent, also in FN3 (Espigares 
2010; Espigares et al. 2019), while they are missing in the 
Olduvai assemblage (Arriaza et al. 2016).

Leopards are an effective bone-accumulating agent in 
caves (but not in open air sites like FN3) and their assem-
blages are dominated by small skeletal elements like ver-
tebrae, ribs, and phalanges, which represent up to 60% 
of the remains (Brain 1980 1981; Arribas and Palmqvist 

1998). According to Espigares et al. (2019: table S4) and 
Yravedra et al. (2021: table 3), small bones represent 11.2% 
(535/4,764) and 24.8% (256/1,032) of the number of identi-
fiable specimens unearthed from FN3, respectively, figures 
well below those reported at leopard dens.

The predatory guild of the Early Pleistocene sites of Orce 
was dominated by H. latidens and M. whitei (Martínez-
Navarro and Palmqvist 1995, 1996; Arribas and Palmqvist 
1999). Megantereon was a stoutly built predator with an esti-
mated body mass of 100–110 kg, like a small lioness or a 
large male jaguar (Palmqvist et al. 2007). The upper canines 
of this sabretooth cat are extremely long, sharp, and later-
ally compressed, and its forelimbs are powerful with a large 
dewclaw (Christiansen and Adolfssen 2007; Palmqvist et al. 
2007). The brachial index (i.e., the ratio of radius length 
to humerus length) is low (∼80%) and the metapodials are 
short, suggesting an ambush predator that hunted in mixed 
or closed habitats (Palmqvist et al. 2003). This is also sug-
gested by isotopic analyses at VM3, which indicate that 
browsing deer represented the bulk of its prey (Palmqvist 
et al. 2003, 2008a, 2008b).

Homotherium is similar in size to a modern lion (145–220 
kg; Anyonge 1993) and has more gracile and elongated fore-
limbs (brachial index of ∼90%) than Megantereon, which 
indicates increased cursoriality in open habitats (Anyonge 
1996b; Martin et  al. 2000; Palmqvist et  al. 2003). The 
reduced asymmetry of the middle phalanges in Homoth-
erium (Antón et al. 2005) and the small attachment scars on 
the metacarpals of digits II–V for the muscles used by felids 
to retract the claws indicate the presence of partially retract-
able claws (Rawn-Schatzinger 1992), a condition only found 
in the cheetah among extant felids. This indicates an adap-
tive trade-off between improved traction for pursuing prey 
and reduced prey-grappling ability (Antón 2013). Moreover, 
the greater tuberosity of the humerus is higher relative to the 
humeral head in Homotherium than in the pantherine felids, 
while the distal radius is narrower. Both features suggest 
adaptations for cursoriality, although it must be noted that 
the lumbar spine is shorter and stiffer than in the cheetah, 
which would provide strength rather than speed, and the tail 
is very short (Rawn-Schatzinger 1992; Antón et al. 2005). 
The presence of a short tail is also suggested in Megantereon 
by the strong posterior tapering of the sacrum (Christiansen 
and Adolfssen 2007).

The cheetah has long hindlimbs relative to its forelimbs, 
but this proportion is reversed in Homotherium, which 
results in a sloping back, like in a hyaena (Rawn-Schatzinger 
1992). These features, well studied in the North American 
H. serum, suggest that while the cheetah can accelerate 
quickly to develop short bursts of maximum speed, Homoth-
erium was better equipped to run at more moderate speeds 
but over longer distances, similar to hyaenas (Antón et al. 
2005; DeSantis et al. 2021).
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Homotherium had a comparatively large brain with an 
enlargement of the optic centre, like in the diurnal and cur-
sorial cheetah (Rawn-Schatzinger 1992). In contrast, Meg-
antereon had a smaller brain with well-developed olfactory 
lobes, as to be expected in an ambush predator (Arribas and 
Palmqvist 1998).

Compared with the dirk-toothed machairodonts like 
Megantereon and Smilodon, the loss of retractable claws 
in Homotherium limited grappling efficiency in the fore-
paws for subduing and immobilizing its prey. In addition, 
the skull of this scimitar cat is poorly equipped for deliver-
ing a unique, fatal stabbing bite to its prey (Figueirido et al. 
2018). Both features suggest that Homotherium may have 
required the action of a group for bringing down large prey, 
which would make it a unique cursorial, flesh-specialized 
predator of open habitat, and potentially social (De Santis 
et al. 2021). Interestingly, a comparative genomic analysis 
found evidence of positive selection in several genes of H. 
latidens involved in vision, cognitive function, and energy 
consumption, which is putatively consistent with diurnal 
activity, well-developed social behaviour, and cursorial 
hunting (Barnett et al. 2020).

There is broad consensus that the elongated and laterally 
compressed upper canines of sabretooth cats represented an 
adaptation for killing large prey quickly and efficiently with 
deep wounds to the throat rather than using the prolonged 
suffocating throat or muzzle bite typical of extant felines 
(Gonyea 1976; Akersten 1985; Anyonge 1996b; Antón et al. 
2004; McHenry et al. 2007; Palmqvist et al. 2007, 2022b; 
Christiansen 2008; Salesa et al. 2010; Meachen-Samuels and 
Van Valkenburgh 2010; Andersson et al. 2011; Meachen-
Samuels 2012; Martín-Serra et al. 2017; Figueirido et al. 
2018; Lautenschlager et al. 2020). However, canine hyper-
trophy resulted in the need for increasing mandibular gape 
for clearing the tips of the canines when delivering the kill-
ing bite. This in turn involved the reorganization of the jaw-
adducting muscles to avoid the over-stretching of temporalis 
muscle fibres during wide gaping while retaining substantial 
bite force at the carnassial. This led to several changes in the 
craniodental anatomy of sabretooth cats compared to the 
pantherine felids (Fig. 4), including: (i) a lowered glenoid 
fossa, which resulted in a ventral displacement of the jaw 
joint; (ii) an upward rotation of the palate relative to the 
braincase, which led to an upward rotation of the facial por-
tion of the skull; (iii) a shortening of the coronoid process in 
the mandible, coupled with an antero-posteriorly narrower 
temporal fossa and a more vertical occiput in the cranium, 
all of which resulted in a narrowing of the temporalis fibres 
and their more perpendicular orientation to the tooth row; 
and (iv) a laterally-shifted angular process in the mandible 
and a smaller, less laterally-projected postglenoid process 
in the cranium, which both helped the mandible to avoid 
contact with the postglenoid when abducting the lower jaw 

(Emerson and Radinsky 1980; Akersten 1985; Martin et al. 
2000; Palmqvist et al. 2007; Slater and Van Valkenburgh 
2008; Figueirido et al. 2011).

The narrowing and more perpendicular orientation of 
the temporalis muscle allowed sabretooth cats to increase 
their jaw gape up to 180° while retaining a similar degree 
of muscle stretch to pantherine felids (Fig. 4). However, this 
also posed an unavoidable biomechanical constraint on the 
point of maximum bite force exerted at the carnassial, which 
was positioned backward, and this led to a reduction of the 
post-canine dentition not related to the slicing function of 
the carnassial (Martínez-Navarro and Palmqvist 1995, 1996; 
Palmqvist et al. 2007). Moreover, the size of masseter mus-
cle, which exerts its maximum force at smaller gapes, was 
also reduced. The relationship between the enlargement of 
the upper canines and the reduction of the post-canine teeth 
is particularly evident in the case of the African sabretooth 
cat M. whitei, in which the third lower premolar is reduced 
to a vestigial peg or even lost, as in the specimen from South 
Turkwel, Kenya (Palmqvist 2002), and this results in the 
appearance of a diastema between this tooth and the fourth 
premolar (Martínez-Navarro and Palmqvist 1995, 1996; 
Palmqvist et al. 2007). To a lesser degree, this also occurs 
in the fourth lower premolar and even in the paraconid (i.e., 
the cusp more anteriorly positioned) of the lower carnas-
sial, which are both shortened in relation to their dimen-
sions in the less advanced M. cultridens, the species replaced 
in Europe by M. whitei (Palmqvist et al. 2007). For this 
reason, although the elongated canines of sabretooth cats 
provided greater killing efficiency compared to pantherine 
felids, which allowed them to prey upon larger ungulates, 
the marked reduction of the postcanine dentition resulted 
in the lesser ability to process the prey carcass and to con-
sume bones, particularly in the case of M. whitei (Martínez-
Navarro and Palmqvist 1995, 1996; Palmqvist et al. 2007). 
In this way, the avoidance by sabretooth cats of hard tissues 
in the prey carcass would result in a significant quantity of 
resources left over to the scavengers, including the Oldowan 
hominins and the giant hyaenas. This provides the ecologi-
cal connection between the dispersal of M. whitei out of 
Africa and the first human arrival in Europe, recorded at 
the Orce sites of BL and FN3. On this continent, the sur-
vival of hominin populations during the cold season, when 
plant resources are lowered, would depend on the regular 
scavenging of ungulate carcasses (Turner 1992; Martínez-
Navarro and Palmqvist 1995, 1996; Arribas and Palmqvist 
1999; Palmqvist et al. 2007, 2022a, 2022b; Espigares et al. 
2013, 2019; Martínez-Navarro et al. 2014).

As noted before, the elongated and laterally compressed 
canines of sabretooth cats were optimal for killing large 
prey. However, they were more vulnerable to fracture than 
the shorter, conically shaped canines of living felids due 
to the unpredictable, non-directed loads generated in prey 
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stabilization during the killing bite (Van Valkenburgh 
and Hertel 1993; Van Valkenburgh 2009; Palmqvist et al. 
2022a). For this reason, the heavily muscled forelimbs of 
sabretooth cats were imperative for pulling down and immo-
bilizing prey before positioning the bite over the prey throat 
or belly, where bite depth is essential to generate strikes 
reaching major blood vessels (Gonyea 1976; Akersten 1985; 
Anyonge 1996b; Antón et  al. 2004; Christiansen 2008; 
Salesa et al. 2010; Andersson et al. 2011; Meachen-Sam-
uels 2012; Martín-Serra et al. 2017; Figueirido et al. 2018; 
Janis et al. 2020). Such functional need is reflected in the 
postcranial anatomy of Smilodon and Megantereon: their 
short and robust forelimb bones are reinforced by cortical 
thickening to a greater degree than in extant pantherine cats, 
which allowed them to minimize prey struggling, helping to 

position the killing bite carefully to avoid contact with bone 
such as the vertebral column of the prey (Van Valkenburgh 
and Ruff 1987; Meachen-Samuels and Van Valkenburgh 
2010; Meachen-Samuels 2012; Martín-Serra et al. 2017).

A pioneer study based on finite element analysis (FEA) 
of the skulls of the iconic S. fatalis and the living lion ana-
lysed their biomechanical response to extrinsic forces, which 
allowed the simulation of a prey struggling scenario during 
the killing bite (McHenry et al. 2007). This showed that 
the skull of S. fatalis was less equipped than the skull of 
the lion to resist extrinsic forces, which pointed to rapid 
slashing bites by this sabretooth cat during prey killing. In 
contrast, living big cats use their stouter, conical-shaped 
canines to hold a suffocating bite in the snout of large prey 
such as buffalo. For this reason, pantherine felids do not 

Fig. 4   Comparison of the skulls 
of a leopard, Panthera pardus 
(left images), and a sabretooth 
cat, Megantereon nihowahensis 
(right images), showing dif-
ferent angles of jaw opening. 
A With the jaw closed and 
compared to the leopard skull, 
Megantereon shows a shorten-
ing of the coronoid process 
of the mandible, an upward 
rotation of the palate relative 
to the braincase, a shorter and 
narrower temporal fossa in the 
cranium, and a more verti-
cal occiput (see discussion in 
text); these changes result in 
a narrowing of the temporalis 
fibres (the line X measures their 
length with the mouth closed 
from the sagittal crest to the 
tip of the coronoid) and their 
more perpendicular orientation 
to the tooth row. Such skull 
reorganization helps to avoid 
muscle over-stretching during 
wide gaping while retaining bite 
force at the carnassial. B With 
a jaw gape of 45°, the stretch-
ing of the temporalis muscles 
(measured by the ratio between 
X’ and X) is similar in the leop-
ard (~30%) and Megantereon 
(~40%). C With a jaw gape of 
120°, muscle stretching in the 
skull of Megantereon (~80%) 
is similar to that in the leopard 
with a jaw gape of 60° (~85%)
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rely on their forelimbs for subduing prey to the same extent 
than did sabretooth cats (McHenry et al. 2007; Salesa et al. 
2010; Meachen-Samuels 2012; Martín-Serra et al. 2017). 
Moreover, combined microanatomical analyses with FEA 
for simulating different prey-killing scenarios in S. fatalis, H. 
serum and a sample of living carnivores showed that while 
the rostrum of S. fatalis was almost entirely composed of 
cortical bone, the skull of the lion has a substantial amount 
of trabecular bone (Figueirido et al. 2018). Given that cor-
tical bone supports better directed loads while trabecular 
bone can resist unpredicted and multidirectional forces, this 
suggests that the skull was better equipped in S. fatalis than 
in the living lion to deliver a quick killing-shear bite (Figue-
irido et al. 2018). In contrast, the forces generated when 
feeding on hard objects like bones are unpredictable, which 
implies that the large amount of cortical bone in the skull 
of S. fatalis (and presumably in other dirk-toothed cats like 
Megantereon) would be an impediment to feeding on bones.

Other morphological features of the skull of sabretooth 
cats relate to the need of avoiding canine breakage when 
feeding on prey carcass. For example, all sabretooth cats 
possess a protruding incisor arcade and exhibit a marked 
diastema between the third incisor and the upper canine 
(the only exception is the North American Xenosmylus 
hodsonae). Incisor protrusion would make the function 
of the incisor teeth independent from the function of the 
hypertrophied upper canines, and the incisors would be 
employed by sabretooth cats to tear chunks of flesh from 
the prey carcass (a task performed in modern felids with the 
assistance of their stout, conically shaped canines); in con-
trast, the canines in sabretooths would be used exclusively to 
deliver deep wounds during prey dispatch (Biknevicius et al. 
1996). As noted above, there is taphonomic evidence from 
Friesenhahn Cave on the use by H. serum of incisor teeth for 
defleshing juvenile mammoths (Marean and Ehrhardt 1995).

Prevention of canine breakage during prey killing and 
feeding encounters seems to have been a strong selective 
force in sabretooth cats and limited them to a non-scaveng-
ing behaviour, except perhaps if they came across a complete 
carcass (this opportunistic behaviour is common among 
modern hypercarnivores). This contradicts the suggestion 
of Yravedra et al. (2021) that sabretooth predators exploited 
the prey carcass as thoroughly as do living felids.

In summary, the derived craniodental and postcranial 
anatomy of sabretooth cats suggests that, compared to living 
pantherine felids, they: (i) were able to hunt larger ungulate 
prey relative to their body size, exerting a higher predation 
pressure on the juveniles of the megafauna; and (ii) exploited 
the prey carcass to a lesser extent, which would result in 
larger amounts of flesh and all internal bone nutrients left 
over to scavengers like the hyaena P. brevirostris in VM3 
(Arribas and Palmqvist 1998; Palmqvist et al. 2011, 2022b) 
and the Oldowan hominins in the case of FN3 (Espigares 

et al. 2013, 2019). However, although Yravedra et al. (2021) 
acknowledged that the sabretooth cats M. whitei and H. alti-
dens would have had primary access to ungulate carcasses, 
they criticize the opinion of Martínez-Navarro and Palmqvist 
(1995, 1996), Arribas and Palmqvist (1999), Palmqvist et al. 
(2007), and Espigares et al. (2013, 2019) that these preda-
tors only consumed part of the muscles and viscera of the 
prey carcass, thus providing the hominins the opportunity to 
scavenge sizeable chunks of meat and within-bone nutrients 
before the arrival of hyaenas. The evidence discussed above 
argues against the interpretation of Yravedra et al. (2021).

Hyaenid activity at FN3

A biomechanical study of the mandible of the giant hyaena 
P. brevirostris showed that it had higher moment arms for 
the masseter and temporalis muscles than any of the three 
living durophagous hyaenas, which indicated a substantial 
strength for bone fracturing with its well-developed premo-
lar teeth (Palmqvist et al. 2011). Similarly, using an approach 
that models the mandibles of hyaenas as beams, mandibular 
force profiles were estimated showing a greater resistance 
of the jaw of P. brevirostris against dorsoventral loads than 
in living bone-cracking hyaenas. This was particularly evi-
dent in the jaw symphysis, which is extremely buttressed 
dorsoventrally and thus better equipped for fracturing bones 
than those of the three extant ossifragous hyaenas (Palmqvist 
et al. 2011). Moreover, an ecomorphological study showed 
that P. brevirostris was specialized in non-dragging car-
cass transport over long distances (Pérez-Claros and Coca-
Ortega 2020). In this species, the lower canines are compara-
tively more developed than in the spotted hyaena (Crocuta 
Crocuta), which behaves both as a predator and a scavenger. 
In contrast, the two truly scavenging hyaenas, the striped 
hyaena (Hyaena hyaena) and the brown hyaena (Parahyaena 
brunnea), show enlarged lower canines, like in P. breviro-
stris. This represents an adaptation to carry heavy loads to 
the denning site (Pérez-Claros and Coca-Ortega 2020), as 
reflected in the mean distance of transport of the remains: 
6.50 ± 2.53 km in P. brunnea (Kuhn et al. 2008) and 0.56 ± 
0.08 km in C. crocuta (Skinner et al. 1986). Although trans-
port distance is shorter in the spotted hyaenas, it is important 
to note that they transport the remains over greater distances 
than leopards, 0.18 ± 0.03 km (Brain 1981).

Compared to living hyaenas, P. brevirostris also shows 
a shortening of the distal limb segments, which represents 
an adaptation for long-distance transport of ungulate car-
casses (Turner and Antón 1996; Palmqvist et al. 2011): 
the brachial index (radius length/humerus length) and the 
crural index (tibia length/femur length) have lower values 
in P. brevirostris (0.91 and 0.74, respectively) than in C. 
crocuta (1.08 and 0.82, respectively), H. hyaena (1.07 and 
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0.88, respectively), and P. brunnea (1.00 and 0.82, respec-
tively). Given the inverse relationship in modern carnivores 
of the brachial and crural indexes with body mass (Anyonge 
1996b), such distal limb shortening may be explained in 
part by the enormous size of this extinct hyaena (~110 kg; 
Palmqvist et al. 2011). However, the tibia of P. brevirostris 
seems short in relation to the femur (Turner and Antón 
1996), a reduction that has been envisioned as an adapta-
tion of hyaenas to carry large pieces of carcasses without 
dragging them (Spoor 1985). Living hyaenas have a com-
paratively long radius, which raises the forequarters and 
therefore the head of the animal. Although the radius is also 
shortened in P. brevirostris compared to other hyaenas, the 
ratio between the lengths of the forelimb and the hindlimb in 
P. brevirostris (1.06) is similar to that of P. brunnea (1.06), 
which is achieved by an extreme shortening of the tibia in 
P. brevirostris, and higher than in H. hyaena (1.04) and C. 
crocuta (1.0) (Palmqvist et al. 2011: table 5). This indicates 
a similar emphasis on the forequarters in P. brevirostris to 
that seen in the brown hyaena (Turner and Antón 1996). 
All these features suggest a less cursorial lifestyle for the 
giant, short-faced hyaena than in the spotted hyaena, which 
would have limited the predatory abilities of this species, 
although the shortening of the limbs provided greater power 
and more stability to dismember and carry large pieces of 
the carcasses scavenged (Turner and Antón 1996; Palmqvist 
and Arribas 2001; Palmqvist et al. 2011).

Carnivore and hominin involvement at FN3

Yravedra et al. (2021) criticized our model of carcass acqui-
sition and processing at FN3, which they called the “Meg-
antereon–hominins–Pachycrocuta model,” but they did not 
offer a convincing alternative explanation. For example, 
they indicated that “the very low frequencies of carnivore 
tooth marks documented at FN3 are not consistent with the 
percentage ranges generated by carnivore-hominin models, 
with the exception of cheetah or leopard accumulations of 
size 1–2 animals” (Yravedra et al. 2021: p. 11). However, 
they acknowledged that “the FN3 assemblage has a consid-
erable representation of animals >150 kg, a size range that 
neither cheetahs nor leopards target, which suggests that 
carnivores were not the main accumulation agents at FN3” 
(Yravedra et al. 2021: p. 11). They used the frequencies of 
tooth-marked bones in the upper (femur and humerus) and 
intermediate (radius and tibia) bones of the appendicular 
skeleton as a line of argumentation for discarding a major 
role for carnivores in the site formation process at FN3. In 
their opinion, these frequencies “are considerably lower 
than those that would be expected in episodes of primary 
access by carnivores […], a pattern inconsistent with the 
observations of carnivore feeding when they have access 

to the most nutritious portions of the carcasses” (Yravedra 
et al. 2021: p. 11). They also indicated that the low fre-
quency of tooth-marked limb bone diaphyses agrees with the 
one expected from a secondary access of carnivores. This 
frequency is “well below the outcomes of actualistic obser-
vations of carnivore-first models” and “fits much better the 
patterns left by carnivores when they engage with carcasses 
after human intervention, including those instances when 
carcasses were initially modified by vultures” (Yravedra 
et al. 2021: p. 11).

Once discarded a primary access by carnivores, Yravedra 
et al. (2021) then focused on the frequencies of anthropo-
genic traces for evaluating hominin involvement at the site. 
However, they acknowledged that the very low percentages 
of bones with cut marks and percussion marks have led them 
to a somewhat inconclusive result, because these frequencies 
more closely resemble the profiles that result from secondary 
hominin access to carcasses previously consumed by car-
nivores (Yravedra et al. 2021). In fact, the low percentages 
of cut-marked and percussion-marked bones agree with the 
expectations of our Megantereon–hominins–Pachycrocuta 
model (Espigares et al. 2019).

At this point, Yravedra et al. (2021) seem to be at a dead-
end, as they discard both carnivores and hominins as the pri-
mary agents at the site. In their own words: “the taphonomic 
evidence currently available does not allow us to determine 
with certainty the temporality of hominin access to animal 
carcasses at FN3” (Yravedra et al. 2021: p. 12). However, 
it is worth noting that their analysis of the distribution and 
inferred functionality of the cut marks showed their presence 
on the diaphyses of long bones such as the femur or tibia, as 
well as on axial elements such as ribs or the pelvis, which 
was also noted by Espigares et al. (2019). This pattern would 
be consistent with defleshing and evisceration activities on 
carcass elements with high nutritional values, which may 
indicate early access to at least some of the carcasses, rather 
than secondary scavenging (Yravedra et al. 2021). For all 
these reasons, and despite their lack of conclusive evidence, 
they concluded that “there is little evidence to support pre-
vious models of hominin acquisition of animal resources at 
Orce consisting in the secondary exploitation of carcasses 
left by large felids, and prior to the intervention of the giant 
hyaena” (Yravedra et al. 2021: p. 14-16).

In summary, several lines of evidence suggest a regular 
access to meat and marrow resources by hominins at FN3, 
including a high degree of bone fragmentation (Fig. 3), the 
presence of cut marks associated with butchery activities 
(disarticulation, defleshing, and, to a lesser extent, eviscera-
tion) and percussion marks that indicate the exploitation of 
marrow (Espigares et al. 2013, 2019; Yravedra et al. 2021). 
Therefore, it is surprising that although the low frequency of 
bones bearing anthropogenic traces agrees with the expec-
tations from actualistic and experimental data compiled by 
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Yravedra et al. (2021) for a secondary access of the hominins 
to the carcasses at FN3, they discarded this interpretation. 
The reason is that they considered that primary access by the 
carnivores to the carcasses, followed by secondary access 
by the hominins, would imply a higher frequency of tooth-
marked bones than those recorded at FN3, as expected from 
their data on actualistic frameworks of reference. However, 
we must remember here that the latter assumption would 
only apply if sabretooth cats, the predators that dominated 
the Orce ecosystems, were truly functional analogues as prey 
consumers of living pantherine felids as prey consumers. 
The biomechanical studies reviewed above indicate that this 
was not the case, because the highly specialized craniodental 
anatomy of sabretooth cats limited them to exploiting the 
prey carcass to a lesser extent than lions and leopards. In 
fact, the only species among extant felids with an analogous 
feeding mode to that of sabretooth cats is the cheetah, whose 
prey was proposed by Pobiner (2007) as a model for flesh 
availability resulting from the kills of sabretooth cats. Chee-
tahs never completely deflesh bones, even in the absence 
of interspecific competition or any other limitation on con-
sumption time, and the consumed carcasses are abandoned 
with large strips of flesh on both axial and appendicular ele-
ments (95% of the bones of the carcasses consumed by chee-
tahs preserved flesh scraps; Pobiner 2007). As a result, the 
frequency of bones tooth marked by cheetahs (13%) is lower 
than the one for lions (35%) (see data in Pobiner 2007).

Given the arguments discussed so far, there is only a sin-
gle interpretation that accounts for both the scarcity of tooth 
marks and anthropogenic traces in the bone assemblage of 
FN3: the involvement of sabretooth cats as primary preda-
tors, followed by the scavenging of the carcasses of their 
prey by hominins and later by hyaenas. This interpretation 
of carcass acquisition and processing, which is referred 
to by Yravedra et al. (2021) as our “Megantereon–homi-
nins–Pachycrocuta model,” is the one that better explains 
the taphonomic features of the bone assemblage preserved 
at FN3 (Espigares et al. 2019).

Tooth mark frequencies in the bone 
assemblage of FN3

Yravedra et al. (2021) based their discussion on the role 
played by the hominins and carnivores as bone accumu-
lating and modifying agents at FN3 on several graphical 
comparisons between the frequencies of tooth-marked, cut-
marked, and percussion-marked skeletal elements in the site 
and those recorded in actualistic frameworks of reference. 
Specifically, they classified these frameworks within three 
groups: (i) tooth mark frequencies in bones scavenged by 
carnivores during secondary access after human abandon-
ment of the carcasses; (ii) tooth mark frequencies when 

vultures accessed first the carcasses, followed by humans 
and then carnivores; and (iii) tooth marks in primary accu-
mulations made by carnivores.

The graphical depiction of the results is a standard scien-
tific procedure that helps to provide a synthetic view. How-
ever, this may lead to misinterpretations if the data depicted 
do not accurately reflect the results obtained. This is the 
case of figure 3 of Yravedra et al. (2021), which shows a 
comparison between the frequencies of tooth-marked appen-
dicular bones in levels 3–5 of FN3 and the three actualistic 
frameworks of carnivore feeding behaviours cited above. 
According to the scale of this figure, the frequencies of 
tooth-marked remains in FN3 are ~11.8% for size classes 
1–2, ~5.8% for size class 3, and ~1.9% for size classes 4–5. 
However, the data provided by Yravedra et al. (2021) in the 
Excel sheet of their supplementary information show tooth 
mark frequencies for these size classes of 18.2% (4/22), 
9.5% (7/74), and 8.3% (1/12), respectively. This means that 
the frequencies depicted by Yravedra et al. (2021) in their 
figure 3 are systematically lower (between one-half and 
one-quarter) than those calculated with the actual data from 
which they were supposedly derived. Moreover, Yravedra 
et al. (2021) did not provide the confidence intervals for 
these frequencies in their figure 3, although they did include 
them for many of the actualistic frameworks used in their 
comparison.

The incorrect data represented by Yravedra et al. (2021) 
in their figure 3 led them to conclude that the very low 
frequencies of tooth-marked appendicular bones in lev-
els 3–5 of FN3 are only consistent with those found in the 
carnivore-hominin models derived from cheetah or leopard 
accumulations of size 1–2 animals. As noted before, ani-
mals weighing >150 kg (a prey size range that neither chee-
tahs nor leopards target) are well represented in the FN3 
assemblage. For this reason, Yravedra et al. (2021: p. 11) 
concluded that “carnivores were not the main accumulation 
agents at FN3.” However, the 95% confidence intervals (CI) 
calculated with a binomial approach for the frequencies of 
tooth-marked remains in levels 3–5 of FN3 (5.2–40.2% for 
size classes 1–2; 3.9–18.5 for size class 3; 0.2–38.5 for size 
classes 4–5) overlap with most of the ranges depicted by 
Yravedra et al. (2021) in their figure 3 for tooth mark fre-
quencies resulting from secondary scavenging by carnivores 
after human abandonment of the carcasses, including cases 
in which vultures accessed first the carcasses. For exam-
ple, the frequency of tooth-marked bones for size 1–2 ani-
mals in FN3 (18.2%, CI: 5.2–40.2%) is very close to those 
found in experimental models for carnivore scavenging of 
hammerstone-broken, demarrowed bones by Blumenshine 
(1995: table 3), Capaldo (1997: table 9), and Pante (2013: 
table 8): 21.9% (CI: 5.1–38.7%), 21.7% (CI: 18.5–24.9%), 
and 19.1% (CI: 14.9–23.7%), respectively. Moreover, the CIs 
for the frequencies of tooth-marked bones distributed among 
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size classes in FN3 also overlap with several examples of 
accumulations produced by primary carnivores like lions, 
wolves, and bears compiled by Yravedra et al. (2021: see 
the ranges of values depicted in their Fig. 3).

In summary, the data compiled by Yravedra et al. (2021) 
on “actualistic frameworks of reference” for evaluating the 
involvement of carnivores and hominins as bone accumulat-
ing agents at FN3 do not provide conclusive evidence for 
their proposed sequence of access to ungulate carcasses. 
Moreover, their comparative analyses are biased by the 
depiction of incorrect data for the bone assemblage from 
this site, which casts serious doubts on the reliability of their 
study.

Meat consumption, competition intensity 
with other carnivores, and subsistence 
strategies of the hominins at FN3

In this section, we discuss the results obtained with a math-
ematical model that allows the estimation of resource avail-
ability and competition intensity among carnivores, as this 
approach provides inferences on the roles played by primary 
predators and secondary scavengers at the archaeological 
site of FN3. Specifically, we briefly describe the model used 
by Rodríguez-Gómez et al. (2016a) and expand on several 
issues not covered in that study.

In both the title and abstract of their paper, Yravedra et al. 
(2021) explicitly mentioned their interest on the consump-
tion of meat by the hominins of FN3, as well as on the inten-
sity of their competition with other large carnivores in the 
access to this resource. However, they overlooked the results 
of Rodríguez-Gómez et al. (2016a), who: (i) quantified the 
availability of meat for the large carnivores (including the 
hominins) of the FN3 palaeoecosystem; (ii) estimated the 
intensity of the competition for these resources within the 
carnivore guild; and (iii) tested which subsistence strategy 
would be optimal for the hominins at FN3. The absence 
of any comment by Yravedra et al. (2021) on the study of 
Rodríguez-Gómez et al. (2016a) is surprising, as they cited it 
five times in relation to the hypothesis that they attempted to 
reject on the role of sabretooth cats as meat suppliers for the 
hominins, also making also reference to this study when they 
discussed on the level of competition between the hominins 
and the carnivores.

Resource availability was essential for the survival of the 
earliest hominin populations in Europe (Hublin and Rich-
ards 2009; Roebroeks 2001). Rodríguez-Gómez et al. (2013, 
2014a, 2014b, 2016b) developed a model that allows the 
estimation of the meat resources accessible to these popula-
tions in their ecosystems. On the one hand, the model cal-
culates values of sustainable density for the hominins and 
other carnivores, on the one hand, and measures the intensity 

of the competition for these resources among the members 
of the carnivore guild, on the other. Although the model 
was inspired by previous studies (e.g., Bermúdez de Castro 
et al. 1995; Fariña 1996; Palmqvist et al. 2003; Vizcaíno 
et al. 2004, 2010), it introduced several innovations such 
as the calculation of mortality profiles for the ungulate spe-
cies. This allowed the estimation of the resources that could 
be sustainably exploited in the long term by the secondary 
consumers of the palaeocommunity (i.e., carnivores and 
scavengers, including hominins) without causing the col-
lapse of the prey populations. The model uses the faunal 
list and the body mass estimates available for the primary 
consumers identified at the site in order to compute: (i) the 
age structure that makes each ungulate population stable and 
stationary; (ii) the mortality profiles of the ungulate species, 
inferred from fertility parameters (e.g., adult and neonate 
body mass, litter size, breeding interval, age at reproductive 
maturity, growth rate, and lifespan) deduced from their liv-
ing analogues, which provides the biomass of ungulates that 
can be extracted yearly by the secondary consumers; (iii) the 
distribution of dead individuals among body mass classes, 
as prey size is the most relevant factor in the selection of 
prey by predators (Palmqvist et al. 1996); (iv) a “wastage 
factor,” which refers to the percentage of biomass discarded 
by the secondary consumers (e.g., skin, horns, and bones); 
(v) the dietary requirements of the secondary consumers 
when they reach their maximum population densities; and 
(vi) the distribution of prey biomass among the carnivores 
and scavengers, which allows the estimation of their sustain-
able densities (Rodríguez-Gómez et al. 2013, 2014a, 2014b, 
2022; Martín-González et al. 2019). The model computes 
the TAB (total available biomass) as the estimate of yearly 
available biomass (both parameters are calculated in kg/km2 
and kcal/km2) for the secondary consumers (Fig. 5). Given 
that multiple mortality profiles are obtained for each species 
of ungulate prey, the extreme values that correspond to the 
maximum and minimum mortality of juveniles are selected 
for each species. In this way, TAB-m is the available biomass 
that corresponds to a maximum mortality of juveniles (and 
minimum of adults) while TAB-M accounts for the opposite 
situation (Fig. 5).

In the Orce sites, dietary inferences retrieved from iso-
topic studies of the bone collagen preserved in the remains 
of large mammals from VM3 (Palmqvist et al. 2003, 2008a, 
2008b) were used by Rodríguez-Gómez et al. (2016a) for 
defining the prey preferences and consumption patterns 
of the secondary consumers identified at FN3 and BL. As 
noted above, the model distributes the meat offered yearly 
among the members of the carnivore guild (predators, 
scavengers, and hominins) based on their dietary demands 
(which is called in the model as the Total Demanded Bio-
mass, TDB). This distribution of TAB considers the prefer-
ences of each carnivore species for each prey mass category 
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and the intensity of consumption of each prey category is 
weighted according to the requirements of other second-
ary consumers (see Rodríguez-Gómez et al. 2013, 2014b, 
2016a). This means that the distribution of TAB is dynamic, 
being modified as the requirements of each carnivore spe-
cies are satisfied. The distribution of TAB ends when: (i) all 
meat is completely distributed; (ii) all species have covered 
their energetic requirements; or (iii) there are no species 
that have access to the body mass categories in which there 
remains unconsumed meat. As a result, the distribution of 
TAB between carnivores and hominins translates into the 
populations densities that keep the palaeoecosystem out of 
danger of collapse.

The model also provides three indexes that estimate the 
level of competition for meat among the secondary consum-
ers. In doing so, these indexes compare the sustainable con-
ditions inferred by the model with the consumption of meat 

under optimal conditions (Rodríguez-Gómez et al. 2014b, 
2016a, 2016b). At the species level, the species competi-
tion index (SCI) measures the degree to which the mem-
bers of the carnivore guild reach their maximum population 
densities. At a community level, the model provides two 
indexes, GCI (global competition index) and GCIB (global 
competition index biomass), which estimate the degree to 
which the expected density and the expected biomass of the 
whole carnivore guild for optimal conditions are reached, 
respectively. Each of the three indexes shows two values, 
one for conditions of maximum juvenile mortality (TAB-m) 
and other for minimum mortality (TAB-M) (for details, see 
Rodríguez-Gómez et al. 2016a, 2016b).

Rodríguez-Gómez et al. (2016a) provided estimates on the 
amount of meat available, the requirements of the secondary 
consumers, their sustainable densities, and the competition 
indexes for FN3 and BL (given that both sites have the same 

Fig. 5   Carrying capacity (A) 
and minimum and maximum 
total available biomass (B) 
of the Fuente Nueva 3 (FN3) 
palaeoecosystem, distributed 
among body mass categories 
and prey species. Both graphs 
are depicted in kcal/km2 per 
year (left scales) and kg/km2 
per year (right scales). Based 
on data from Rodríguez-Gómez 
et al. (2016a)
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faunal list, these estimates are identical for them). In terms of 
meat supply, the model provided a value of 410,904 kcal/km2 
per year [≈273.94 kg/(km2*year−1)] for TAB-m and 575,454 
kcal/km2 per year [≈383.64 kg/(km2*year−1)] for TAB-M. 
The demands of meat estimated for the secondary consumers 
under optimal conditions were substantially higher than the 
availability of meat, 1,051,606 kcal/km2 per year [≈701.07 
kg/(km2*year−1)]. In terms of ecological densities per 100 
km2 for the members of the carnivore guild, the model pro-
vided an interval between TAB-m and TAM-M of 9–14 for 
Homo sp., 17–25 individuals for C. mosbachensis, 9–10 for 
L. lycaonoides, 4–6 for P. brevirostris, 9–16 for L. pardinus, 
4–5 for M. whitei, 3–4 for H. latidens, and 2–3 for U. etruscus 
(Rodríguez-Gómez et al. 2016a: table 6). As well as from these 
estimates, Rodríguez-Gómez et al. (2016a) tested which of the 
following subsistence strategies was optimal for the hominin 
population of FN3 and BL: (i) to perform only as hunters; (ii) 
to adopt a strict scavenging behaviour; (iii) or to behave as both 
hunters and scavengers. The results obtained showed that the 
optimal strategy would be the second, as this would give the 
hominins access to a greater number of resources, which would 
in turn result in a higher population density, 10–14 individuals 
per 100 km2. In contrast, the least adaptive strategy would be 
the first, which would lead to 9–10 individuals per 100 km2. 
However, it must be noted that the differences in population 
density between the three strategies are slight.

In a study performed at a continental level, Rodríguez-
Gómez et al. (2017b) used the model described above for 
analysing the faunal assemblages of Europe in the time inter-
val of 1.1–0.2 Ma. The aim was to determine if an increase 
in competition intensity took place at the beginning of the 
Middle Pleistocene, which records a decrease in the evi-
dence of hominin presence in Europe compared to the Early 
Pleistocene. However, the results obtained suggested that 
competition intensity was lower in the early Middle Pleis-
tocene than in the late Early Pleistocene. Given that the 
decrease in the number of hominin settlements in Europe 
coincided with more favourable conditions in the availabil-
ity of meat resources, Rodríguez-Gómez et al. (2017b) sug-
gested that the apparent reduction in hominin presence at 
the beginning of the Middle Pleistocene was caused by the 
climatic changes that resulted from changes in orbital perio-
dicity from 41 ka cycles to 100 ka cycles, which led to the 
Mid-Pleistocene Revolution (MPR) (Maslin and Ridgwell 
2005). During the MPR, a faunal replacement took place in 
Europe with the appearance of new carnivores (see below), 
an increase in herbivore richness and a change in the struc-
ture of the mammalian communities (Turner 1992; Palombo 
2010, 2014; Rodríguez et al. 2012).

Arribas and Palmqvist (1999) and Turner et al. (2008) 
argued that the sabretooth cats M. whitei and H. latidens 
were replaced during the Middle Pleistocene by the mod-
ern pantherine felids, which exploited their prey in more 

depth, and that this resulted in the loss of a regular source 
of scavengeable carcasses for both the hominins and the 
giant hyaenas (however, note that Homotherium sur-
vived in NW Europe until the Late Pleistocene; Reumer 
et al. 2003). Under these new ecological circumstances, 
the trophic niche that hominins exploited vanished, and 
this forced them towards behavioural improvements that 
resulted in the development of the more effective Acheu-
lean handaxes, which replaced the technologically less 
elaborated Oldowan flakes of the earlier populations. In 
the case of P. brevirostris, being constrained by its enor-
mous size and by a highly specialized anatomy derived 
from its strict scavenging behaviour, the inevitable destiny 
of this species during this period of change was extinc-
tion (Arribas and Palmqvist,1999; Palmqvist et al. 2011; 
Iannucci et al. 2021). Therefore, the results obtained by 
Rodríguez-Gómez et al. (2017b) on the changes in meat 
availability and competition intensity at the beginning of 
the Middle Pleistocene also support a scavenging role for 
hominins during the late Early Pleistocene in Europe.

Another aspect of interest related to meat availability, not 
addressed by Rodríguez-Gómez et al. (2016a), is the carry-
ing capacity of the palaeoecosystem of FN3 and BL (as indi-
cated above, FN3 and BL were not studied separately with 
the model because the same faunal list is assumed for both 
sites). Following the third definition of Sayre (2008), carry-
ing capacity can be defined as the maximum population sizes 
that an ecosystem can sustain in the long term. In the study of 
Rodríguez-Gómez et al. (2022), average population weights 
were used for estimating the carrying capacity of different pal-
aeoecosystems of the Orce and Atapuerca sites. These esti-
mates were obtained with the survival profiles provided by the 
Weibull model (Martín-González et al. 2019) and the popula-
tion densities derived from the allometric equations of Damuth 
(1981). The value obtained by Rodríguez-Gómez et al. (2022) 
for FN3 and BL was 3,307.63 kg/km2 (≈4,961,445 kcal/km2) 
(see also Palmqvist et al. 2022d). However, given that Rod-
ríguez-Gómez et al. (2016a) did not consider the porcupine 
Hystrix refossa as a prey species, we have modified here these 
estimates with the exclusion of this taxon, which provides a 
carrying capacity of 3,169.64 kg/km2 (≈4,754,004 kcal/km2). 
The latter estimate indicates that the availability of meat at 
FN3 and BL (see the TAB values provided before) would 
represent between 8.6% (TAB-m) and 12.1% (TAB-M) of the 
carrying capacity of the ecosystem. Therefore, an increase 
in the consumption of meat above these percentages would 
drive the community to collapse. Figure 5 shows the carry-
ing capacity of the FN3 and BL palaeoecosystem (Fig. 5A) 
and the values of TAB-m and TAB-M distributed among the 
body mass categories considered for the primary consumers 
(Fig. 5B). The patterns of carrying capacity and meat availabil-
ity differ because the former has more biomass concentrated 
in the higher body mass categories, which do not translate into 
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biomass available for the secondary consumers. This results 
from differences in reproductive rates among mammals: the 
larger a species is, the lower are its fertility rate and popu-
lation turnover (see Jones et al. 2009; Magalhães and Costa 
2009; Myers et al. 2020). It is worth noting that the prey size 
categories with the highest TAB values are those that corre-
spond to the preferred prey of the main three predators of the 
Orce ecosystems (Fig. 3B): the wild dog L. lycaonoides (45–90 
kg) and the sabretooth cats M. whitei (180–360 kg) and H. 
latidens (360–1000 kg) (see Rodríguez-Gómez et al. 2016a). 
This relates to the proposal of Rodríguez-Gómez et al. (2017b) 
on the changes in the composition of the large carnivore guild 
between VM3 and FN3/BL due to top-down forces, following 
Ripple and Van Valkenburgh (2010). The only large carni-
vore of VM3 that is absent from FN3/BL is Panthera cf. gom-
baszoegensis, the European jaguar, whose preferred body mass 
category was 90-180 kg (see Rodríguez-Gómez et al. 2017a). 
This prey category is represented in VM3 by Sorgelia minor 
and the juveniles of Hemibos aff. gracilis and Praeovibos sp., 
species which are all absent from FN3 and BL (although some 
of them are erroneously cited at FN3 by Yravedra et al. 2021).

To further explore the role of top-down forces in the pal-
aeocommunity of FN3, we analyse here whether the pattern 
of prey abundances in this site is closer to the pattern of 
carrying capacity or to the pattern of resource availability 
(for a similar study in VM3, see Rodríguez-Gómez et al. 
2017a). In so doing, we compare the frequencies of each 
species in the assemblages of FN3 and BL deduced from 
MNI values (Espigares et al. 2019) with their proportions 

according to the estimates of carrying capacity and TAB 
(Fig. 6). Taking into account that there are slight differ-
ences between the patterns of carrying capacity (CC) 
and those of TAB values, the following inferences can be 
drawn: (i) compared to the expectations from the CC and 
TAB frequencies (Fig. 6), there is a higher proportion of 
the cervids Metacervocerus rhenanus and P. verticornis 
at level D of BL, and also a lower proportion of the sheep 
Ammotragus europaeus and the elephant M. meridionalis; 
(ii) there is an overrepresentation of the horse E. altidens 
in the lower archaeological level of FN3, where this species 
is recorded by a frequency well above any of the reference 
patterns; and (iii) the upper archaeological level of FN3 
shows a pattern of prey abundance that is closer to the one 
expected from CC, but with a slight increase in the biomass 
of Bison sp. and M. meridionalis, together with a decrease 
for A. europaeus and the large horse E. suessenbornensis 
(Fig. 6). These differences probably result from the tapho-
nomic biases involved in the site formation processes (see 
Palmqvist and Arribas 2001; Espigares 2010).

In summary, Rodríguez-Gómez et  al. (2016a, 2017a) 
provided estimates on meat availability for the ecosystems 
inhabited by the earliest European hominins in Orce, as well 
as on the intensity of the competition with other carnivores 
in the access to these resources. Given that Yravedra et al. 
(2021) focused their paper on the use of meat resources in the 
late Early Pleistocene assemblage of FN3, they should have 
cited and discussed these studies. The estimates of Rodríguez-
Gómez et al. (2016a) unequivocally indicate that the optimal 

Fig. 6   Prey abundances at Bar-
ranco León (BL) and Fuente 
Nueva 3 (FN3). The upper row 
of graphs shows the relative 
abundances of herbivore species 
calculated with the model of 
Rodríguez-Gómez et al. (2016a) 
in the estimation of carrying 
capacity (CC), TAB-m (mini-
mum total available biomass), 
and TAB-M (maximum total 
available biomass) values for BL/
FN3. The lower row of graphs 
shows herbivore abundances 
calculated from MNI values 
estimated for level D of Barranco 
León (BL-D) and the Lower and 
Upper Archaeological levels of 
FN3 (FN3-Lower and FN3-
Upper, respectively). MNI data 
from Espigares et al. (2019)
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subsistence strategy of the FN3 hominins was a strict scav-
enging behaviour, and that they possibly relied on sabretooth 
cats to gain access to meat resources. After the extinction 
of these predators, such relationship of trophic dependency 
was circumvented with the inception of the Acheulean tech-
nology, which allowed the hominins to hunt by themselves 
large ungulates (Arribas and Palmqvist 1999; Palmqvist et al. 
2011; Rodríguez-Gómez et al. 2017b). Moreover, the distri-
bution of the meat available in the FN3 ecosystem coincides 
with the prey size categories preferred by the three main 
hypercarnivores identified in the assemblage, the wild dog L. 
lycaonoides and the sabretooth cats M. whitei and H. latidens, 
which suggests that Homo sp. played a secondary role in FN3 
behaving more as a scavenger than as a hunter. However, the 
hunting by the hominins of small-sized prey should not be 
discarded, as the level of competition for these prey with other 
carnivores was less intense (Rodríguez-Gómez et al. 2016a).

Faunal turnovers and hominin ecology 
in the Early Pleistocene

The archaeological sites of FN3 and BL preserve huge tool 
assemblages of Oldowan tradition and a rich fossil record of 
carnivore remains. This scenario changes when the archaeo-
logical assemblages become dominated by the presence of 
developed Acheulian tools: many carnivores disappear, and 
the small diversity of surviving species are recorded by only 
a few remains. This happens in East Africa before 1.7 Ma, 
as recorded in the Ethiopian sites of Melka Wakena, 1.6–0.7 
(Hovers et al. 2021), and Asbole, ~0.6 Ma (Geraads et al. 
2004), or the Eritrean sites of Engel Ela-Ramud and Buia, 
both dated to ~1.0 Ma (Martinez-Navarro et al. 2004, 2016). 
In North Africa, a similar situation is depicted at Wadi Sarrat 
in Tunisia, dated to ~0.7 Ma (Martínez-Navarro et al. 2014). 
The same scenario is found outside of Africa when the disper-
sal of the developed Acheulian tools takes place in the Early-
Middle Pleistocene transition, as recorded in Gesher Benot 
Ya’akob (GBY) in Israel, dated to 0.8–0.7 Ma (Martínez-Nav-
arro and Rabinovich 2011), and also in several Middle Pleis-
tocene Acheulian assemblages of Europe, including Venosa 
Notarchirico in Italy, ~0.7 Ma (Piperno 2000; Moncel et al. 
2019, 2020), and la Solana del Zamborino in Spain, dated to 
~0.4 Ma (Jiménez-Arenas et al. 2011; Álvarez-Posada et al. 
2017). Although carnivores are well represented in some 
Acheulian localities like Tighenif in Algeria, dated to ~1.0 
Ma (Geraads 2016), this is the exception rather than the rule.

These data show that carnivores were abundantly represented 
and had a high diversity in the archaeological sites of Oldowan 
assemblages, but the situation is reversed in the sites that record 
Acheulian tools. How should these data be interpreted? The 
most parsimonious explanation, suggested by Martinez-Navarro 
(2018) and Bartolini-Lucenti et al. (2022), is that this relates to a 

change in hominin behaviour from scavenging to active hunting. 
The hominins that developed the Oldowan tools probably did 
not dominate the ecological scenario, because they were merely 
passive scavengers that needed to fight for the carrion with other 
scavenging carnivores, especially the large hyaenas, represented 
in Eurasia by P. brevirostris. Therefore, Homo was just another 
member of the carnivore guild, not the dominant one. For this 
reason, other carnivores used to be abundantly represented in the 
Early Pleistocene assemblages of Eurasia, as in the case of FN3. 
Hominin behaviour changed radically with the emergence of the 
Acheulian complex and its expansion through Africa and Eura-
sia, most probably because our ancestors acquired the abilities 
to hunt large prey and, above all, to secure the prey carcass from 
other carnivores and to expunge them from their living areas. 
Following this reasoning, humans became the dominant preda-
tor in the new ecological scenario, which explains why other 
large carnivores are rare in, or even absent from, the Acheulian 
sites. Both FN3 and BL are typical Oldowan sites, with an excel-
lent record of large and small carnivores.

In summary, the most parsimonious interpretation of the 
data and arguments discussed in this study is that: (i) the homi-
nins who inhabited the Guadix-Baza Depression during late 
Early Pleistocene times were scavengers with a secondary 
access to the meat and fat provided by the prey carcasses of 
sabretooth cats, the dominant primary predators of these eco-
systems; and (ii) they competed for carrion with the large hyae-
nas as well as with other opportunistic carnivores in the access 
to these resources, as suggested by Espigares et al. (2019). 
This interpretation, described by Yravedra et al. (2021) as the 
“Megantereon–hominins–Pachycrocuta model,” is the one that 
better explains the taphonomic evidence available at FN3.
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