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Abstract

Studies of modern carnivore accumulations of bone (i.e., neo-taphonomy) are crucial for interpreting fossil accumulations
in the archaeological and paleontological records. Yet, studies in arid regions have been limited in both number and detailed
taphonomic data, prohibiting our understanding of carnivore bone-accumulating and -modifying behavior in dry regions.
Here, we present a taphonomic analysis of an impressive carnivore-accumulated bone assemblage from the Umm Jirsan
lava tube in the Harrat Khaybar region, Saudi Arabia. The size and composition of the bone accumulation, as well as the
presence of hyena skeletal remains and coprolites, suggest that the assemblage was primarily accumulated by striped hyena
(Hyaena hyaena). Our findings (1) identify potentially useful criteria for distinguishing between accumulations generated by
different species of hyenas; (2) emphasize the need for neo-taphonomic studies for capturing the full variation in carnivore
bone-accumulating and modifying behavior; (3) suggest that under the right settings, striped hyena accumulations can serve
as good proxies for (paleo)ecology and livestock practices; and (4) highlight the potential for future research at Umm Jirsan,
as well as at the numerous nearby lava tube systems. We encourage continued neo-taphonomic efforts in regions important

in human prehistory, particularly in arid zones, which have received little research attention.
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Introduction

Taphonomic studies of fossil bone accumulations are
powerful tools for elucidating the interactions between
hominins, animals, and the environment and have been
central in discussions surrounding early hominin evolu-
tion and human prehistory (Pante et al. 2012). Hominins
and carnivores systematically process animal carcasses in
ways that reflect species-specific feeding behaviors, order
of access, and inter- and intra-taxon interactions (e.g.,
competition). Variations in social (e.g., group size) and
ecological (e.g., season, prey availability) conditions fur-
ther drive intraspecific variation in bone-accumulating and
modifying behavior (Dominguez-Rodrigo 2001; Faith and
Behrensmeyer 2006; Pobiner 2007; Lansing et al. 2009;
Kuhn et al. 2010; Arriaza et al. 2016). The early recogni-
tion of this prompted a series of experimental and natu-
ralistic studies that set out to identify how different bone
accumulators and modifiers might be differentiated when
studying fossil bone assemblages (e.g., Brain 1981; Blu-
menschine 1986 1988; Stiner 1990; Marean and Spencer
1991; Marean et al. 1992; Selvaggio 1994). These studies
demonstrated that the kinds of prey and their ages (e.g.,
Stiner 1990; Bunn and Pickering 2010), skeletal part rep-
resentation and fragmentation (e.g., Blumenschine 1986
1988; Marean and Spencer 1991; Marean et al. 1992), and
the types of bone surface modifications, their locations,
and frequencies (e.g., Blumenschine 1986 1988; Capaldo
1997; Dominguez-Rodrigo 1999) provide reliable insights
into the agent(s) responsible for the accumulation of fossil
bone assemblages. In addition to these more traditional
methods, researchers are now employing a variety of
sophisticated high-resolution imaging (e.g., Pante et al.
2017; Courtenay et al. 2019), multivariate analyses (e.g.,
Dominguez-Rodrigo and Yravedra 2009; Dominguez-
Rodrigo and Pickering 2010), and machine learning (e.g.,
Harris et al. 2017; Dominguez-Rodrigo 2019; Moclan
et al. 2020) techniques.

Large carnivores (e.g., lions, leopards, hyenas, wolves)
have received considerable attention in taphonomic stud-
ies due to their overlapping trophic niche with Pleistocene
hominins (Lyman 2018; Sala and Arsuaga 2018). In addi-
tion to an overlap in prey base, the bone-accumulating
and modifying behavior of some large carnivores can
generate bone assemblages that resemble those gener-
ated by hominins (i.e., equifinality), and distinguishing
between these two accumulating agents can be challenging
(Dominguez-Rodrigo et al. 2007; Lyman 2018). Studying
and disentangling the fossil record therefore requires a
good understanding of how modern carnivores accumu-
late and modify bone assemblages. Indeed, decades of
naturalistic and experimental neo-taphonomic studies have
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shed considerable light on this topic and have become a
cornerstone of paleoanthropological and paleontological
research (Sala and Arsuaga 2018). However, these studies
have been mostly restricted to relatively humid regions
of Sub-Saharan Africa, Europe, and North and South
America, and, as such, we have a limited understanding of
the bone-accumulating and modifying behaviors of carni-
vores in arid regions like Arabia. Moreover, a considerable
number of these studies have involved captive animals,
which are known to modify bones quite differently to their
wild counterparts (e.g., Gidna et al. 2013 2015; Sala et al.
2014). About two out of every five studies of spotted hyena
(Crocuta crocuta), and about half of all studies of lion
(Panthera leo) and wolf (Canis lupus), have involved cap-
tive animals (Lyman 2018).

Here, we conduct a detailed taphonomic analysis of a
large wild carnivore-accumulated bone assemblage from
the Umm Jirsan lava tube located in the Harrat Khay-
bar lava field, northern Saudi Arabia. Despite growing
evidence for the importance of the Arabian Peninsula
in human (and hominin) history and prehistory (e.g.,
Delagnes et al. 2012; Groucutt and Petraglia 2012;
Groucutt et al. 2018; Stewart et al. 2020; Petraglia et al.
2015), only a single carnivore neo-taphonomic study has
been conducted for the entire peninsula: a study of a small
possible striped hyena accumulation from the coast of
Qatar (Andrews 2008). Exploratory work has shown that
bones in the Umm Jirsan lava tube system date from at
least ~4.5 ka to recent times (Pint 2009). This and other
similar sites, therefore, have potential to inform on paleo-
ecology and key climatic and cultural changes—for exam-
ple, the poorly understood transition from hunting to herd-
ing in northern Arabia. In fact, very little is known about
the Holocene paleoecology of northern Arabia (Petra-
glia et al. 2020) and this is, in no small part, due to the
extremely scant fossil record of the region. For example, in
the Nefud Desert—an important region for understanding
the Neolithization of northern Arabia—only four early- to
mid-Holocene sites have yielded faunal remains (Guagnin
et al. 2017 2021, Scerri et al. 2018; Groucutt et al. 2020).
Moreover, the faunal material from these sites is extremely
fragmentary, providing very little taxonomic insight. At
the ORF2 site at Jebel Oraf, for example, of the > 1800
recovered bone and tooth fragments, only 14 were identifi-
able to taxon (Guagnin et al. 2021).

The aims of this study are, therefore, to (a) identify
the main bone-accumulating agent(s) at Umm Jirsan, (b)
provide new data and a better understanding of the bone-
accumulating behavior of carnivores in Arabia, and (c) see
whether the assemblage holds valuable (paleo)ecological
data in a region where bone and fossil preservation is oth-
erwise exceptionally poor.
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Study area

The Umm Jirsan lava tube (25.5888 N, 39.7570 E; 1185
m a.s.l.) is situated in the Harrat Khaybar volcanic field
approximately 125 km north of Medina, Saudi Arabia. The
lavas that make up the Harrat Khaybar range in age from 5
million-years-old to the historic period (Roobol and Camp
1991; Groucutt 2020). The area can be broadly described
as a rock and gravel desert with sparse soil cover, xeromor-
phic dwarf shrublands, and annual rainfall below 100 mm
(Kiirschner 1998).

The Umm Jirsan lava tube system consists of three seg-
ments separated by two collapses (Figs. 1A and 2), and it
is currently the longest reported lava tube in Arabia with a
horizontal passage length of 1481 m and typical height of
8—12 m (Pint 2009). The site was first investigated in 2007
by John Pint and members of the Saudi Geological Survey
(Pint 2009). Bones, mostly representing carnivore accumula-
tions, were found throughout and were particularly concen-
trated in the very western part of the system. Remains indi-
cate the presence of “wolves, foxes, hyenas, rock doves, bats,
sheep or goats, and swifts” and “growling” heard during the

Fig.1 Images of Umm Jirsan. A Entrance to the western passage
and surrounding area. B Entrance to the western passage. Note the
team members on the right hand wall for scale. C The back chamber

exploration of the site suggests that Umm Jirsan still serves
as a den for carnivores (Pint 2009, para. 7). In addition to
the animal bones, three human cranial remains were also dis-
covered. Radiocarbon dating of the human remains returned
ages of 150 + 30, 3410+ 30, and 4040 +30 l4c years BP,
and dating of a large ungulate humerus returned an age of
2285430 C years BP (Table 1).

The 2019 study presented here was conducted in the very
western part of system which Pint (2009) referred to as the
“Wolf Den” due to the massive accumulation of bones there.
The western passage can be further broken down into three
broad bone accumulation sub-areas. The first area (referred
to here as the “front chamber”)—encountered when moving
through the western passage—comprises a massive accu-
mulation of bones atop a large area of rock fall that rises a
number of meters above the base of the lava tube (Fig. 2).
This area is near completely covered in bones, including a
number of distinct extremely dense concentrations which
appear largely determined by the topography of the rock
fall. Moving northward and over the rock fall, the lava tube
wall forms an overhang, atop of which is a sparse accumu-
lation of bone and a tight northward leading passage that

in which the excavation was carried out. D Plotted sampling square
before surface collection and excavation. Location of the site shown
in the inset

@ Springer



139 Page 4 of 25

Archaeological and Anthropological Sciences (2021) 13: 139

Fig.2 Simple plan of the
Umm Jirsan lava tube system. AN Gt
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also contains bone (referred to here as the “windy cham-
ber”). Moving westward and below the overhang leads to a
small distinct chamber at the very end of the western passage
(referred to herein as the “back chamber”) (Fig. 2). The back
chamber contains an extremely dense accumulation of bones
and is where the present study was conducted (Fig. 1C). In
addition, a small number of bones were collected from other
areas of Umm Jirsan, which are excluded from the main
taphonomic analysis.

Materials and methods

A 1-m? excavation was carried out and positioned away from
the edge of the cache in the back chamber, but near enough
to exposed areas of the lava tube floor to allow researchers
to carry out the investigations without disturbing the rest
of the accumulation. All large bones lying on the surface
were photographed in position, hand-collected, labelled,
and then bagged. Once the surface material was cleared, the
underlying sediment was excavated using small trowels and
shovels, and described according to its texture (i.e., grain
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size, sorting, and colour). A simple stratigraphic log was
constructed and is presented in Fig. 3. All sediment was
sieved using a mesh size of 5 mm, which was conducted off
to the side of the cache in an area void of bones. All bone
fragments, regardless of size, were collected and placed in
marked bags. The excavation was conducted until reach-
ing sterile sediments. These sediments included abundant
small and large basalt blocks which appear to represent rock
spalling/falling episodes. Therefore, the use of this part of
the system as a carnivore den postdates this latest rock fall
event. It is possible, however, that this chamber served as a
carnivore den prior to this event and that continued excava-
tions would have recovered additional material.

All recovered material (number of recovered specimens
(NRSP)=1917) was identified to the lowest taxonomic level
possible, facilitated by relevant literature (e.g., Groves and
Lay 1985; Harrison and Bates 1991) and osteological collec-
tions housed at the Royal Museum for Central Africa, Bel-
gium. Specimen maximum length and width were collected
using digital calipers and additional morphometric measure-
ments taken following von den Driesch (1976). Standard
quantitative units were used to report the results: NRSP,
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Table 1 AMS radiocarbon
ages from Umm Jirsan
calibrated using Calib (v.

Lab code Layer

Material

Cal. BP
95.4% (2 ©)

AMS date (bp) Reference

8.20). Calibration done with
IntCal20 (Reimer et al. 2020).
Radiocarbon dating analysis
conducted at the SUERC
Radiocarbon Laboratory,
University of Glasgow

GdA-1156 Surface

GdA-1158 Surface

GdA-1157 Surface

GdA-1159 Surface

GUS56831 Surface

GU56833 Surface

GU56834 Surface

GU55752 Layer 1

GU56832 Layer 1

GU55753 Layer 2

GU55754 Layer 2

GU55755 Layer 3

GUS55756 Layer 3

GU56835
GU56836

Layer 3
Layer 3

GUS55757 Layer 4

GU56837 Layer 4

Bone (Homo sapiens)

Bone (Homo sapiens)

Bone (Homo sapiens)

Bone (ungulate)

Bone (Homo sapiens)

Bone (Homo sapiens)

Bone (Homo sapiens)

Tooth (Equus sp.)

Bone (Homo sapiens)

Tooth (Equus sp.)

Tooth (Equus sp.)

Tooth (Bos sp.)

Tooth (Equus sp.)

Tooth (Gazella sp.)
Tooth (Gazella sp.)

Tooth (Equus sp.)

Tooth (Capra sp.)

15030 0-46 (19.9%)
56-119 (24.5%)
125-154 (10.9%)
168-232 (27.8%)

238-283 (17.0%)

3568-3721 (95.0%)
3797-3819 (5.0%)

4419-4581 (97.6%)
45994612 (1.9%)
47724778 (0.5%)

2157-2172 (3.2%)
2174-2240 (38.1%)
2300-2351 (58.7%)

8-152 (64.6%)
172-177 (1.2%)
184-202 (5.7%)
206-278 (28.5%)

2952-3084 (81.9%)
3088-3158 (18.1%)

4246-4279 (10.6%)
42844418 (89.4%)

319-379 (33.2%)
386-390 (0.6%)
426-504 (66.2%)

67476769 (6.5%)
6777-6905 (87.7%)
6908-6936 (5.7%)

318-393 (42.0%)
425-499 (58.0%)

4529-4562 (7.8%)
4565-4728 (63.3%)
47494819 (28.9%)

2849-3005 (97.5%)
3017-3030 (1.3%)
3045-3056 (1.2%)

2495-2597 (49.5%)
2616-2643 (17.4%)
2686-2741 (33.1%)

42454421 (100%)
3722-3798 (30.6%)
3819-3924 (67.5%)
3949-3961 (1.9%)

2496-2596 (42.6%)
2613-2641 (15.6%)
2690-2747 (41.8%)
3067-3249 (96.1%)
3301-3324 (3.9%)

Pint (2009)

3410+30 Pint (2009)

4040+30 Pint (2009)

2285+30 Pint (2009)

136 +29 This study

2898 +29 This study
3911+29 This study

383+28 This study

6001 +29 This study

373+28 This study

4128 +32 This study

2824 +31 This study
2532+28 This study

3919+29
3551+29

This study
This study

2544 +31 This study

2986 +29 This study

number of identified specimens (NISP), minimum number
of elements (MNE), and minimum number of individuals
(MNI). NISP was counted as the number of specimens iden-
tified minimally to a skeletal part, including midshaft and
tooth fragments. MNE was calculated following an adapted
version of Dobney and Rielly’s (1988) zonation system and
taken by tallying the “non-repeatable” elements (i.e., those

with greater than 50% of the diagnostic zone present). MNI
was calculated not only in the same way but by also taking
into consideration the age (based on tooth wear, epiphyseal
fusion, and bone texture in the case of neonates) and side
(for bilaterally paired elements) of the animal. Quantitative
units were normalized (%NISP, %MNE) by dividing all ele-
ments by the greatest values and multiplying the result by

@ Springer
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Description

Compact layer of bone

IILJb Compact brown/grey silt and gravel

Tightly packed basalt blocks (rock fall)
filled with compact brown/grey silt and
gravel

IV

Brown/grey silt + gravel Grey silt + gravel

Jb Fossil-bearing unit ’ Basalt blocks @@ Burned kindling

100 (following Binford 1984). Small unidentifiable frag-
ments (less than 20 mm) were recorded but excluded from
the main analysis.

Each specimen was assigned an animal size class follow-
ing a simplified version of Bunn’s (1982) size class catego-
ries where small, medium, and large represent size classes
I-II (< 100 kg), HI-IV (100-340 kg), and IV (> 340 kg),
respectively. Average animal body masses were obtained
from the PanTHERIA database (Jones et al. 2009). Long
bone circumference completeness (%) was recorded as type
1 (less than half), type 2 (more than half but not complete),
or type 3 (complete) following Bunn (1982). Long bone frac-
ture angle (oblique, right, oblique +right), outline (curved,
transverse, intermediate), and edge (smooth, jagged)

@ Springer

characteristics were recorded following Villa and Mahieu,
(1991). Density-mediated attrition for ungulates was inves-
tigated by examining the relationship between skeletal part
survivorship (%MNE) and bone mineral density (BMD,; g/
cm?) using values obtained from wildebeest and horse bone
(Lam et al. 1999). To assess the differential destruction and
transport of bone, we examined the relationship between
%MNE and the modified food utility index (MGUI) (Met-
calfe and Jones 1988). Only high-survival elements were
used in both these analyses (as per Faith and Gordon 2007).

Every specimen was examined by eye and hand lens
(10-20 ) under different light exposures, and inconspicu-
ous bone surface modifications were further examined by
binocular microscopy (up to 80 X). Bones were inspected
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for preservation, weathering, chemical corrosion, staining,
abrasion, and carnivore and rodent processing following
established criteria (e.g., Behrensmeyer 1978; Maguire et al.
1980; Binford 1981; Fernandez-Jalvo and Andrews 2016; for
detailed discussion of the “Materials and methods” section,
see Stewart et al. 2019). Carnivore tooth marks were clas-
sified into pits, scores, furrows, and punctures (following
Binford 1981), their locations recorded (i.e., their anatomical
location and whether they occurred in thick cortical or can-
cellous bone), and, in the case of pits and scores, measured
using a digital caliper and magnifying lens (10-20 X) (fol-
lowing Andrés et al. 2012). Pits were measured for length
(maximum dimension) and width (maximum dimension
transversal to length), and scores measured for width (maxi-
mum dimension traversal to the long-axis of the score).

Animal age was estimated based on tooth eruption,
replacement, and wear, and each specimen was placed in an
age category based on potential ecological longevity (PEL)
following Bunn and Pickering (2010): young individuals
(<20% of PEL), early prime (~20-50 of PEL), late prime
(~50-75% of PEL), and old individuals (>75% of PEL).
Gazelle specimens were aged based on eruption and wear
stages established for mountain gazelle (Gazella gazella)
(following Munro et al. 2009) and a PEL of 11 years (Ala-
dos and Esc6s 1991). Caprid specimens were aged based on
eruption and wear stages established from wild and domestic
sheep/goat and a PEL of 10 years (following Payne 1973;
Zeder 2006). Equid specimens were aged based on crown
height (following Levine 1982) and a PEL of 20 years. Given
that domestic animals and their wild progenitors often have
significantly different lifespans, the PELs used here should
be considered approximations of the PELs of the animals
in this study.

Spearman’s rank order (r,) coefficients were used to meas-
ure the strength of the linear associations between two vari-
ables. Statistical analyses were carried out in PAST (Ham-
mer et al. 2001). Graphics were generated in PAST (Hammer
et al. 2001) and RStudio (RStudio Team 2015).

Results

A total of 1917 bones and teeth were recovered from the
den, of which 1073 were identifiable to a specific skeletal
element (56.0% of NRSP). The assemblage consists primar-
ily of ungulates, most notably equids, and all portions of the
skeleton are represented, albeit with significant differences
in their frequencies. Bone preservation is highly variable,
ranging from complete bones with adhered dehydrated soft
tissue to highly degraded bone fragments and splinters.
Thirteen samples (nine from the excavation and four from
elsewhere in Umm Jirsan) were selected for radiocarbon dat-
ing and yielded median probability ages of between 6839

and 439 cal BP (all dates are calibrated BP), suggesting a
long use of the lava tube system by carnivores (Table 1).
Although the material is clearly somewhat mixed, it does
appear that the trench preserves some degree of stratifica-
tion, with all bones dated from the lower most layers (i.e.,
layers 3 and 4) dating to> 2400 BP (Table 1). That said,
larger and more informative remains (e.g., complete ungu-
late teeth) were targeted for radiocarbon dating, and it is
clear that smaller, more fragmented material from these
layers has migrated downwards from the overlying layers
resulting in mixing. Dates obtained from the excavation and
elsewhere in the lava tube suggest that there may have been a
hiatus in den use after ~2500 BP up until more recent times,
although more dates are needed to confirm this. And lastly,
although this particular site may not be useful for address-
ing questions about specific timed events, it does preserve
valuable paleoecological information, as we discuss below.

Species representation

A minimum of 40 individuals representing 14 taxa were
recovered from the excavation (Table 2). Equids dominate
the assemblage with 227 bones and teeth representing a
minimum of 20 individuals (50% of MNI) and at least two
taxa: horse (Equus ferus) and ass (either the wild ass Equus
africanus or the domestic donkey E. a. asinus). Only a sin-
gle metacarpal is large enough to be confidently attributed
to horse, whereas the remaining metapodials are all con-
sistent with the smaller asses (Fig. 4). Likewise, all man-
dibular teeth possess the rounded, symmetrical metastylids
and metaconids, V-shaped linguaflexids, and shallow buc-
cal folds characteristic of asses (Chuang and Bonhomme
2019). Following suggestions by Eisenmann and Beckouche
(1986) that wild and domestic asses may be differentiated
on the morphology of their metapodials, we compared the
Umm Jirsan metapodials to modern comparative material
of African wild (E. africanus) and domestic (E. a. asinus)
ass, the former being the only species of wild ass thought
to have inhabited Arabia during the Holocene (Uerpmann
1987). The Umm Jirsan metacarpals are, as a group, com-
paratively large and are more consistent with African wild
than domestic ass, although a couple of these fall outside the
range of wild ass but are consistent with those of domestic
ass (Figs. 4 and 5; Supplementary Tables 1, 2, 3).

Wild ass is thought to have been domesticated in north-
east Africa sometime around 6500 BP (Marshall and Weiss-
brod 2011). Their spread into Southwest Asia occurred
about a millennium later, first appearing in the Levant
around 5600-5100 BP, and later in Oman around the late 3rd
to early 2nd millennium BC (Marshall 2007; Milevski and
Horwitz 2019). African wild ass is known from a number
of Holocene sites in southeastern Arabia (e.g., Uerpmann
1991; Cattani and Bokonyi 2002), where they persisted until

@ Springer
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Table 2 Taxonomic list from

: X Class Order Family Taxon Common name NISP  MNI
the excavation at Umm Jirsan
Reptilia
Squamata Gen. et sp. indet Lizard 1 1
Aves
Gen. et sp. indet Bird 6 1
Mammalia
Hyracoidea Procaviidae ~ Procavia capensis Rock hyrax 1 1
Lagomorpha Leporidae Lepus capensis Cape hare 2 1
Artiodactyla Bovidae Bos sp. Cattle 2 1
Capra sp. Caprine 43 3
Gazella sp. cf. G. dorcas ~ Dorcas Gazelle 33 4
Med-sized bovid Med-sized bovid 2 1
Camelidae Camelus sp. Camel 16 2
Perissodactyla ~ Equid Equus africanus Ass 226 19
Equus caballus Horse 1 1
Carnivora Hyaenidae Hyaena hyaena Striped hyena 2 1
Canidae Canis lupus Wolf/dog 16 3
Primates Hominidae Homo sapiens Human 2 1
Total 353 40

perhaps as recently as 5000 BP (Uerpmann 1991). Less is
known about the situation in northern Arabia, but recently
discovered rock art confirmed the presence of African wild
ass in the region during the Holocene (Guagnin et al. 2018).

Fig.4 Morphometric com-

parison of the Umm Jirsan 270+
equid metacarpals (MCIII) and 255
comparative material of horse
(Equus caballus), domestic ~ 2401
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following von den Driesch % 1954
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Considering the Holocene biogeography of equids in Arabia,
the age of the Umm Jirsan material (~ 7000 BP—present), and
the size of the Umm Jirsan metacarpals, it is possible that
both wild and domestic asses are represented at Umm Jirsan.
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Fig.5 Biplot comparison of the
greatest length (GL) and distal
breadth (Bd) of the Umm Jirsan
equid metacarpals (MCIII) and
comparative material of horse 60
(Equus caballus), domestic

ass (Equus africanus asinus),
and African wild ass (Equus
africanus). Measurements taken
following von den Driesch
(1976). Comparative data from
http://www.vera-eisenmann.
com/
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It is also worth noting here that some scholars believe there
to have been a significant lag (> 1000 years) between domes-
tication and morphological change among asses (Marshall
2007; Marshall and Weissbrod 2011), and, therefore, some
of the Umm Jirsan equids may fall into this transitionary
phase.

Gazelle is the second most abundant taxon with 33
remains representing a minimum of four individuals (10.0%
of MNI). Three species of gazelle can be found in Arabia
today (Gazella gazella, Gazella dorcas, and Gazella marica)
and at least one other species (Gazella bilkis; now extinct)
occupied the region until relatively recently (Harrison and
Bates 1991; Barmann et al. 2013 and references therein).
For most specimens, G. dorcas can be discounted based on
tooth size alone (Supplementary Table 4). The m3 hypoco-
nulids are shorter and more rounded, and the horns more
inward pointing at their tips, than those of G. bilkis but are
similar to G. gazella in both these features (Groves and Lay
1985). Horns are less lyrate than those of male G. marica
but females of this species have straighter horns that may
match some of those from Umm Jirsan (Harrison and Bates
1991). Taken together, the size and morphology of the Umm
Jirsan material is most consistent with G. gazella, although
without additional material it remains difficult to be certain,
and, as with the equids, multiple taxa may be represented.

Forty-three caprid bones representing a minimum of three
individuals (7.5% of MNI) can be attributed to either ibex
(Capra ibex) or domestic goat (Capra aegagrus hircus). Ibex
still inhabit parts of interior Arabia today, and domestic goat

210 240 271
Greatest length (mm)

is an important livestock in the region. The domestication of
goat occurred in the Zagros Mountains around 10,000 BP
(Zeder and Hesse 2000), and their spread across Arabia had
occurred by the sixth millennium BC (Makarewicz 2020 and
references therein). Distinguishing between ibex and goat
based on dentition alone can be difficult, and we follow ear-
lier studies (e.g., Kerbis-Peterhans and Horwitz 1992; Kuhn
2005) by pooling these remains under “caprid.”

Camel (Camelus sp.) is represented by 16 bones and a
minimum of two individuals (5.0% of MNI). Surprisingly,
little is known about the history of the dromedary camel
(Camelus dromedaries) and even less about its wild pro-
genitor. Uerpmann (1987) suggested that the wild drome-
dary’s range once included the deserts of eastern and central
Arabia, and recently discovered ichnofossils (Stewart et al.
2020) and rock art depictions (Guagnin et al. 2018 2020) of
wild camel confirm their presence in the peninsula’s north. It
is believed that the domestication of the dromedary occurred
in southwestern Arabia sometime around 3400-2900 BP and
that the extinction of the wild dromedary shortly followed
(Uerpmann and Uerpmann 2012). Given the age of material
at Umm Jirsan, it is possible that either forms are present.

Two teeth, a lower third premolar and an upper molar,
can be attributed to Bos (2.5% of MNI), as well as an addi-
tional upper molar collected from outside the back chamber
(Fig. 6). Cattle (Bos taurus) were first domesticated in the
Euphrates between 11,000 and 10,000 BP (Helmer et al.
2005), and findings from southern Arabia suggest the arrival
or local domestication of aurochs by about late 7th/early 6th
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Fig.6 A-B Upper molars, Bos
sp. C Right mandible, Gazella
sp. cf. G. dorcas. D lower

third premolar, Bos sp. E right
mandible, Gazella sp. cf. G.
dorcas. F Mandible, Procavia
capensis. G Coprolites, Hyaena
hyaena. H Maxilla, Capra sp.

I Right maxilla, Camelus sp.

J Mandible, Canis lupus. K
Left mandible, Hyaena hyaena.
Scale bars 10 mm (A-G) and
30 mm (H-K)

millennium BC (Martin et al. 2009). Aurochs (Bos primi-
genius)—the ancestor to domestic cattle—were widely dis-
tributed across northern Africa, Southwest Asia, and Europe
during the Holocene (Uerpmann 1987; Drechsler 2007,
Zeder 2017). In Arabia, fossil remains are scarce outside of
Yemen (see Drechsler 2007), but the presence of aurochs in
northern Arabia has been recently confirmed from rock art
engravings (Guagnin et al. 2015 2018). McCorriston and
Martin (2009) suggested that given their ability to exploit
a variety of grassland and woodland environments, aurochs
may have been widely distributed across Arabia during the
wet phases of the Holocene. The timing of their extinction
in Arabia is unclear, but remains from nearby in Iran and
Jordan date to as late as the Iron Age (see Uerpmann 1987).
Again, whether the Umm Jirsan remains represent wild or
domestic cattle is, at present, difficult to say, although the
late age of the dated Bos sp. tooth is more suggestive of
domestic animals given the dry conditions at the time.
Hyenas are represented by two juvenile mandibular
specimens that possibly belong to the same individual
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(2.5% of MNI). These, and a number of other specimens
found throughout Umm Jirsan but not retrieved as part of
the excavation, have upper carnassials with short metacones
and lower carnassials with a reduced but visible talonids,
features that are characteristic of striped hyena (Hyaena
hyaena) (Fig. 6). Hundreds of coprolites were present, and
a small sample was collected and is currently undergoing
micromorphological and biomolecular analysis. The copro-
lites are consistent with those of hyena in having a white
appearance, crumbly texture, and globular morphology with
either a single pellet or the appearance of two or three fused
pellets (Fig. 6) (Sanz et al. 2016).

Canids are represented by 16 bones and a minimum of
three individuals (7.5% of MNI). Mandibles are larger than
those of the Asiatic jackal (Canis aureus) and are consist-
ent with those of the Arabian wolf (Canis lupus arabs) and
probably domesticated dog (Canis lupus familiaris) (Fig. 6;
Supplementary Table 5).

Microfauna are represented by few remains but include
lizards, birds, hyrax (Procavia capensis), hare (Lepus
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Table 3 Complete skeletal inventory of small-, medium-, and large-
sized ungulates from the excavation at Umm Jirsan

Small-sized Medium- Large- Indetermi-
animals sized sized nate-sized
animals  animals animals

Horn core/sheath 8
Crania + maxilla 17 4 1
Mandible 24
Isolated tooth 57 37 5 57
Atlas 1
Axis
Cerv. vert 1 1 1
Thor. vert 1
Lumb. vert
Caud. vert
Indet. vert 2
Rib 20 3 1 4
Scapula 2
Pelvis
Humerus 3 20 3

- Complete

- Prox.ep 2

- Prox. ep. +shaft

- Midshaft 1 9 3

- Dist. ep.+shaft 11

- Dist.ep
Radius 6 17 9

- Complete 1

- Prox.ep -

- Prox. ep. +shaft
- Midshaft 6
- Dist. ep. +shaft

- Dist. ep
Upper limb bone 1 4
Ulna 1 1 1
Metacarpal 1 35 3
- Complete 35
- Prox.ep
- Prox.ep.+shaft 1 1
- Midshaft 1
- Dist. ep. +shaft
- Dist.ep
Femur 2 14
- Complete 1
- Prox.ep 1

- Prox. ep. +shaft
- Midshaft 13
- Dist. ep. +shaft

- Dist.ep
Tibia 6 27 1
- Complete 1
- Prox.ep
- Prox. ep. +shaft 1 1

Table 3 (continued)

Small-sized Medium- Large- Indetermi-
animals sized sized nate-sized
animals  animals animals
- Midshaft 3 11
- Dist. ep.+shaft 2 13
- Dist.ep 1 1
Metatarsal 2 33 2
- Complete 1 33
- Prox.ep
- Prox. ep. +shaft 2
- Midshaft 1
- Dist. ep. +shaft
- Dist.ep
Metapodial 2 21 4
- Complete
- Prox.ep
- Prox. ep. +shaft 1
- Midshaft 2 13 4
- Dist. ep. +shaft 4
- Dist.ep
Astragalus 1 19
Calcaneum 3 4 1
Carpal/tarsal 5 2
Sesamoid 1 1
Phalanx
- Proximal 8 1
- Intermediate
- Distal 1 3
- Hoof 5
Sacrum
Long bone shaft 260 123 27 120
Total 435 383 58 197

capensis), and ostrich eggshell recovered from the front
chamber. In addition, two human (Homo sapiens) crania
fragments were recovered from the excavation, and a num-
ber of others were discovered in other parts of the Umm
Jirsan system.

Skeletal part representation

Complete skeletal inventories by animal body size and taxa
are presented in Table 3 and Supplementary Tables 6, 7,
8, 9, and 10, respectively. Except for two articulated equid
astragali and calcanei, all skeletal elements are isolated.
Despite efforts to identify midshaft fragments to a specific
element, unidentifiable midshaft fragments dominate across
all animal size classes (32-59% of NISP) and particularly
the small-size class (59% of NISP). Fragile axial elements
(e.g., vertebrate, ribs) and small compact bones (e.g., car-
pals, tarsals) are scarce and this is probably related to the
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ease with which carnivores process and consume these
remains, although the former may be in part the result of
selective transport (see below). The one exception to this is
the abundant equid astragali, which may be too large and dif-
ficult to process or simply unappealing in terms of nutrition,
and similar observations have been elsewhere (e.g., Pokines
and Kerbis-Peterhans 2007).

Breaking down the skeletal part representation by taxa
reveals that equids are overwhelmingly represented by com-
plete metacarpals and metatarsals, probably reflecting their
low nutrient yield to energy expenditure ratio (Fig. 7; Sup-
plementary Table 9). Upper and intermediate limb bones are
also well-represented but comprise mostly the denser and
less nutritious distal and midshaft portions. Elements of the
crania are underrepresented, suggesting that they were not
transported to the den, having been exploited at the scav-
enge site. Similarly, camel is best represented by limb bones,
notably the metapodials and radii, and the former is more
fragmented than those of equids suggesting that they are
easier to process and/or more nutritive (Fig. 7; Supplemen-
tary Table 8). Blumenschine and Madrigal, (1993) found
that equid metapodials contained relatively little grease
compared to bovids of similar sizes, and the same may hold
true for camels given their bovid-like metapodial configu-
ration. Gazelles and caprids are best represented by crania,
mandibles, and isolated teeth, although abundant small-sized
midshaft fragments suggest that this is more apparent than
real (Table 3). Canids and hyenas are represented mostly by
mandibles and isolated teeth (Supplementary Table 7). Few
microfaunal remains were recovered but include elements of
the crania, axial, and appendicular skeleton (Supplementary
Table 10).

Several tests were carried out to assess the differential
transport and destruction of bones at Umm Jirsan. First,
the survivorship of equid high-survival skeletal parts
(%MNE) showed a positive and near-significant (Spearman’s
r,=0.282, p=0.069) relationship with bone mineral den-
sity and a negative and significant relationship with MGUI
(Spearman’s ry=—0.703, p=0.007) (Fig. 8). As such, and
considering the scarcity of dense cranial elements, it appears
that limb elements were preferentially transported to the
den and that the more nutritious upper and intermediate
limb bone portions more intensely processed. An excellent
example of this is consumption of nearly all femur proxi-
mal and distal epiphyses to the exclusion of their less nutri-
tive shafts. No correlation was found between small-sized
ungulate (caprids 4+ Gazella) skeletal part survivorship and
bone mineral density (Spearman’s r,=0.213, p=0.175) or
MGUI (Spearman’s r,=0.136, p=0.658) (Fig. 8), although
the sample size is small and dense mandible and midshaft
fragments dominate the assemblage suggesting it has been
significantly influenced by density-mediated attrition. In
addition to these elements, the presence of a number of axial
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remains indicates a less biased transport strategy for small-
sized animals.

Bone surface modifications

All bone surface modifications were calculated based on
NISP values excluding isolated teeth and results by ani-
mal size class and trench layer are presented in Tables 4
and 5, respectively. Most bones were unweathered (86.6%)
and some were greasy to the touch. A small number of
bones at Umm Jirsan (1.0%) exhibit cracking and flaking
consistent with weathering stages 1-2 suggesting that car-
nivores were, on occasion, transporting already defleshed
bones to the den. Alternatively, these bones may have been
transported to the den by porcupines (Hystrix), which are
known to take over disused carnivore dens (Pokines and
Kerbis-Peterhans 2007), are avid bone collectors, and
show a predilection toward weathered bone (Brain 1980).
In fact, two midshaft fragments are rodent gnawed and a
number of porcupine quills were spotted throughout Umm
Jirsan, although the latter may be the result of predation
by carnivores. A significant number of bones exhibit
rounding and polish (11.4%) consistent with licking by
carnivores, an activity common among young individuals
in dens (Fernandez-Jalvo and Andrews 2016). This was
more frequently observed among medium-sized animal
remains and may reflect a size preference among younger
individuals: small-sized animal remains are more likely to
be completely consumed or destroyed during processing,
whereas large-sized animal remains may be too large to be
efficiently handled.

Sixty-four bones (6.9%) are corroded as a result of their
deposition within a highly acidic environment and bacte-
rial attack (Fig. 9). Many small bone fragments exhibit acid
etching, rounding, and small perforations due to digestion.
A number of specimens have been corroded by urine and
feces (Fig. 9), which can produce conditions analogous to
biologically active soils, especially when combined with
high humidity and protection from subaerial environments
(Fernandez-Jalvo and Andrews 2016). Four teeth exhibit
mosaic cracking of their dentine and erosion of their enamel,
and further mechanical wear has eroded the already weak-
ened dentine resulting in a “block-like” form. Twenty bones
(2.2%) have a white and chalky appearance, some of which
are clearly the result of bacterial attack.

Forty-two percent of bone has evidence for carnivore
processing, which includes gnaw marks, gastric etching,
and rounding from licking. Gnaw marks take the form of
tooth pits (n=64), scores (n=72), punctures (n=2), and
notches (n=68). The frequency of gnawed bone is similar
across the animal size classes (25.1-35.8%) with the large-
size class having the highest frequency (35.8%), probably
reflecting the greater effort required for the processing of
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Fig.7 Skeletal part representation of key taxa at Umm Jirsan

large animal remains. Looking specifically at small-sized
animal long bones, the lower limb bones are most fre-
quently gnawed (80%), followed by the upper (40%), and
intermediate (25%) limb bones (Supplementary Table 15).
On the other hand, medium-sized animal upper limb bones
are most frequently gnawed (53%), followed by the inter-
mediate (39%), and lower (28%) limb bones. This pattern
of fewer gnaw marks moving down the limb is common in
carnivore-accumulated assemblages as the upper limbs are
more nutritious, and, therefore, more attractive to carnivores
(Blumenschine 1986). The upper epiphyses are most com-
monly gnawed (17-40%), followed by midshafts (2-14%),
and distal epiphyses (0-7%). Again, this pattern is expected
as the upper epiphyses typically contain abundant nutritive
grease within their cancellous bone (Blumenschine 1988).
Overall, tooth marks are quite small, being similar in size to
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those produced by dogs (Fig. 10; Table 6; Supplementary
Tables 16, 17), though it is important to remember that the
tooth marks likely to include those of both juveniles and
adults.

Additional bone surface modifications include a single-
cut marked midshaft indicating that carnivores were, at least
on occasion, scavenging from human refuse. A small pile of
burnt kindling was also discovered during the excavation—
that perhaps served as a torch by people investigating the
cave—and has incidentally burnt a small number of bones
(1.1%). There is no other evidence for human use of the den.

Bone fragmentation and fracture patterns

The assemblage is heavily fragmented, as evidenced by
the significant number of small midshaft fragments and
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Fig.8 Caprid+ Gazella and
equid high-survival element
%MNE vs. bone mineral
density (BMD,; g/cm?) and the
modified general utility index
(MGUI). Full forms of abbrevi-
ations and raw data are provided
in Supplementary Tables 11
and 12. Bone mineral density
data for equids and wildebeest
from Lam et al. (1999). Modi-
fied general utility data from
Metcalfe and Jones (1988)
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such that they retain less than half of their original circum-
ference (78.1%). Still, there is a significant number of limb
bones that retain their complete circumference (19.9%),
although these consist mostly of complete equid metapodi-
als. Small-sized animal limb bones are far more fragmented
than those of medium- and large-sized animals reflecting
the ease with which the Umm Jirsan carnivores were able to
break open and consume the limb bones of smaller animals.
Complete limb bones are, for the most part, confined to the
uppermost layer, whereas layers 2—4 are made up almost
entirely of small bone fragments indicating that the smallest
material has gravitated downwards in the sediment (Fig. 11).

The majority of long bone fragments exhibit oblique
(66.8%), curved (44.8%), and smooth (61.3%) fracture pat-
terns consistent with the carnivore processing of fresh bone
(Supplementary Table 18). Still, a significant number of
bones exhibit right (18.7%), transverse (32.5%), and jag-
ged (38.6%) fracture patterns that are more consistent with
the fracturing of dry bone. This is likely due to gnawing,
trampling, and rock spall and would have been facilitated by
chemical and bacterial corrosion that cause the loss of bone
tissue and significantly weaken bone (Fernandez-Jalvo and
Andrews 2016).
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Remains recovered not from the excavation were also
included in the mortality analysis to boost the sample size.
Of the eight caprid mandibles for which age groups could
be confidently assigned, three were early/late prime aged
(38%), three were late prime aged (38%), and two were old
individuals (25%) (Supplementary Table 19). For the gazelle
mandibles, there was one juvenile/early prime aged (33%),
one early prime aged (33%), and one old aged (33%) (Sup-
plementary Table 20). For equids, which is based mostly on
isolated teeth, six were early prime aged (55%) and five were
old aged (45%) (Supplementary Table 21).

Discussion

Here, we provided a detailed taphonomic analysis of a large
carnivore-accumulated bone assemblage from the Umm
Jirsan lava tube in the Harrat Khaybar, Saudi Arabia. The
faunal material has accumulated over thousands of years,
attesting to the excellent preservational conditions at Umm
Jirsan and highlighting the potential for future research at
this site, as well as at other nearby lava tubes. For reasons
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Table 4 Full results of the
taphonomic analysis by animal

Small-sized Medium- Large-sized Indet.-sized Total

X N animal sized animal  animal animal
size class (raw data presented in
Supplementary Table 13) NISP 435 384 58 197 1074
NISP (without isolated teeth) n 378 347 53 145 923
Weathering
0 % 97.1 88.2 98.1 51.0 86.6
1 % 0.3 0.3 0.0 0.0 0.2
2 % 0.0 2.0 0.0 0.0 0.8
3 % 0.0 0.0 0.0 0.0 0.0
4 % 0.0 0.0 0.0 0.0 0.0
5 % 0.0 0.0 0.0 0.0 0.0
Indet % 2.6 9.5 1.9 49.0 12.5
Circ. comp
Type 1 % 95.1 50.8 74.5 100.0 78.1
Type 2 % 1.8 23 6.4 0.0 2.0
Type 3 % 32 47.0 19.1 0.0 19.9
Tooth-marked % 27.2 25.1 35.8 4.8 234
Black staining % 0.3 0.3 0.0 0.0 0.2
Excavation damage % 4.8 1.2 1.9 0.0 2.5
Abrasion
Striae % 0.5 0.0 0.0 34 0.8
Rounding % 6.9 15.6 7.5 28.3 13.7
Corrosion
Digestive % 6.9 0.6 0.0 11.0 4.8
Non-digestive % 1.3 2.6 0.0 4.1 22
Burning % 1.1 1.4 0.0 0.7 1.1

discussed below, Umm Jirsan appears to have served primar-
ily as a striped hyena den where carcasses and carcass parts
were transported to and fed on. Previous neo-taphonomic
studies of striped hyena in Africa and the Near East have
provided important insights into the bone-accumulating and
modifying behavior of this osteophagus carnivore (e.g., Ker-
bis-Peterhans and Horwitz 1992; Leakey et al. 1999; Kuhn
2005; Kempe et al. 2006; Schick et al. 2007; Fourvel et al.
2015). However, most of these are lacking in detailed tapho-
nomic data or focus on only a few of the taphonomic varia-
bles that are of interest to most researchers (see Lyman 2018
Supplementary Information). Our detailed study bridges this
gap and presents new data for the characterization of striped
hyena behavior. First, we consider the ecology and feed-
ing behavior of large carnivores in Arabia to demonstrate
that Umm Jirsan likely served primarily as a striped hyena
den before briefly discussing the implications of the present
work for the study of prehistory and paleoecology.

Accumulator(s) of the Umm Jirsan assemblage
Known accumulators of macromammal remains in Arabia

include red fox (Vulpes vulpes), striped hyena, Arabian wolf,
Arabian leopard (Panthera pardus nimr), Asiatic cheetah

(Acinonyx jubatus venaticus), and, until historic times, lion
(Panthera leo) (Harrison and Bates 1991). The large felids
can be discounted as accumulators of the Umm Jirsan assem-
blage for a number of reasons. Firstly, unlike hyenids, and to
a lesser extent canids, felids do not possess the skeletal and
muscular apparatus for intensively processing dense skeletal
remains (e.g., limb bone midshafts) of large animals like
camels and equids (Dominguez-Rodrigo 1999; Gidna et al.
2015). Secondly, no skeletal or coprolitic remains of these
animals were recovered at Umm Jirsan. And finally, leopards
are restricted mostly to mountainous regions (Harrison and
Bates 1991), whereas lions and cheetah do not den deep
within caves (Laurenson 1993; Packer and Pusey 1997).
Red foxes, striped hyenas, and wolves are all known to
occupy caves. Striped hyena appear to have a predilection
for sheltering deep within complex cave systems (Kerbis-
Peterhans and Horwitz 1992; Wagner 2006), whereas wolves
and foxes tend to make greater use of cave entrances, rock
shelters, and rocky crevices (Mech 1974; Harrison and
Bates 1991). All three species show great variability in
their diets, which includes the hunting and scavenging of
domestic sheep and goats, gazelles, hares, rodents, birds,
invertebrates, plant foods, and human refuse (Kruuk 1976;
Macdonald 1978; Harrison and Bates 1991; Bothma 1998;
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Table 5 Full results of the taphonomic analysis by layer (raw data
provided in Supplementary Table 14)

Layer 1 Layer2 Layer3 Layer4

NISP n 298 182 353 250

NISP (without isolated n 284 156 261 216
teeth)

Weathering
0 %  99.6 99.4 91.6 55.6
1 % 0.0 0.0 0.4 0.5
2 % 0.0 0.0 0.4 2.8
3 % 0.0 0.0 0.0 0.0
4 % 0.0 0.0 0.0 0.0
5 % 0.0 0.0 0.0 0.0
Indet % 04 0.6 6.5 41.2
Circ. comp
Type 1 % 289 97.0 97.4 97.8
Type 2 % 5.0 0.8 1.0 0.5
Type 3 %  66.2 23 1.4 1.6
Tooth-marked % 283 31.6 27.1 242
Black staining % 0.0 0.0 0.8 0.0
Excavation damage % 1.1 8.4 2.1 4.2
Abrasion
Striae % 0.0 0.0 0.0 32
Rounding % 9.9 154 8.0 24.5
Corrosion
Digestive % 04 10.9 8.4 1.9
Non-digestive % 0.0 4.5 4.6 0.5
Burning % 0.0 1.3 1.25 1.7

Leakey et al. 1999; Wagner 2006). Larger livestock such as
adult camels, cattle, and donkey are too large to be hunted
and must be scavenged (Harrison and Bates 1991; Bothma
1998). Striped hyenas are also frequent looters of human
grave sites, and human cranial remains are a common feature
of striped hyena dens (e.g., Horwitz and Smith 1988; Kerbis-
Peterhans and Horwitz 1992; Leakey et al. 1999).

Despite a similar dietary breath, the feeding behav-
ior of wolves on the one hand, and of striped hyena and
foxes on the other hand, differs in important ways for the
present study. Wolves mostly consume their prey at kill/
scavenge sites, and the feeding of pups typically involves
the regurgitation of previously ingested meat (Mech 1974;
Dominguez-Rodrigo et al. 2012). The transport of bones to
den sites occurs very sporadically such that even in multi-
generational dens, bones are only sparsely scattered about
and rarely form conspicuous accumulations (Dominguez-
Rodrigo et al. 2012). Taphonomic studies of wolf feeding
behavior have also shown that wolves tend not to disperse
the bones of large animals more than a few hundred meters
from kill/scavenge sites (e.g., Yravedra et al. 2011 2012;
Fosse et al. 2012).
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In contrast, striped hyena and red foxes are avid hoarders
of bone which they transport to dens to be eaten, provisioned
for periods of food scarcity, or to be processed and fed to
young (Kruuk 1976; Rieger 1979; Krajcarz and Krajcarz
2014; Yravedra et al. 2014). It is this behavior that produces
the significant accumulations of bones observed in and
around the dens of these animals (e.g., Kerbis-Peterhans and
Horwitz 1992; Kuhn 2005; Kempe et al. 2006; Schick et al.
2007; Krajcarz and Krajcarz 2014; Yravedra et al. 2014).
There are, however, key differences in the feeding behaviors
of these two species that are important to the present study.
The first of these relates to their ability to transport remains
of large animals. Striped hyenas have powerful neck and
masticatory muscles that enable them to transport large car-
casses and carcass parts over considerable distances (Buck-
land-Wright 1969). Kruuk, (1976), for example, observed a
striped hyena carry an entire wildebeest leg over a distance
of 2 km, and similar observations have been reported by
others (Pickering 2002). In fact, this appears to be a com-
mon behavior among striped hyena, as evidenced by the
overabundance of medium- and large-sized ungulate limb
bones in the dens of this species (e.g., Skinner et al. 1980;
Kerbis-Peterhans and Horwitz 1992; Kuhn 2005; Schick
et al. 2007; Monchot and Mashkour 2010). Foxes, on the
other hand, are much smaller and are more restricted with
what they can physically carry, and even small ungulates like
sheep, goat, and pigs must be mostly dismembered prior to
transport (Yravedra et al. 2014; Arilla et al. 2018). In addi-
tion to small ungulates, fox dens are typically characterized
by an abundance of small animals such as birds, leporids,
rodents, and foxes (Yravedra et al. 2014; Arilla et al. 2018).

The second key difference between these two spe-
cies relates to their ability to intensively process ungulate
remains. Striped hyenas have a large sagittal crest and pow-
erful masticatory muscles that enable them to efficiently
break open the limb bones of animals much larger than
themselves, which they do to gain access to the rich marrow
within (Buckland-Wright 1969; Wagner 2006). A byproduct
of this behavior is that striped hyena assemblages are often
dominated by abundant small-, medium-, and large-sized
animal midshaft fragments (Kuhn 2005; Schick et al. 2007).
Foxes, on the other hand, do not possess this ability, and
in fox-accumulated assemblages, even small-sized ungulate
limb bones are almost always complete, with damage being
restricted mostly to the gnawing and furrowing of the mid-
shaft and epiphyses (Krajcarz and Krajcarz 2014; Yravedra
et al. 2014; Arilla et al. 2018).

Taken together, the large size of the assemblage, the
overabundance and intensive processing of ungulate limb
bones, abundant hyena coprolites, and presence of juvenile
hyena and human cranial remains suggest that Umm Jirsan
served primarily as a striped hyena den, and, on occasion, as
a maternal den. That said, taphonomic histories are usually
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Fig. 9 Examples of corroded
bone. A Digestive corrosion of
small bones. B Block-like cor-
rosion of equid teeth dentine. C
Non-digestive acid corrosion. D
Carnivore gnawed and bacteri-
ally attacked midshaft fragment.
Scale bar=10 mm

complex and other carnivores may have contributed in part
to the studied assemblage, either by importing bones or by
simply modifying bones already present in the den. Foxes,
for example, may have contributed to the few microfauna
represented at the site (but see below), and small micro-
fauna accumulations nearer the entrance of Umm Jirsan and
situated in front of small crevices in the lava tube wall are
probably fox accumulations.

Striped hyena feeding behavior at Umm Jirsan

The representation of small-sized animal skeletal parts at
Umm Jirsan suggests a less biased transport strategy of
these animals compared to that of medium- and large-sized
ungulates, likely reflecting the ease with small animals can
be transported whole or in large portions. Once in the den,
small animal carcasses are intensively processed with often

only the mandible and isolated teeth surviving. Limb bones
are intensely gnawed, producing significant quantities of
bone splinters, and much of the rest of the skeleton may
be consumed and completely destroyed during digestion.
Identifiable microfauna remains do occasionally survive
hyena digestion (Sanz et al. 2016), and this may account for
the few microfauna represented at Umm Jirsan, about half
of which show evidence for digestive corrosion. Medium-
and large-sized ungulates are overrepresented by limb
bones suggesting the preferential transport of these nutri-
tious elements. The more nutritious upper and intermediate
limb elements are intensively processed and this typically
involves the fragmentation of the midshaft, consumption of
the proximal epiphysis, and, to a lesser extent, consumption
of the distal epiphysis. The less nutritious lower limb ele-
ments—which at Umm Jirsan comprises mostly equid meta-
podials—are far less intensely processed and the majority of
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Fig. 10 Carnivore tooth pit and score length and width data for com-
pact bone only (mean+95% CI). Descriptive statistics provided in
Table 6 and raw data in Supplementary Tables 16 and 17. Compar-
ative data from Andrés et al. (2012). The hyena! sample comprises
an assemblage processed by adult spotted hyena, whereas the hyena?
sample likely comprises an assemblage processed by juvenile spotted
hyena. Dotted red line marks the Umm Jirsan mean

these elements are complete. Still, a number of metapodials
are fragmented indicating that striped hyenas are capable
of breaking open these very dense elements. The degree to
which these elements are processed probably depends on
competition and resource availability, as has been observed
among spotted hyena in the Amboseli National Park, Kenya
(Faith and Behrensmeyer 2006). A single-cut marked bone
suggests that hyenas were, on occasion, scavenging human
refuse—a behavior that is common among modern striped

Table 6 Tooth pit and score summary statistics (compact bone only).
Raw data provided in Supplementary Tables 16 and 17

Mean Range 95% CI 95% CI upper
(mm) (mm) lower
Pitlength  1.75 0.8-4.4 1.49 2.01
Pit width 1.18 0.6-2.9 1.03 1.34
Score 0.93 0.4-3.3 0.73 1.14
width
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hyena (Kruuk 1976; Macdonald 1978; Leakey et al. 1999;
Wagner 2006)—and butchered bones have been recovered
from striped hyena dens in Jordan (Schick et al. 2007).

In fact, modern striped hyena populations may be largely
synanthropic (i.e., dependent on humans), as suggested
by the abundant livestock in their diets and home ranges
nearing areas of human habitation (Kruuk 1976; Skinner
and Ilani 1979; Skinner et al. 1980; Kerbis-Peterhans and
Horwitz 1992; Hofer 1998; Leakey et al. 1999; Kuhn 2005;
Kempe et al. 2006; Schick et al. 2007; Monchot and Mashk-
our 2010; Singh et al. 2010; Fourvel et al. 2015). To test
whether striped hyena accumulations reflect the dominative
livestock practices in the region, we plotted the %NISP of
key taxa from five striped hyena dens (Fig. 12). In areas
where caprid herding is widely practiced, caprids dominate
striped hyena dens (as at Arad and Datagabou), whereas
in areas known for camel herding, camels dominate striped
hyena dens (as at Dhahik). At Umm Jirsan, asses dominate
the assemblage. And while it is possible that both wild and
domestic asses are represented at Umm Jirsan, this hints at
a strong focus on the use of domestic asses over the past few
thousand years in the Harrat Khaybar region.

Carnivores also form an important part of striped hyena
diets (Fig. 12). Striped hyena have been observed chasing
small carnivores such as bat-eared fox, domestic cats, and
cheetah cubs (Kruuk 1976; Skinner and Ilani 1979), and
wolves, dogs, and jackals may be hunted or killed during
confrontations over carcasses (Leakey et al. 1999). While
it is possible that wolves occupied and died “naturally” at
Umm Jirsan, their mandibles exhibit damage that is similar
of those found in striped hyena dens elsewhere—i.e., the cor-
onoid process, condyle, and ramus have been consumed but
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Fig. 12 %NISP data of key taxa from large (>100 NISP) striped hyena den assemblages. Data from Kerbis-Peterhans and Horwitz, (1992),
Kuhn et al. (2010), Monchot and Mashkour, (2010), and Fourvel et al. (2015)

with no evidence of damage to the rest of the mandible (c.f.,
Kerbis-Peterhans and Horwitz 1992). Cruz-Uribe (1991) and
Pickering (2002) suggested that striped hyena—accumulated
and human-accumulated assemblages may be differenti-
ated by the relative abundance of carnivore remains in the
dens of the former (carnivore: ungulate + carnivore MNI).
This ratio at Umm Jirsan is relatively low (12%), support-
ing Kuhn et al.’s (2010) findings that carnivore remains are
often rare in striped hyena dens. This ratio, however, may be
a useful criterion for distinguishing between striped, spot-
ted, and brown hyena accumulations (Fig. 13). Carnivore
remains are rare in spotted hyena dens (interquartile range
(IQR): 0.0-7.9%), more common in striped hyena dens
(IQR: 9.0-24.7%), and more common again in brown hyena
(Hyaena brunnea) dens (IQR: 16.7-72.6%). Although,
caution should be taken here given that carnivore remains
appear to have been more common in Pleistocene-aged spot-
ted hyena dens in Europe (Arsuaga et al. 2012; Sala et al.
2020) suggesting perhaps a through-time change in spotted
hyena denning and feeding behavior or, alternatively, a dif-
ference in these behaviors between European and African
spotted hyena.

A second potentially useful criterion for distinguishing
between hyena accumulations involves the frequency of
small compact bones (e.g., sesamoids, carpals, tarsals).
In line with earlier studies of striped hyena accumula-
tions (Cruz-Uribe 1991; Kuhn et al. 2010), small com-
pact bones are scarce (6% of postcranial NISP) at Umm
Jirsan. Kuhn et al. (2010) found that between 14 and 34%
of spotted hyena bone accumulations consisted of small
compact bones, whereas in striped and brown hyena
accumulations, there were typically fewer of these bones,
never exceeding 11% in the case of striped hyena (see also
Cruz-Uribe 1991) (Fig. 12). Therefore, assemblages accu-
mulated by spotted hyena on the one hand, and striped
and brown hyena on the other, may be distinguished by
the frequency of small compact bones. However, and as
noted by Pokines and Kerbis-Peterhans (2007), the survi-
vorship of small compact bones is likely to be positively
influenced by prey size. A good example of this at Umm
Jirsan is the high survivorship of equid astragali, and
similar observations have been made in modern (Pokines
and Kerbis-Peterhans 2007) and prehistoric hyena dens
(Sala et al. 2020).
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Our findings also capture the variation in striped hyena
bone-accumulating and -modifying behavior. Firstly, we
identify for the first time from a striped hyena den non-
digestive corrosion of bone. Urine and feces, combined with
high humidity and protection from subaerial environments,
can produce conditions analogous to biologically active soil
that promote the corrosion of bone, as has been observed in
the dens of spotted hyena (Fernandez-Jalvo and Andrews
2016). And secondly, we found gastric etching to be far more
common at Umm Jirsan than has been reported from other
striped hyena dens. Kuhn et al. (2010) found only a sin-
gle gastrically etched bone in their analysis of nearly 1000
specimens from across five dens, while Fourvel et al. (2015)
found none in their study of around 400 bones; although,
this might be the result of recovery bias as sieving was not
permitted for some of these sites. By comparison, 44 bones
(4.8% of NISP) exhibit gastric etching at Umm Jirsan. The
extent to which bones are digested may depend on the state
of hunger of the animal (Fernidndez-Jalvo and Andrews
2016). To prolong digestion, famished animals retain food in
their stomachs longer and may, as a result, more completely
digest their stomach contents (Ferndndez-Jalvo and Andrews
2016). Therefore, it is possible that the differences in gastri-
cally etched bone reflect differences in food availability—
i.e., the incomplete digestion of bone at Umm Jirsan might
mean that resources were not limited, and this is consistent
with the incomplete processing of equid lower limb elements
at the site.

Implications for prehistory and paleoecology

The excellent preservation, abundance, and age of the mate-
rial highlight the potential for future studies at Umm Jirsan
and similar sites across the region. Very little remains known
about the paleoecology and prehistory of northern Arabia,
and this is, in no small part, due to the exceptionally scant

@ Springer

fossil record. For instance, fossil evidence consistent with
pastoralism in northern Arabia is restricted to just a few sites
comprising very limited and/or fragmentary remains (Guag-
nin et al. 2017 2021; Scerri et al. 2018; Groucutt et al. 2020;
Munoz et al. 2020; Thomas et al. 2021). In light of this,
researchers have turned to the rock art record, the results
of which have been illuminating (e.g., Guagnin et al. 2015
2018 2020). To give just one example, Guagnin et al. (2018)
recently provided the first evidence that the distributions of
African wild ass, aurochs, and lesser kudu extended into
northern Arabia during the early- to mid-Holocene despite
these animals being absent from the fossil record at that
time. The Harrat Khaybar lava tubes, with their massive and
exceptionally preserved carnivore accumulations, represent
an untapped resource in an area where bone and fossil pres-
ervation are poor.

Indeed, other recent studies have demonstrated the poten-
tial of carnivore dens for the study of prehistory and paleo-
ecology, particularly in arid regions where suitable archives
are often scarce. By studying carnivore dens in the Judean
Desert, Lazagabaster et al. (2021) showed that a shift in
large carnivore community structure—namely the replace-
ment of Arabian leopards with striped hyena as the dominate
large carnivore in the landscape—coincided with an increase
in human presence in the region, which they attribute to
the active hunting of leopards and an increase in livestock
scavenging opportunities for striped hyena. While authors of
another recent study of striped hyena coprolites from central
Iran argued that the “pollen encapsulated in these coprolites
can be a major source of information on their environments,
their foraging behavior and diet, as well as their interactions
with human societies in the far and recent past” (Djamali
et al. 2020 p. 17). The application of additional biomolecular
approaches—DNA, stable isotope analysis, zooarchaeology
by mass spectrometry, to name a few—should only further
increase the potential of these sites for investigating the past.
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Conclusion

Carnivore neo-taphonomic studies in arid regions have
been limited in number as well as in taphonomic detail.
Here, we conducted a detailed taphonomic analysis of an
impressive bone assemblage from a striped hyena den in
the Harrat Khaybar lava field, northern Saudi Arabia. The
material dates back as far as~7000 years, highlighting the
exceptional preservation within the lava tube, and the poten-
tial for future research at Umm Jirsan and other nearby lava
tubes. We identify here two potentially useful criteria for
distinguishing between accumulations made by striped,
spotted, and brown hyena. First is the ratio of carnivores to
ungulates, and second is the percentage of small compact
bones. In addition, the Umm Jirsan assemblage comprises
more corroded bone—both gastrically and non-gastrically
corroded—than has been reported in other studies of striped
hyena bone accumulations. These findings highlight the need
for continued neo-taphonomic studies for capturing the full
variation of carnivore bone-accumulating and modifying
behavior. Lastly, we show that the Harrat Khaybar lava tubes
represent an untapped resource in a region where bone and
fossil preservation is otherwise exceptionally poor. Such
sites have the potential to inform on the paleoecology and
prehistory of this understudied region. Although focusing
primarily on striped hyena taphonomy, the present study
hints that donkeys have been an important livestock in the
region for thousands of years.
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