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Abstract

In this study, 2,169 Bison menneri bone samples from the fossil site of Untermassfeld were analysed for
bite marks produced by the hyena species Pachycrocuta brevirostris. Of prime importance were quantita-
tive data collections and as much detail concerning the localisation and categorisation of the bite marks as
possible. The study investigates the extent to which characteristics and regularities can be established in the
feeding strategies of Hyaenidae in general and R brevirostris of Untermassfeld in particular. The analyses
make it clear that the hyenas of Untermassfeld favour nutrient-rich skeletal elements for which the mini-
mum amount of mechanical effort is needed. At the same time, the B. menneri material of Untermassfeld
demonstrates a clear preference of certain feeding trends of the hyenas regarding different long bones. The
gnaw and bite marks on the B. menneri material were also assigned to groups using the bone modification
categories described by Maguire et al. (1980) and their frequency compared with recent bone-breaking hy-
ena species and P, brevirostris from other fossil sites. The investigations should support future transregional
comparisons with other Hyaenidae sites.

1. Introduction

Within the context of the Early Pleistocene fossil site of Untermassfeld and the studies on their formation,
bone modifications play an important role since they are part of the taphonomic processes in all fossil de-
posits. To a considerable extent, the cause of these modifications is the Pleistocene hyena species Pachycro-
cuta brevirostris (Gervais, 1850), which is represented by numerous skeletal elements and coprolites in the
Untermassfeld fossil record (Keiler 2001; Turner 2001; lannucci et al. in this volume; Kahlke in this volume).

The following study focused on quantitative data collection including the most accurate possible localisation
of the bone modifications. The feeding behaviour of P brevirostris was also investigated in order to draw
conclusions about possible characteristics and regularities. An integral part of the study was also the classifi-
cation of the bite marks into seven different categories of bone modification. On the one hand, this provides
an overview of the different bite marks and the manner of their formation and, on the other, it enables a
direct comparison to be made with existing findings on the feeding behaviour of the various Hyaenidae.
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2. Material und method

Results on bone modification by P brevirostris on remains of Hippopotamus antiquus from Untermassfeld
have previously been published (Kahlke 1997b, 282f.). Thus, the influence of this hyena species on the site
is already known (Kahlke 2001c, 956f.; 2006, 81). In the current study, which focuses on B. menneri, a
new part of the Untermassfeld collection has been investigated with regard to bone modifications caused
by P brevirostris and thus a further step towards the detailed analysis of the site has been achieved. The
bones of B. menneri are particularly suitable for this investigation because of their representative number
and massive size, which increases the likelihood of useable remains surviving following the processing of
the bones by hyenas (Zapfe 1939).

In addition to the monographs on the Untermassfeld site by Kahlke et al. (1997a; 2001a; 2001b) the theo-
retical foundation for this investigation is notably based on the following studies: the work of Zapfe (1939),
which deals with recent and Pleistocene spotted hyenas; Sutcliffe (1970), who described bone modifications
using recent spotted hyenas in East Africa; Maguire et al. (1980), in which the authors deal with studies of
modifications by recent bone-breaking Hyaenidae; Haynes (1980a; 1980b; 1983), whose study focuses on
the traces of various recent and Pleistocene carnivores, especially in North America; Hill (1989), who studied
the dens of recent spotted hyenas in Amboseli National Park, Kenya; Saunders and Dawson (1998), whose
analyses were based on a Plio-Pleistocene hyena den (Haro River Quarry, Pakistan); Palmqvist et al. (2011)
and Madurell-Malapeira et al. (2015), which deal with the activities of P brevirostris in Venta Micena (Spain)
and the Vallparadis Section (Iberian Peninsula); Fourvel et al. (2012), who focus on the dens of Pleistocene
cave hyenas in France; and Fosse et al. (2012), whose study describes the taphonomic signature of Canis
lupus in Poland (Bialowieza, Bieszczady).

The categorisation of the surface modifications caused by P brevirostris was carried out according to the
method developed by Maguire et al. (1980) and later adopted by Saunders and Dawson (1998). The nine
categories of key bone modifications are described as follows.

Category 1: Ragged-edged chewing
These are typical spiral fractures recorded in long bones and irregular, serrated bone edges that are the result
of the chewing motion of incisors and canines.

Category 2: Shallow-pitting

According to the aforementioned authors, this type of surface modification is presumably caused by the
premolars of juvenile hyenas, which chew on the bone during an early stage of rearing. This activity forms
many small round or triangular outlines.

Category 3: Punctate depressions or perforations
Described here are typical round depressions or perforations caused by the bone-breaking premolars, i.e.
the P3 and Ps-4 of adult hyenas.

Category 4: Lunate or crescent-shaped fracture scars

These lunate or crescent-shaped scars are remnants of the third category described above. They arise when
the line of fracture from the hyena‘s bite runs along a perforation. In this case, so-called back flakes or
pointed flakes, i.e., sickle-shaped fragments, are left behind.
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Category 5: Striations or gouge marks

These are usually short, straight tooth tracks that are perpendicular to the longitudinal axis of the bone
and therefore run approximately parallel to each other. From observations, these are attributed to juvenile
hyenas.

Category 6: Contiguous or close, irregular and randomly-oriented grooves
These include irregular and randomly oriented grooves that are positioned close to each other. They often
occur at the ends of bones and are considered the result of persistent chewing.

Category 7: Scooping or hollowing out
This is the hollowing out of the cancellous bone by incisors, canines and the tongue of hyenas.

Category 8: Acid-etching and erosion of bone

This type of modification is seen in regurgitated fragments and is caused by the hyena’s strong gastric acid-
ity. After digestion, the splinters have a polished appearance and exhibit fine fissures, which are a result of
the etching (Zapfe 1939, 124f.).

Category 9: Splintering or shatter-cracking (comminuted fractures)
These are usually jagged transverse fractures in shafts of limb bones, they are also called comminuted frac-
tures.

In the present study, categories 1 to 7 were taken into particular consideration. Although category 8, bone
splinters etched by gastric acid, were also present in the Untermassfeld material (Kahlke 2001c¢, 956; in this
volume, Fig. 25e), they could not be examined under the aspect of a single species, in this case B. menneri,
owing to their limited size. In the case of category 9, the assignment of these modifications to the activities
of P brevirostris is difficult, as such comminuted fractures and breaks can also be caused by other tapho-
nomic processes, e.g., trampling, and geological processes, such as sediment pressure (Kahlke 2001¢, 950;
Ferndndez-Jalvo and Andrews 2016, 4).

A complete and detailed overview of the investigated material is available in the Senckenberg Research
Station for Quaternary Palaeontology library (Arnold 2018).

The MNI values were determined using the metacarpalia lll + IV dex. for the adult individuals and on the
basis of the mandibulae or, more precisely, the dPs dex. for the juvenile animals. For juveniles, an MNI of 18
is recorded and for adults an MNI of 51. The MNI total for B. menneri in Untermassfeld is 69 (as of January
2018).

The following table (Table 1) gives a summary overview of the examined bones and teeth. With regard to
the table values, it should be noted that there are sample groups which comprise several bones, e.g., verte-
brae or parts of limbs, but which are entered under a common catalogue number. These groups are counted
as a single find in the NISP-total. The table entry of the ossa sesamoidea includes both the forelimb and the
hindlimb samples, as an accurate determination in this regard was limited. The same applies to the phalan-
ges, which is why the phalanges of the front and hind legs as well as the phalanges | to Il were summarised
as one item in the statistics. In addition, metacarpalia lll + IV and metacarpalia V as well as metatarsalia
Il + IV and metatarsalia Il have been considered together, since there are not many mc V and mt Il and as
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NISP body site
total out of this juvenil fragments sin. dex. indet.

Entire material 2,169 148 806 778 943 450
Cranium 18 0 16 1 0 17
Maxilla 28 8 26 10 18 1
Mandibula 73 33 56 35 36 3
Dens (isolated) 193 55 29 67 66 60
Vertebra 76 0 29 76
Costa 19 0 19 19
Scapula 13 0 6 5
Humerus 102 4 91 35 52 15
Radius 69 5 57 21 46 2
Ulna 36 2 29 8 27 1
Radius/Ulna (fused) 20 0 7 6 14 0
Carpalia (total) 274 0 12 115 146 13
Os carpale sec. + tert. 50 0 0 22 28 0
Os carpale quartum 44 0 0 17 27 0
Os carpi accessorium 28 0 0 11 17 0
Os carpi intermedium 47 0 0 25 22 0
Os carpi radiale 45 0 0 19 26 0
Ossa sesamoidea Mc 4 0 0 0 4 0
Os carpi ulnare 43 0 0 21 22 0
Metacarpalia Il + IV 145 13 74 54 64 27
Metacarpale V 13 0 0 1 1 11
Pelvis 44 1 42 44
Femur 46 1 38 19 24

Patella 2 0 1 2 0 0
Tibia 89 6 72 37 47 5
Tarsalia (total) 534 2 63 209 231 94
Astragalus 105 1 12 51 51 3
Calcaneus 105 1 37 43 57 5
Os tarsi centrotarsale 2 0 0 2 0 0
Os tarsi malleolare 73 0 0 34 39 0
Os tarsi scaphocuboideum 84 0 12 38 47 0
Ossa sesamoidea (total) 79 0 0 0 0 79
Os tarsale primum 6 0 0 0
Os tarsale sec. + tert. 74 0 0 40 33

Metatarsale Il 4 0 0 0 1 3
Metatarsalia Ill + IV 115 9 81 49 44 22
Phalanx | 123 5 33 53 60 10
Phalanx Il 75 4 13 30 34 11
Phalanx Il 57 0 12 23 28 6

Table 1  Synopsis of the entire material of Bison menneri from Untermassfeld.
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they were also unaffected by bite marks, they have no influence on the present study. In contrast, astragali
and calcanei were considered separately from the other tarsal bones, since of the tarsal bones only these
were affected by bite marks and therefore a separate investigation makes sense.

Fig. 1 shows the distribution of the investigated material of B. menneri from Untermassfeld with respect to
the various skeletal elements. Noticeable here is a dominance of the carpal and tarsal bones, which make up
a total of 37 % of the finds, as well as other compact elements such as teeth (9 %) and phalanges (12 %).
Less common, but represented with more than 100 finds are humeri (5 %) and metacarpalia (7 %) as well
as metatarsalia (5 %). In addition, with more than 50 recovered items, radii (3 %), tibiae (4 %), mandibulae
(4 %) and vertebrae (3 %) show a high presence. Rarely represented are ulnae and femora as well as pelvic
fragments, each of which accounts for about 2 % of the bones. The rarest are cranial fragments, which
include the processus cornualis, and maxillae (1 % each), as well as in the postcranial skeleton finds of scap-
ulae, ribs, radius and ulna in fusion, and especially the patellae, with a share of less than 1 %.

The side of the body which the skeletal elements belonged to is, as far as could be determined, indicated.
In total, 1,721 finds could be assigned to a body side, corresponding to 79 % of all finds. With 448 finds
(21 %) a side could not be determined. The number of bones assigned to the right side of the body is 943
and accounts for 43 % of the total B. menneri findings. 780 finds, i.e., 36 % of the skeletal elements, are
assigned to the left side of the body (Fig. 2).

The percentage of finds found to be skeletal elements of juvenile individuals amounts to 7 % and that of
senile individuals to less than 1%. The remaining finds from adult and subadult individuals account for
93 % of the total material. The term »various« comprises both adult and subadult material, as well as
those bones in which the individual age could not be fully determined, due to strong fragmentation and
the ambiguous connection in Bovidae between the closing of the epiphyseal plates and the growth of the
individual skeletal elements (Koch 1935). This should ensure that the most accurate MNI possible can be ex-
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Fig. 1 Distribution according to skeletal elements of the material of Bison menneri from Untermassfeld examined in the
present study.
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Fig. 2 Percentage distribution of the material of Bison menneri from Untermassfeld by body side.

pected. Overall, the proportion of finds identified as juvenile or senile differs significantly within the various
skeletal elements (Fig. 3). 29 % of maxillae findings are from juveniles and 4 % from senile animals. In the
case of the mandibulae, 45 % are assigned to juvenile bones and 5 % to senile bones. Within the isolated
teeth, about 28 % are deciduous teeth. In the postcranial area, significantly fewer pieces from juvenile in-
dividuals were identified, with the metacarpalia and metatarsalia at 8 % representing the largest number.
This is followed by radii (7 %), ulnae (6 %) and tibiae (7 %). Humeri (4 %), pelves and femora (2 % each),
phalanges (4 %), astragali and calcanei (1 % each) have the lowest share of bones assigned to juvenile ani-
mals. The remaining skeletal elements, i.e. vertebrae, ribs, scapulae, radius and ulna in fusion, patellae and
carpal resp. tarsal bones, with the exception of astragali and calcanei, could not be assigned to any juvenile
finds. Bones of senile individuals were not identified in the postcranial skeleton.
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Fig. 3 Age distribution of the material of Bison menneri from Untermassfeld.
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Fig. 4 Percentage share of the fragmented material of Bison menneri from Untermassfeld.

The proportion of fragmented bones comprises about 37 % of the total material. Depending on the skeletal
element, the degree of fragmentation of the finds differs (Fig. 4). Maxillae (100 %) and mandibulae (77 %)
are most frequently fragmented. This also applies to ribs (100 %), pelves (95 %) and the long bones, such
as humeri, which are 88 % fragmented, followed by femora at 83 %. In the case of radii, ulnae and tibiae,
81 % of the finds are fragments. Even in metatarsal bones (68 %) and patellae (50 %) at least half or more
of the finds are in a fragmented state. In vertebrae (37 %), scapulae (46 %), radius and ulna in fusion (35 %),
metacarpalia (47 %), calcanei (35 %) and the phalanges (23 %), less than 50 % of bones are fragmented.
Teeth (14 %) and the carpal and tarsal bones (4 % each), including the astragali (11 %), show the least

fragmentation, at less than 15 %.

Depending on the type of long bone, various parts of the bone dominate the existing fragments. Approx-
imately 54 % of long bone fragments are distal epiphyses. The proportion of proximal epiphyses is 40 %.
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Fig. 5 Percentage distribution of the present bone fragments within the long bones of Bison menneri

from Untermassfeld.
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Finds with remaining diaphysis and missing epiphyses are especially rare, at 6 %. Fig. 5 shows the percent-
age amounts of the bone sections of the different long bones.

The largest number of individual diaphyses occurs in the femora. Here, 29 % of the fragments are a diaphysis
without epiphyses. More commonly, proximal or distal epiphyses are found, sometimes with sections of the
diaphysis. Nevertheless, the distribution also differs here. In the case of radius and ulna in the fused state (63 %)
and especially in the ulna (93 %), the proximal part of the bone is predominantly present as a fragment. This
also applies to the metapodia in which 54 % of the fragments are proximal epiphyses. The other long bone
fragments are mainly distal epiphyses, especially tibiae (78 %) and humeri (70 %), but also femora (55 %).

3. Results

In total, of the 2,169 bones and tooth remains examined, 273 finds clearly show demonstrable modifica-
tions due to the feeding activity of hyenas. This corresponds to 12.6 % of the total Bison menneri material
from the Untermassfeld site. Radius and ulna in fusion have the highest number, with 45 % of the bones
displaying bite marks (Fig. 6). For the patellae, the proportion is above 50 %, but it should be noted that this
is based on only two finds. This is followed by tibiae (40 %) and humeri (36 %) as well as the isolated radii
(22 %) and ulnae (39 %). Such modifications are also common to the mandibulae (33 %), femora (28 %)
and pelves (30 %). Metacarpalia (19 %) and metatarsalia (21 %) as well as calcanei (16 %), vertebrae (12 %)
and ribs (11 %) show fewer traces of feeding. The maxillae (7 %), astragali (3 %), carpal bones (2 %) and
phalanges (7 %), meanwhile, are hardly affected by such traces. The few existing cranial bones, including
the horn cores and the isolated teeth, as well as the tarsalia, with the exception of calcanei and astragali,
are completely devoid of any visible bone modifications by predators.

Of the total finds of mandibulae that display bone modifications caused by hyena activity, 50 % are juvenile
and 13 % are senile. In addition, humeri (5 %), radii (7 %), metapodia (mc 13 %, mt 12 %) and calcanei
(6 %) all possess a low percentage of bones from juvenile individuals with bite marks. Within the other skel-
etal elements, no juvenile remains were recorded with bite marks.
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Fig. 6 Percentage share of bone modifications by Pachycrocuta brevirostris to skeletal elements of Bison menneri
from Untermassfeld.
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Fig. 7 Fragmentation state of the skeletal elements of Bison menneri from Untermassfeld modified by Pachycrocuta
brevirostris.

The skeletal elements were fragmented to varying degrees by P brevirostris (Fig. 7). Although astragali and
phalanges show evidence of bite marks, the bones were left almost completely intact. This also occurs rel-
atively often with vertebrae, calcanei and carpal bones. All other bones, especially the long bones, but also
maxillae, mandibulae, and costal and pelvic bones are mostly fragmented through modification by P bre-
virostris. Overall, 67 % of all B. menneri specimens found with evidence of bite marks by P brevirostris are
fragmented. 33 % are in a predominantly complete state.
The distribution of the long bones remaining after modification by P brevirostris shows that overall more
distal (47 %) and proximal epiphyses (40 %) remain following feeding. Less common are diaphyses with
broken epiphyses (12 %). Different distributions can be seen, depending on the skeletal element (Fig. 8).
Distal epiphyseal remains constitute the main share of the fragments of the humeri (83 %) and tibiae (92 %).
Proximal epiphyses are mainly present in radii (62 %) and ulnae (100 %) as well as metapodia (mc 79 %, mt
84 %). Diaphyseal remains occur mainly in femora (50 %).
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Fig. 8 Percentage distribution of bone fragments within the long bones of Bison menneri from Unter-
massfeld modified by Pachycrocuta brevirostris.
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3.1. Localisation of bone modifications

A detailed localisation analysis of all bone modifications caused by P brevirostris on the B. menneri material
reveals the areas of the skeleton and skeletal elements that are predominantly affected by feeding activities
(Fig. 9).

3.1.1. Cranial elements

Bite marks on the maxillae and remaining cranial bones are rare or absent. In contrast, the mandibulae of
the bison collection from Untermassfeld show clear bite marks of hyenas, which are concentrated on certain
areas of the lower jaw. Particularly noticeable are the tooth marks near the jaw angle (Fig. 9), the edge
region of which is almost always missing. Furthermore, there are often modifications by P brevirostris below
the teeth of the mandibula and these usually run parallel to the row of teeth. Traces of hyena feeding are
also concentrated on the articular process and in the area of the symphysis, which is often bitten off.

3.1.2. Vertebrae and ribs

The vertebrae of Untermassfeld’s bison collection are usually only slightly fragmented. Some of the ver-
tebrae modified by hyenas are even found articulated, such as IQW 2003/28 190 (Mei. 27 352) and IQW
2004/28 696 (Mei. 27 858) (Kahlke in this volume, Fig. 14). The bite marks documented on vertebrae in the
Untermassfeld material are mainly located on the processus spinosi that form the hump of the bison (Fig. 9).
However, occasionally the vertebral bodies are also affected by hyena feeding.

Ribs are underrepresented at Untermassfeld in relation to the total material of B. menneri, and are always
fragmented. Feeding traces on the only detectably affected rib IQW 2003/28248 (Mei. 27 410) are close to
the centre of the bone.

3.1.3. Forelimb long bones
Scapulae are underrepresented in the B. menneri samples from Untermassfeld. In the only scapula fragment
from Untermassfeld that shows traces of biting [IQW 1984/19946 (Mei. 19466)], only the glenoid fossa is
present. Tooth impressions are present in the proximal direction of the fracture edge of the glenoid fossa as
well as on the joint (Fig. 9).

In the case of the humeri from B. menneri, it is the distal epiphyses and some diaphyses in particular which
survive with modifications by P brevirostris (Fig. 8). Proximal epiphyses with clear bite marks are not docu-
mented. On the humeri, the toothmarks are located especially on the broken edges of the diaphyses and in
the caudal area of the distal epiphyses (Fig. 9).

In the radii, only small amounts of distal epiphyses and diaphyses have bite marks. In the case of ulnae, as
well as the radius and ulna in the fused state, bite marks were only identified on the proximal epiphyses
(Fig. 8). Looking at the bite marks in Fig. 9, it becomes clear that the olecranon of the ulnae was preferen-
tially chewed. It is also noticeable that the radii are affected by biting in the distal part and in the area of the
diaphysis, but rarely at the proximal epiphysis.

The carpal and tarsal bones as well as the metapodia and the phalanges have been summarised and are
dealt with in the hand and foot bones section.
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3.1.4. Hindlimb long bones

On the pelves, the ilium and the os ischii were often bitten off by the Untermassfeld hyena (Fig. 9). The os
pubis also shows clear signs of biting. Only the parts around the acetabulum and at the transition from os
ilium to the acetabulum normally remain. However, on these fragments, near the acetabulum, there are
many smaller traces of bite marks by P brevirostris (Fig. 9).

The Untermassfeld B. menneri femora finds possess a relatively even distribution of the distal epiphysis and
the diaphysis remains. The proximal epiphysis is underrepresented (Fig. 8). In some existing proximal epi-
physes as well as the proximal areas of the diaphysis, the bites are mainly on the trochanter major, caput
and collum respectively, or directly below these when the proximal epiphysis has been chewed or broken off
(Fig. 9). Tooth traces of R brevirostris are also found in the area of the diaphysis, especially at the edges of
the fracture that mark the end of the bitten piece. The distal side of the femora also shows clear modifica-
tions, especially in the area of the medial condyle and lateral condyle.

The remaining tibiae fragments are, for the most part, distal epiphyses with pieces of the diaphysis, and
individual diaphyses (Fig. 8). Proximal epiphyses with bite marks of P brevirostris are not recorded. The re-
maining distal ends with parts of the diaphysis have a distinctly tapered shape (Fig. 10). The tibial diaphysis
is nearly completely covered with bite marks from P brevirostris (Fig. 9). Often, the tooth impressions at
the fracture point characterise the area of the bone where the proximal section was broken off. However,
numerous bone modifications are also observed on the diaphysis of almost complete pieces. The epiphyses
of the tibiae have no bite marks even when they are present (Fig. 9).

Neither complete finds of entire fibulae nor their fragments are documented in the fossil record of Unter-
massfeld.
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Fig. 10 Bison menneri, Untermassfeld. — a-d Distal
tibia fragment dex. IQW 1996/25691 (Mei. 25220)
with bite marks by Pachycrocuta brevirostris and a
distinctive tapering fracture edge, caudal, cranial
views. — Scales: 30mm.

3.1.5. Hand and foot bones

In comparison to their large number, the carpalia and tarsalia are generally less affected by fragmentation
and modification in the Untermassfeld fossil record. An exception to this is observed in the astragali and
calcanei. Of all the bones of the carpalia and tarsalia, these possess the highest proportion of finds with

1434 | J. Arnold - Bovid bone modifications by Pachycrocuta from Untermassfeld



bite marks from P brevirostris. The calcanei recovered from Untermassfeld display predominantly broken
off tubera calcanei and marks which are confined to the area below the partly missing proximal segment
of the bone (Fig. 9).

Both metacarpalia and metatarsalia clearly outnumber the proximal ends and few distal epiphyses are pre-
served. Occasionally diaphyseal remains without epiphyses were documented (Fig. 8). In addition, the data
shows that in metacarpals, a greater percentage of bones that possess feeding marks are mostly complete.
In the case of the metatarsals, on the other hand, the proportion of fragmented and modified bones is
greater than in the case of the radii, ulnae, femora and tibiae (Fig. 7). Only the humeri have more frag-
mented pieces with bite marks.

The metapodia reveal bone modifications in almost all parts of the bone. The diaphysis is almost equally
affected in metacarpal and metatarsal bones. However, in metacarpals, the bite marks are clearly focused
on the distal epiphysis (Fig. 9). In contrast, in the case of the metatarsals feeding marks often appear on
the proximal epiphysis.

The bite marks on phalanges | and Il are concentrated on the distal region (Fig. 9). Traces of hyena teeth are
also very occasionally found in the middle section and at the proximal end. Despite the presence of activity
by P brevirostris, there was little fragmentation of either phalanges | and II. The phalanges Il are not affected
by bone modifications caused by P brevirostris.

3.2. Categories of bone modifications

Following the studies of Maguire et al. (1980) and Saunders and Dawson (1998), the different types of
gnaw marks were classified into seven different categories. The percentage of the frequency of the cate-
gories refers to the entirety of the documented skeletal elements of B. menneri with recorded bite marks
(Fig. 11). Each find may have modifications belonging to one or more categories.

When looking at all Untermassfeld finds of B. menneri that display evidence of bite marks (Fig. 11), spiral
fractures and ragged-edged chewing predominate (category 1 according to Maguire et al. 1980) (Fig. 12.1)
with a share of 45 %. This is followed by contiguous or close, irregular and randomly-oriented grooves
(category 6 according to Maguire et al. 1980) (Fig. 12.6) with approximately 22 %; next are lunate or
crescent-shaped fracture scars (category 4 according to Maguire et al. 1980) (Fig. 12.4) and striations or
gouge marks perpendicular to the longitudinal axis of the bones (category 5 according to Maguire et al.
1980) (Fig. 12.5) with approx. 10 % each. Scarcely represented are the other categories, which all show
values below 10 %. Punctate depressions or perforations (category 3 according to Maguire et al. 1980)
(Fig. 12.3) with 4%, and hollowing out of the cancellous bone (category 7 according to Maguire et al.
1980) (Fig. 12.7) with 7 % are recorded relatively frequently, while shallow-pitting (category 2 according to
Maguire et al. 1980) (Fig. 12.2) is extremely rare at about 1 %.

The frequency of the individual categories differs within the various skeletal elements of B. menneri. Fig. 13
shows a percentage distribution of this occurrence in the Untermassfeld material. In the schematic depic-
tion, the skeletal elements that have enough bite marks to identify concentrations in particular areas have
been especially considered. The local distributions and the frequencies of modifications of the various cat-
egories on the Untermassfeld bison material are shown for the various skeletal elements in Figs. 14, 17,
19, 20, 22, 23, 25, 29, and 30. For all skeletal elements except the pelves, the bones of the left side of the
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Fig. 11 Percentage share of the categories of bone modifications (according to Maguire
et al. 1980) within the total modified material of Bison menneri from Untermassfeld.

body are shown in the diagrams. In cases where the positions of the bite marks were on the right side of the
body these have been projected onto the left side of the body for the respective skeletal element. Not every
skeletal element has the same number of bite marks and the same categories of bone modifications. Since
the legend for each figure is the same, not all numerical ranges (n) and types of modifications (category)
shown in the legend appear in each of the figures.

3.2.1. Cranial elements

For the maxillae, there appears to be a clear tendency for two categories. The most common category at
67 % is category 1 (ragged-edged chewing), caused by chewing movements (Fig. 13). The remaining 33 %
of the marks are caused by category 6 (close, irregular grooves).

In the case of the mandibulae, a broader range of categories can be found, although category 1 still domi-
nates at 46 %. This is followed by category 4 (lunate or crescent-shaped fracture scars) at 32 %, then cate-
gory 6 at 15 % and category 2 (shallow-pitting) at 7 %. Marks assigned to categories 1 and 4 can be found
mainly at the angle of the jaw (Fig. 14), which was to some extent often broken off by the feeding activities
of P brevirostris. In addition, these marks are normally concentrated below, and running parallel to, the row
of teeth (Fig. 15). On the articular process, in contrast, multiple small triangular depressions are recorded,
corresponding to the description of category 2 according to Maguire et al. (1980) (Fig. 16). In the area of
the symphysis, more close, irregular and randomly-oriented grooves of category 6 are recorded, as well as
below the row of teeth and scattered on the base of the temporalis muscle.
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Fig. 12 Overview of the categories of bone modifications (according to Maguire et al. 1980) by means of examples of the Bison menneri
material from Untermassfeld. — 1 category 1, spiral-fracture. — 2 category 2, shallow pitting. — 3 category 3, punctuate depression. — 4 cat-
egory 4, crescent-shaped fracture scars. — 5 category 5, short gouge marks, perpendicular to the long axis of the bone. — 6 category 6,
irregular grooves. — 7 category 7, hollowing out of the cancellous bone. — Scales: 10mm.
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Fig. 13 Percentage distribution of the seven categories of bone modifications (according to Maguire et al. 1980) based on
the skeletal elements of Bison menneri from Untermassfeld.
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Fig. 14 Bison menneri, Untermassfeld. — a—b Mandibula sin., schematic depiction of the positions and frequencies of bone modification
types, lateral, medial views. The positions of the modifications to the bones of the right body side were projected onto the left side. —
Scale: 50mm.

Fig. 15 Bison menneri, Untermassfeld. — a-d Mandibula fragment sin. IQW 1983/19 196 (Mei. 18716) with bone modifications of the
categories 1 (ragged-edged chewing), 4 (crescent-shaped fracture scars) and 6 (irregular grooves), lateral, medial views. — Scales: 30 mm.
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Fig. 16 Bison menneri, Untermassfeld. — a—c Mandibula
(condyle) fragment sin. IQW 1997/25965 (Mei. 25494) with
bone modifications of category 2 (shallow pitting), lateral
view. — Scales: @ 10mm —b 2mm - ¢ 30mm.

3.2.2. Vertebrae and ribs

In the case of the vertebrae, category 1 dominates at around 42 % (Fig. 13). Punctate depressions or perfo-
rations of category 3 are also present (25 %) along with category 5 striations or gouge marks (17 %). Less
common are modifications assigned to categories 6 (close, irregular grooves) and 7 (hollowing out of the
cancellous bone), which each account for 8 %. Ragged-edged chewing, which suggests damage belonging
to category 1, occurs mainly on the processes of the vertebrae. Category 3 and 7 marks predominate on
the vertebral bodies.

On the single affected rib, only category 1 bite marks are recorded, and these are located at various points
along the bone, but especially in the middle section.
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Fig. 17 Bison menneri, Untermassfeld. — a—d Humerus sin., schematic depiction of the positions and
frequencies of bone modification categories, cranial, medial, caudal, lateral views. The positions of the
modifications to the bones of the right body side were projected onto the left side. — Scale: 50 mm.

3.2.3. Forelimb elements except phalanges

Scapulae of B. menneri are relatively rare in the Untermassfeld fossil record. The single find with identified
modifications has bite marks belonging to category 1 only, and these occur mainly at the fracture edges
proximal to the glenoid fossa.

Ragged-edged chewing and spiral fractures of category 1 dominate on the B. menneri humeri and are at-
tributed to 59 % of the bite marks on this skeletal element (Fig. 13). Category 6 (20 %) and 7 (14 %) are
also relatively frequently represented. Less common are punctate depressions or perforations at 4 %, and
lunate or crescent-shaped fracture scars at 2 %.

Marks belonging to category 1 are to be found in a particularly large number on the corpus humeri (Figs. 17,
18a, c—d), as well as in the area of the crista tuberculi and also occasionally on the distal portion of the bone
(Fig. 17). Randomly-oriented grooves of category 6 occur mainly in the distal part of the bone (Fig. 18b).
The distinctive marks of category 7 (hollowing out of the cancellous bone) also accumulate clearly in the dis-
tal portion, especially in the supracondylar ridge and the condylus humeri (Fig. 18c). In the less commonly
recorded categories 3 and 4 no accumulations could be detected.

In isolated radii and ulnae, category 1 dominates with a share of 38 % and 52 %, respectively, and has a
share of 50 % in the fused bones (Fig. 13). For category 2 only a 5% occurrence is recorded in ulnae and
category 3 was localised exclusively to isolated radii (6 %) and ulnae (14 %). Radii and ulnae possess a 6 %
and 5% share of observed bite marks for category 4, respectively, with fused bones at 8 %. Modifications
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Fig. 18 Bison menneri, Untermassfeld. — a—d Distal humerus fragment sin. IQW 1983/19 168
(Mei. 18688) with various bone modifications of categories 1 (spiral-fracture), 6 (irregular
grooves) and 7 (hollowing out of the cancellous bone), cranial, caudal views. — Scales: 30 mm.
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Fig. 19 Bison menneri, Untermassfeld. — a-d Radius and ulna sin., schematic depiction of the
positions and frequencies of bone modification categories, cranial, medial, caudal, lateral views.
The positions of the modifications to the bones of the right body side were projected onto the
left side. — Scale: 50mm.

assigned to category 5 are present at a share of 6 % for radii, 14 % for ulnae, and 17 % for radius and ulnae
in fusion. Category 6 is relatively seldom recorded in the case of the ulnae with a share of only about 10 %,
compared to the isolated radii and the radius and ulna in a fused state, which have a share of 25 % each
(Fig. 13). Category 7 could only be detected in isolated radii at a share of 19 %.

Accumulations of bite marks by P brevirostris in certain categories can also be seen on some parts of the
bones of the radii and ulnae of B. menneri (Fig. 19). Category 1 (ragged-edged chewing) was recorded
on the ulnae, along with categories 3 (puncture depressions or perforations), 4 (lunate or crescent-shaped
fracture scars) and 6 (close, irregular and randomly-oriented grooves), in particular in the area of the ole-
cranon. In addition, category 1 marks occur on the corpus radii and ulnae as well as on the proximal and
distal epiphysis of the radius. The small tooth indentations (shallow-pitting) of category 2 are rare and only
localised in the area of the corpus ulnae. Category 4 lunate or crescent-shaped fracture scars are also found
in the area of the corpus radii and corpus ulnae, as well as category 5 striations or gouge marks. Category
6 marks are distributed relatively irregularly and are located at the diaphyses and also occasionally in areas
of the epiphyses. Modifications attributed to category 7 (hollowing out of the cancellous bone) are found
only in the distal joint of the radius and ulna.
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Fig. 20 Bison menneri, Untermassfeld. — a—d Metacarpal
Il + IV sin., schematic depiction of the positions and fre-

frequency

quencies of bone modification categories, cranial, medial, <1 2.5 6-9 k<l >10
caudal, lateral views. The positions of the modifications to
the bones of the right body side were projected onto the

left side. — Scale: 30 mm. .1 Dz .3 .4 D5 .6 .?

category

A very low number of bite marks by P brevirostris are observed on the carpal bones. However, in contrast,
they display a rather large variance in categories of bone modifications. All existing categories occur at a
frequency of 20 % (Fig. 13) and these are found on various carpal bones. The categories recorded here are
1and 2 aswellas 5 to 7.

Bite marks attributable to category 1 comprise 46 % of the modifications located on the metacarpal bones
(Fig. 13). The next largest share is category 6 (32 %). Rarer are category 4 (12 %), category 3 (5 %), cate-
gory 5 (2 %), and category 7 (2 %).

In the case of the metacarpals, category 1 (ragged-edged chewing and spiral fractures) is distributed over
the diaphysis area (Figs. 20-21). Epiphyses are not affected by category 1 modifications except in a single
case. Premolar perforations attributed to category 3 are less common and focus on the contact area be-
tween the diaphysis and the distal epiphysis (Fig. 20a). The crescent-shaped fracture scars of category 4
occur mainly in the middle and proximal parts of the diaphysis (Fig. 20). Category 5 (striations or gouge
marks perpendicular to the longitudinal axis of the bone) occurs only once in the area of the diaphysis
(Fig. 20d). The irregular and randomly-oriented grooves belonging to category 6 are common and found
almost everywhere scattered along the entire length of the bone. Only at the distal end is an accumulation
recognisable (Fig. 20), and this is also where evidence of hollowing out of the cancellous bone by hyena
teeth is also observed (category 7).

The phalanges of the anterior and posterior extremities are summarised in the hindlimb elements section.
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Fig. 21 Bison menneri, Untermassfeld. — a—f Proximal
metacarpus fragment dex. IQW 1980/15399 (Mei. 14911)
with bone modifications of category 1 (spiral-fracture and
ragged-edged chewing), lateral, caudal, medial views. —
Scales: 30mm.

3.2.4. Hindlimb elements including phalanges
Bite marks on the pelvic bones are mainly assigned to categories 1 (57 %) and 6 (24 %), although category 4
(14 %) also occurs relatively frequently (Fig. 13). Category 3 (5 %) modifications are rare.

Ragged-edged chewing of category 1 can be identified particularly in the areas of the os ilium, os pubis and
os ischii, but also on the acetabulum (Fig. 22). Furthermore, these modifications are occasionally localised
near the symphysis. Category 4 (crescent-shaped fracture scars) also occurs in the ilium and acetabular area.
The latter is also the location where the punctate depressions or perforations of category 3 can be found.
The close, irregular grooves of category 6 are found distributed around different parts of the pelvis, such as
the os ilium and the os pubis.

Category 1 modifications (50 %) can also be identified as the dominant modification on the femora. Al-
though, noticeably, a relatively large share of the modifications (around 28 %) can be attributed to category 7
(hollowing out of the cancellous bone) (Fig. 13). The remaining 23 % is divided into categories 3 (6 %) and
6 (17 %). Ragged-edged chewing and spiral fractures assigned to category 1 are distributed almost over the
entire surface of the femora. Nevertheless, in some places there are clear accumulations, especially in the
area between trochanter major and t. minor and in the areas of the caput ossis femoris through collum, and
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fossa trochanterica. The section of the bone at the level
of the linea pectinea also shows such modifications. Bite
marks assigned to category 7 focus exclusively on the two
epiphyses (Fig. 23). In particular, the caput ossis femoris,
the collum ossis femoris, and the trochanter major and
t. minor are proximally affected. In the distal area, the
modifications are located in the area of the medial con-
dyle and lateral condyle (Fig. 24). The isolated perfora-
tions of category 3 are located on the caput ossis femoris
and above the medial condyle (Fig. 23b). In addition, the
seldom recorded modifications of category 6 are found
on the collum, the caput ossis femoris, and the distal epi-
physis (Fig. 23c).

Fig. 22 Bison menneri, Untermassfeld. — Pelvis, schematic depiction of
the positions and frequencies of bone modification categories, ventral
view. — Scale: 30mm.

Fig. 23  Bison menneri, Untermassfeld. — a—d Femur sin., schematic depic-
tion of the positions and frequencies of bone modification categories, cranial,
medial, caudal, lateral views. The positions of the modifications to the bones
of the right body side were projected onto the left side. — Scale: 50mm.
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Fig. 24 Bison menneri, Untermassfeld. — a—c Distal femur fragment dex. IQW
1980/15382 (Mei. 14894) with bone modifications of the categories 6 (irregu-
lar grooves) and 7 (hollowing out of the cancellous bone), cranial, lateral, distal

views. — Scale: 30mm.
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Fig. 25 Bison menneri, Untermassfeld. —
a-d Tibia sin., schematic depiction of the
positions and frequencies of bone modifica-
tion categories, cranial, medial, caudal, lateral
views. The positions of the modifications to
the bones of the right body side were pro-
jected onto the left side. — Scale: 50 mm.
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Fig. 26  Bison menneri, Untermassfeld. — a-d Distal tibia fragment dex. IQW 1983/18933 (Mei. 18453) with
bone modifications of categories 1 (spiral-fracture, ragged-edged chewing) and 4 (crescent-shaped fracture
scars), cranial, medial, caudal views. — Scales: 30 mm.

The patellae are strongly underrepresented with only two finds, and of these two finds, only one has bite
marks. These are assigned to category 7 and are distributed over the entire bone.

The most commonly documented modifications to the tibiae of B. menneri are category 5 (51 %). In second
place, with a share of 30 %, is category 1 (Fig. 13). Rarer is category 4, which has a share of 11 %, followed
by bite marks assigned to category 6 at 6 %. The remaining 2 % can be assigned to category 3.

Bite marks localised on the tibia are largely concentrated in the areas between the two epiphyses (Fig. 25).
Category 1 bite marks are often found in the upper and lower part of the tibial corpus and below the prox-
imal epiphysis. Category 4 modifications are also localised in these areas (Figs. 26¢c—d). The individual tooth
marks assigned to category 3 are located above the distal epiphysis and in the lower part of the corpus
tibiae. Of all the bone modifications, category 5 (striations or gouge marks) occurs most frequently in the
tibiae and could only be detected in the area of the corpus tibiae (Fig. 27), but were strongly concentrated
there in almost all areas (Figs. 25a—b). The articular surfaces of the epiphyses were not affected.

In contrast to all other tarsal bones of B. menneri, bone modifications caused by P brevirostris were iden-
tified on the astragali and calcanei. In the astragali such modifications are rather rare and are limited to
categories 6 (75 %) and 7 (25 %) (Fig. 13). They are mainly located at the articular surfaces of the lateral
malleolus and at the trochlea to the tibia. The articular surfaces towards the os naviculare and calcaneus are
also affected.
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Fig. 27 Bison menneri, Untermassfeld. — a—d Distal tibia
fragment dex. IQW 1980/17555 (Mei. 17077) with bone
modifications of category 5 (gouge marks, perpendicular to
the long axis of the bone), cranial, lateral views. — Scales:
30mm.
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Fig. 28 Bison menneri, Untermassfeld. — a-b Calca-
neus dex. IQW 1982/17885 (Mei. 17405) with bone
modifications of category 1 (ragged-edged chewing),
lateral views. — c—d Calcaneus dex. IQW 1980/15454
(Mei. 14966) with bone modifications of categories 1 (rag-
ged-edged chewing) and 3 (punctate depression), lateral
views. — Scales: 30 mm.

The calcanei are frequently affected by bite marks. Here, ragged-edged chewing (category 1) dominates
at 53 % (Fig. 13). In second place, with just under 24 %, are the irregular grooves of category 6. This is
followed by category 5 (striations or gouge marks) with 18 %, and category 3 (punctate depressions or per-
forations) with 6 % (Figs. 28c—d). In this skeletal element, the various categories of bite marks are located
in particular in the vicinity of the calcaneal tuberosity (Fig. 28). The area of the bone that is articulated with
other skeletal parts possesses almost no bite marks.

For the metatarsal bones, category 1 dominates at 53 % (Fig. 13). Although, crescent-shaped fracture scars
of category 4 (22 %) and randomly-oriented grooves of category 6 (19 %) are also well represented. For the
remaining 6 % categories 3 and 5 have an equal share at 3 % each. Modifications of category 1 are found
more frequently at the proximal epiphysis and in the area of the diaphysis (Fig. 29) but can also be found
in all sections. The individually occurring punctate depressions or perforations of category 3 were located
at both the middle section and on the distal part of the diaphysis. Category 4 marks are distributed widely
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ireayency Fig. 29 Bison menneri, Untermassfeld. — a-d Metacarpal Ill + IV

<1 2-5 6-9 @ 210 sin., schematic depiction of the positions and frequencies of bone
category modification categories, cranial, medial, caudal, lateral views. The
positions of the modifications to the bones of the right body side

- 1 2 . 3 . 4 D 5 . « Wl 7 were projected onto the left side. — Scale: 30mm.

in the area of the diaphysis, especially in the middle section on the lateral side (Fig. 29). The same applies
to the striations or gouge marks (category 5). The frequent irregular and randomly-oriented grooves of cat-
egory 6 are detected in all areas of the bone, from the proximal to the distal. They are often documented
in the upper part of the diaphysis, and, in addition, also occur directly on the articular surfaces of the distal
epiphysis (Fig. 29a).

In the phalanges I, modifications of both categories are mainly at the distal epiphysis of the bones, but are
occasionally also found at the proximal epiphysis and in the middle section (Fig. 30a—c). In phalanges II,
only bite marks belonging to category 6 were found, and these were only on the distal part of the bone
(Fig. 30d). No bite marks were identified on the phalanges Il

Fig. 30 Bison menneri, Untermassfeld. — a—c Phalanx |
sin., schematic depiction of the positions and frequen-
cies of bone modification categories, cranial, caudal,

frequeny _ - lateral views. — d Phalanx Il sin., schematic depiction
<1 2-5 6-9 =10 of the positions and frequencies of bone modification

types, cranial view. The positions of the modifications
ceregary to the bones of the right body side were projected onto
B 0 H; N, 0O He W+ the left side. — Scale: 30 mm.
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4. Discussion

A striking feature of modifications induced by bone-breaking hyenas is the high degree of fragmentation
in long bones compared to other carnivores (Fosse et al. 2012), as well as the fact that these Hyaenidae
usually also completely break up the other skeletal elements with their teeth (Haynes 1983). Approximately
two-thirds of the bison material from Untermassfeld showing bite marks is at least partially fragmented and
the examined long bones often exhibit spiral fractures (Fig. 13). Moreover, hyenas leave behind stronger as
well as more varied bite marks than other carnivore species and show exceptional osteophage capacities in
comparison to other vertebrate groups, as observed by Fosse et al. (2012) in their study of the taphonomic
signature of Canis lupus in Poland (Bialowieza, Bieszczady). These attributes are made possible by a strong
dentition (Schutt 1971) and additional strong masticatory muscles, as well as an enlarged temporalis muscle
(Palmqvist et al. 2011). Furthermore, hyena teeth often cause furrows and indentations in the trabecular
structures within the bone shaft, which are generally conical to round in shape, and which in adult individu-
als are 3 to 5mm wide and 3 to 5mm deep (Haynes 1983). This data corresponds to the dental impressions
made by P brevirostris on the Untermassfeld bison material (see, e.g., Fig. 12.3). In addition, the compact
bone of specimens modified by hyaenids almost always exhibits tooth marks (Haynes 1983) and in the case
of hyena activities, high-frequency bite marks are present on the entire bone material (Fosse et al. 2012).

By comparison, Canidae only very rarely bite through larger and more massive bones, such as those belong-
ing to Bovidae (Peters 1993). This behaviour should also apply in the case of Canis mosbachensis, which is
common at Untermassfeld (Sotnikova 2001; Keiler 2001, 694; Kahlke in this volume, 1668f.). Noteworthy
similarities are demonstrated in Hyaenidae and Canidae with respect to the skeletal elements and bone sec-
tions affected by feeding marks. In the Untermassfeld bison bones the angle of the jaw, the dorsal processes
of the vertebrae, the proximal tuberositas of the humerus, the olecranon, the cranial edge of the bone of
the os ilium, the os pubis, and the caudal edge of the os ischii, trochanter major and tuber calcanei among
others, are particularly often affected by biting. According to Haynes (1980a; 1980b; 1982), the same ap-
plies to the carcasses dissected by Canis lupus. These similar approaches can be explained by the instabilities
of certain joints and ligaments and are therefore similar to the sequence of natural disarticulation (Toots
1965; Hill 1979a; 1979b; Miinzel 1987).

Compared to hyenas, the teeth of the documented Untermassfeld Felidae (Hemmer 2001) are almost blade-
like, less massive and not cone-shaped (Ewer 1973). Accordingly, it is extremely rare to find dental traces of
felids on compact bone (Haynes 1983). In addition, dental traces of felids are described as approximately
v-shaped (Haynes 1983) or punctiform and occur, at most, on the limb bones of a carcass (Fourvel et al.
2012).

Bite marks from Ursidae, which are also represented in the fossil record of Untermassfeld (Garcia and Mazza
in this volume), were not documented. Ursidae mainly leave traces of gnawing on the limb bones (Fourvel
et al. 2012), though, as with the Felidae, they rarely make modifications to compact bones. They also grind
the bones instead of biting them like Hyaenidae (Haynes 1983). The teeth impressions of ursids have an
approximately square shape (I.c.).

It is probable that a part of the washed-up necromass at Untermassfeld comes from the dens of R breviros-

tris and their surroundings near the Pleistocene Werra (Kahlke 2006, 78f.). That these dens, which among
other things serve for the rearing of the juveniles, were also flooded, can be deduced from the high pro-
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portion of juvenile individuals of P brevirostris present at Untermassfeld (Kahlke 2006, 78). In contrast, the
dens of the species Canis mosbachensis must have lain outside the flood area, since a significantly lower
proportion of juvenile individuals were detected (Kahlke 2006, 79).

A further indication of nearby activities of P brevirostris is provided by studies of coprolites, which are doc-
umented at the site of Untermassfeld and are also attributed to the hyena species P brevirostris. For this
purpose, comparisons were made with recent animals and investigations support this assumption (Keiler
2001, 697). The faeces were probably deposited by the hyenas in the immediate vicinity of the site (Keiler
2001, 696; Kahlke in this volume, 16941f.), which in turn suggests that P brevirostris lived and ate nearby
and that, to a large extent, the bite marks examined in this study originate from these feeding activities. The
reason for the assumption is that the coprolites were found in almost intact condition (l.c.). Investigations
confirm that coprolites only survive for short stretches in water (Larkin et al. 2000) and are almost impos-
sible to find without damage following prolonged transport (Korth 1979). These observations support the
morphological analysis concerning the origin of the site and confirm the conclusions regarding the activities
of P brevirostris (Kahlke in this volume).

On account of these facts and the characteristics present that are typical of hyenas with regard to the de-
gree of fragmentation of the modified bones, the frequency of the modifications and the shape and size of
the tooth impressions, it can be concluded that the feeding marks detected on the Untermassfeld B. men-
neri bones were caused by P brevirostris. In no case could a feeding mark be asigned with certainty to any
other species than the mentioned hyena.

4.1. Regularities of bone modifications by Pachycrocuta brevirostris

Examinations of the bone material of the species B. menneri from Untermassfeld revealed that 12.6 % of
bones and teeth show bite marks belonging to P brevirostris. Earlier analyses of the Untermassfeld material
on bone modifications caused by P brevirostris showed a similar value of 11.6 % for the bones of Hippo-
potamus antiquus (Kahlke 2001¢, 956). The total number of finds of H. antiquus is significantly lower than
that of B. menneri (Kahlke and Gaudzinski 2005; Kahlke in this volume).

The amount of bite marks on the Untermassfeld finds of B. menneri differs markedly depending on the
skeletal element (Fig. 6) and bone section (Fig. 8). Long bones in particular are affected by modifications
caused by P brevirostris, but so too are mandibulae, pelves and calcanei. In contrast, maxillae, carpal and
tarsal bones rarely possess bite marks and are often almost present in their entirety.

A determining factor for the selection of certain skeletal elements by P brevirostris is their hunting and feed-
ing behaviour. Among others, the anatomical position of the bones plays an important role for this, because
of its relation to the order of disarticulation (Palmqvist and Arribas 2001).

Another cause for the preference of some skeletal elements by extinct as well as recent hyenas is to be
found both in the muscle meat portion of the different body regions (Madurell-Malapeira et al. 2015) and
in the total marrow yield of the various bones (e.g., Zapfe 1939; Haynes 1980a; 1980b; 1982; Palmqvist
et al. 2011; Fosse et al. 2012). Looking at the percentages of the various bone fragments of B. menneri
from Untermassfeld, it becomes clear that the humeri, femora and tibiae, as well as radii and ulnae are more
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frequently affected by P brevirostris bone modifications than metapodia (Fig. 6). This clearly demonstrates a
preference by P brevirostris for the long bones with an average higher marrow yield (details in Brink 1997).
Both extinct and recent hyena species also select according to the bone mineral density of the various skele-
tal elements (Palmqvist et al. 2011) as the strength of the bones depends on this factor (Madurell-Malapeira
et al. 2015), which in turn leads to the recorded variance in the fragmentation degree of the different bones
(Binford and Bertram 1977). The value of bone density depends on the size of the animal species, individual
age, proportion of cancellous bone, the season, and the related nutritional status of the individual (exam-
ples in Miinzel 1987).

Finds that clearly originated from juvenile individuals of B. menneri are rare in the material of Untermassfeld,
especially in the postcranial area (Fig. 3). The reason for this is not only their possible removal by carnivores
(Kahlke 1997¢), but also, to some extent, the high degree of fragmentation, which makes an exact classi-
fication difficult.

In the mandibulae, which could most reliably be assigned to the young by their deciduous dentition, 50 %
of the bones and bone fragments of juvenile individuals possessed bite marks from P brevirostris. Since Sher
(1997) showed an age and gender distribution for the remains of B. menneri that correspond to a natural
population, it can be assumed that the bison groups had a herd-like structure when they died (Kahlke 2000;
2006, 77; Kahlke and Gaudzinski 2005). The proportion of adult animals in a natural population, and thus
also within the Untermassfeld material, is higher than that of juveniles (Kahlke 2000; 2006, 77; Kahlke and
Gaudzinski 2005). Due to the increased proportion of juvenile findings with bite marks, it may therefore be
assumed that juveniles were the preferred prey of P brevirostris.

If one considers the distribution of bone modifications by P brevirostris within the various skeletal elements
of the species B. menneri, the Untermassfeld material exhibits striking regularities that indicate recurrent
patterns in the feeding behaviour of the hyenas.

4.1.1. Cranial elements

In the case of the mandibula, aside from the areas near the symphysis and below the row of teeth (Fig. 15),
the angle of the jaw is most predominantly affected by tooth marks (Fig. 14). The latter was to a large ex-
tent consumed by the hyenas. This is consistent with data from Haynes (1980a; 1980b; 1982), according to
which the mandibular angle is one of the first places to be destroyed by carnivores.

4.1.2. Vertebrae and ribs

The results of the present study show great differences in the degree of fragmentation for the vertebrae
and ribs (Fig. 7). While the ribs in the Untermassfeld fossil record are all fragmented, more than 75 % of the
vertebrae, and especially the vertebral bodies, are almost complete, despite the presence of tooth marks.
This can be explained by the compact shape of the vertebral bodies and the accompanying difficulty in bit-
ing these bones. Only the narrower processes of the vertebrae were, to a large degree, frequently broken
off, especially the spinal processes, as these form the nutrient-rich hump of B. menneri. Similar results are
shown by Zapfe (1939), who carried out observations on recent Crocuta crocuta (Schénbrunn Zoo, Austria)
and investigations of Pleistocene bones (Teufelslucke near Roggendorf, Austria), as well as researches con-
ducted by Haynes (1980a; 1980b), who published them on bones from both Pleistocene as well as recent
North American mammals. It is also striking that, despite the presence of bite marks, a vertebral column
segment was found in an articulated state at Untermassfeld (Kahlke in this volume, Fig. 14). This is due to
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the pronounced articulation of the vertebrae, which means that the spine is usually one of the last parts to
decay (Toots 1965).

Complete ribs of B. menneri are strongly underrepresented in the fossil record of Untermassfeld (Fig. 1),
especially when comparing their number (n = 19) with the theoretically expected amount based on the
total MNI of 69 (Kahlke 2001¢, 959). This may be due, on one hand, to the natural disarticulation, during
which ribs are one of the first skeletal elements to become disassociated from the rest of the remains (Toots
1965; Kahlke 2001¢, 959), and on the other, because carnivores often open carcasses up in the abdominal
area (Blumenschine 1986; Kahlke 2001c, 959). This may have led to P brevirostris fragmenting the very
narrow ribs in relation to other bones to such an extent that these fragments can no longer be identified
as B. menneri. In the only costal fragment of the Untermassfeld collection of B. menneri found with bite
marks, they are located in the middle section of the bone. Since carnivores preferentially attack the ribs of
their prey on the cartilage and the ventral ends (Haynes 1980a; 1980b; 1982), it is precisely these middle
sections that remain.

4.1.3. Forelimb long bones

Similar to the ribs, B. menneri scapulae are rare at Untermassfeld (Fig. 1). This can be explained by the fact
that the proximal part of a scapula is easier to bite into pieces in comparison to other limb bones and, in
addition, there is a high proportion of muscle meat in this area of the body. This is supported by the fact
that in the only find of a scapula, IQW 1984/19946 (Mei. 19466), with modifications by P brevirostris, only
the fossa glenoidalis is present and the tooth marks are found at the fracture edge to the missing proximal
section. Recent C. crocuta seems to show a similar type of behaviour, as in the study by Zapfe (1939) the
glenoid fossa was the remaining piece of the only fed scapula.

In the B. menneri humeri, a clear pattern can be seen in the feeding behaviour of P brevirostris, starting
at the proximal and moving to the distal end of the bones (Fig. 8). The remaining distal epiphyses and the
diaphyses of the B. menneri humeri often display tooth marks (Fig. 18). This coincides with the findings of
Zapfe (1939), Espigares (2010), Palmqvist et al. (2011) and Madurell-Malapeira et al. (2015), who in their
studies describe the frequent survival of the distal epiphyses with pieces of the diaphysis in the case of the
humeri. According to Zapfe (1939), the regularity with which the hyenas first open the proximal epiphyses
of their prey can be explained by the fact that fatty and cancellous tissue is the most easily accessible there.
The distal ends are less attractive to all hyenas as they have a higher mineral density and lower fat content
(Arribas and Palmqyist 1998; Palmquist et al. 2011). The fact that bone-breaking hyenids only partially frag-
ment some skeletal elements is due to the fact that the long bones of B. menneri, and bovids of similar size
(see Zapfe 1939), are massive bones. The effort of fragmenting larger bones, in comparison to those from
smaller species, causes hyenas to tire (Zapfe 1939, 113). The degree of fragmentation associated with bone
size (Madurell-Malapeira et al. 2015) and the ratio of effort required to obtain expected nutrients (Fosse
et al. 2012) varies with each species and the skeletal element involved.

Of the radii and ulnae in the bison material of Untermassfeld, the proximal areas of the bone dominate
(Fig. 8). An exception is the area of the olecranon ulnae, which is absent in many finds (Fig. 9). Due to the
tooth marks in the area of the fractured edge, it can be assumed that this section was often broken off
by P brevirostris. Additional bone modifications by P brevirostris are found in particular in the area of the
diaphyses and the distal epiphyses of the radii, and occasionally in the distal areas of the ulnae. The order in
which P brevirostris broke up the radii and ulnae at Untermassfeld is similar to descriptions given by Zapfe
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(1939), who described how the olecranon ulnae was first broken off, followed by the radius subsequently
being bitten from the distal end (Zapfe 1939, 113). Madurell-Malapeira et al. (2015) also describe frequent
preservation of the proximal areas of the radii and ulnae as a result of feeding activities of P brevirostris.

Carpal and tarsal bones, along with metapodia and phalanges, are summarised in the hand and foot bones
section.

4.1.4. Hindlimb long bones

As the pelvis area of the prey also represents a suitable opening for carnivores (Kahlke 2001¢, 959), this
part of the skeleton in the B. menneri material from Untermassfeld also possesses a large number of bite
marks (Fig. 6). The pelvic bones exist, for the most part, in a fragmented state (Fig. 7). In the areas of the
os ilium, os ischii and os pubis parts of the bone were either broken off by P brevirostris or modifications of
the bone surface occurred through biting (Fig. 9). The latter also applies to the areas near the acetabulum.
The places where B. menneri pelvic bones from Untermassfeld were bitten by P brevirostris are comparable
to observations of Zapfe (1939) on the feeding behaviour of the recent hyena C. crocuta and the studies by
Haynes (1980a; 1980b; 1982).

In the case of the B. menneri femora at Untermassfeld, the proximal epiphyses are underrepresented (Fig. 8).
It can be concluded, therefore, that, as with the humeri, P brevirostris preferred to begin at the proximal
end of the bone and continued feeding in a distal direction. The feeding sequence often begins with the
trochanter major and the caput (Fig. 9), and this is followed by the modification and fragmentation of the
diaphysis. However, noticeably the femora contain a high proportion of diaphyses, of which both epiphyses
are broken off (Fig. 8). It is to be assumed that the aim of this sequence of breaking up the femora for P bre-
virostris was reaching the nutrient-rich cancellous bone in the epiphyses. Previous studies on the feeding
strategies of recent and extinct hyena species show different results with respect to the femora. In his work
of 1939, Zapfe describes how recent C. crocuta begin to bite at the proximal end of the bone, leaving distal
epiphyses with fragments of the diaphysis as remains. The leftover distal epiphysis was usually not modified
by the hyenas (Zapfe 1939, 113). In contrast, authors such as Palmqvist et al. (2011) and Madurell-Mala-
peira et al. (2015) show that the femora are bitten in a varying direction and thus, in addition to the distal
epiphysis, the diaphysis often remains.

Compared to the total number of bones and the MNI, the patellae are clearly underrepresented (Fig. 1).
The knee joint and the popliteal fossa belong to the skeletal elements that rank first in the carnivore feed-
ing order (Haynes 1980a; 1980b; 1982; Munzel 1987) and therefore it is possible that the patellae of the
carcasses, which were washed up during the formation of the Untermassfeld fossil site, had previously been
partially bitten by P brevirostris. Another reason for the low number of patellae could be due to the fact that
they are roundish in shape, and easily transported skeletal elements were carried away from the area where
the site of Untermassfeld originated (Kahlke 2006, 81).

Among the tibiae modified by P brevirostris from Untermassfeld, only distal epiphyses with more or less
large sections of the diaphysis exist in the B. menneri find material (Fig. 8). A particular peculiarity is that
the fractured edge of the diaphysis of the existing distal bone portion of the tibia is often obliquely broken,
so that a partly sharp, proximally directed tip is formed (Fig. 10). This distinctive type of break is described
not only in the bones of Untermassfeld modified by P brevirostris, but also in the feeding activities of recent
C. crocuta and cave hyenas (Zapfe 1939, 115, 122f.) and illustrates a characteristic form of hyena species
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bone modification. In addition, bite marks of P brevirostris on B. menneri are found mainly in the area of
the diaphysis of the tibiae (Fig. 9). The fact that the distal epiphyses of the tibia have no bite marks is due
to that hyenids preferentially bite this skeletal element from the proximal to the distal end, leaving the distal
epiphyses remaining, as confirmed by further studies (e. g., Zapfe 1939; Palmqvist et al. 2011; Madurell-Ma-
lapeira et al. 2015). Haynes (1983) also reports that the distal end of the tibia often remained without any
identifiable carnivore bite marks, making them difficult to identify as carnivore bitten bones.

The reason why complete bones or bone fragments of the B. menneri fibula are not found at Untermassfeld
is probably due to the fact that they are relatively narrow and thus easier to break than other bones (Zapfe
1939, 112; Kahlke 2001c, 959). It is therefore to be assumed that this skeletal element was so severely
fragmented by carnivores, or else by other taphonomic processes, that the fragments could not be assigned
to either a particular skeletal element or to any particular species.

4.1.5. Hand and foot bones

The carpal as well as tarsal bones of B. menneri in Untermassfeld are very often more or less complete
(Fig. 4) and rarely have any evidence of tooth marks on the bone surface (Fig. 6). The reason for this is
almost certainly due to the unprofitability of these skeletal elements in terms of nutrients and their rela-
tively compact shape, which increases the biting effort needed. Together, these characteristics mean that
P brevirostris often ignored these bones. This is not only witnessed for the Untermassfeld hyenas, but also
at other sites (Madurell-Malapeira et al. 2015) and for other hyena species (Zapfe 1939). An exception to
this rule is given by the calcanei, where 16 % of the recovered B. menneri bones possess bite marks (Fig. 6).
By comparison, only 2% or 3 % of the remaining carpal resp. tarsal bones have modifications by P brevi-
rostris. In preference, the tubera calcanei is broken off (Fig. 28), and this nutrient-obtaining strategy can be
attributed to the fact that the process of the calcaneus protrudes from the tendon ligament surrounding the
joint (Zapfe 1939, 115; Haynes 1980a; 1980b; 1982).

In the Untermassfeld B. menneri metapodia, 19 % of the metacarpals and 21 % of the metatarsals have
bone modifications originating from feeding activities by P brevirostris (Fig. 6). This is a small percentage in
comparison to other long bones examined in this study. Considering all metapodia, it is evident that the re-
maining proximal fragments considerably predominate (Fig. 8). It can therefore be assumed that R breviros-
tris preferentially fractured the metapodia moving in the direction from the distal to the proximal end. From
this observation, the feeding behaviour of the Untermassfeld hyenas differs from those of earlier studies on
bone modifications. In the study by Palmqyist et al. (2011), based on the bones of Early Pleistocene hyenas
from the fossil site of Venta Micena (Guadix-Baza Basin, southeastern Spain), the investigation found that in
the case of metapodia there was no preferential direction to the bite marks, but that rather these elements
were bitten in varying directions. Other studies, however, support the notion that hyenas predominantly
utilise the proximal epiphysis (Hill 1989; Fosse 1994a; 1994b; Fosse et al. 2011; Fourvel et al. 2012). Overall,
however, the remaining metapodia are most likely to be present as near-intact bone (Palmqyist et al. 2011;
Madurell-Malapeira et al. 2015). In fact, in spite of P brevirostris tooth marks, the metacarpal bones in the
Untermassfeld bison material remained largely intact relative to most other long bones (Fig. 7). However, in
contrast, nearly complete and bite-marked B. menneri metatarsal bones are less common than most other
limb bones. Only the humeri of B. menneri show a higher percentage of fragmented and modified bones
through the actions of P brevirostris than is the case with the metatarsalia. The hyenas of Untermassfeld
have therefore disassembled the metatarsal bones at a higher frequency than was the case, for example, for
the material in the study of Palmqvist et al. (2011). This could be due to the fact that the metatarsal bones
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of the Untermassfeld B. menneri species are larger and therefore the proportion of marrow and nutrients
is more abundant in the skeletal elements than is the case with smaller species. On the other hand, in the
case of the species B. bison, metatarsal bones at 46 g have a higher marrow proportion than the metacarpal
bones at 34 g (Brink 1997). It can be assumed that the same applies to B. menneri. This would result in the
metatarsals being a more attractive skeletal element for P brevirostris than the metacarpals, and therefore
the hyenas more frequently sought to access the bone marrow of the metatarsal bones. Likewise, the selec-
tive transport of bones by hyenas, which is influenced by aspects such as meat content and bone mineral
density (Palmqvist and Arribas 2001) or the available food supply, may also be a cause for preference (Four-
vel and Mwebi 2011).

When considering the amount of the phalanges affected by bite marks, at only 7 % (Fig. 6) they are rarely
modified in comparison to the other B. menneri limb bones. This, similar to the carpal and tarsal bones, can
also be explained by factors such as a low nutrient content and relatively high bone density (Zapfe 1939,
115; Palmqvist and Arribas 2001; Madurell-Malapeira et al. 2015). Looking at the frequency of phalanges
in the skeleton of B. menneri, these bones area also slightly under-represented at Untermassfeld. The cause
of this could lie in the discharge of these relatively small bones from the site (Kahlke 1997¢, 400). The mod-
ifications in both phalanges | and Il are mostly concentrated at the distal end. The phalanges Ill examined
in the present study show no evidence of modification by P brevirostris (Fig. 9) as is to be expected, since
they are situated within the hooves.

4.2. Categories of bone modifications by Untermassfeld

In conclusion, it may be stated that the bone modification categories 1 to 7 as described by Maguire et al.
(1980) based on studies of recent hyenids, could be fully verified in the material of B. menneri from Unter-
massfeld. At the same time, it is clear that not all of the bite marks of the hyena species P brevirostris fully
comply with the descriptions given by Maguire et al. (1980). Modifications caused by juvenile hyenas were
found to deviate significantly, since due to inexperience they show a greater variability in their bite marks
than observed in that of the adult individuals (Binder and Van Valkenburgh 2000).

Category 1 modifications include spiral fractures (Fig. 12.1) and ragged-edged chewing (Maguire et al.
1980). In the entire Untermassfeld collection of B. menneri bone this category is the most frequent (44 %)
(Fig. 11). Except for patellae, astragali and the phalanges, all skeletal elements have bite marks belonging
to category 1 (Fig. 13). These are to be found in large part on the diaphyses of the long bones, which are
spirally broken as according to this category, but also in the area of the jaw angle, mandibular, vertebrae,
and ribs, as well as on the broken edge of the olecranon ulnae and the tuber calcanei. Category 1 bone
modifications often restrict the sections at which R brevirostris stopped biting on the long bones and are
therefore predominantly in the diaphyseal area. B. menneri bones, where category 1 is particularly common,
are also those that show a particularly high degree of fragmentation. This biting strategy demonstrates,
therefore, firstly, where P brevirostris sought to reach the marrow of the long bones and, secondly, the sites
where less massive bones such as, e.g., mandibulae or ribs were crushed by chewing movements.

Category 2 shallow pitting is the rarest of the bone modification types caused by P brevirostris, account-

ing for only 2 % of the bite marks recorded on the bison material of Untermassfeld (Fig. 11). The small,
nearly conical teeth impressions (Figs. 12.2, 16) reflect, in both size and spacing, the tips of the deciduous
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teeth of P brevirostris. The premolars of adult individuals are clearly too large for such tracks, even if they
are barely worn and pointed. This confirms the conclusion of Maguire et al. (1980) that these traces are
attributable to juvenile hyenas. The distinctive bite marks of category 2 can be found, among others, on
two bone fragments of the mandibulae. It is noticeable that in both cases the tooth impressions are close to
each other and are located in the region of the articular process (Fig. 14). This area may be an appropriate
starting point for hyenas in a juvenile stage of development (Maguire et al. 1980) if they occasionally chew
on carcass remains. In addition, similar, but less obvious, category 2 modification marks were found on the
ulna diaphysis and an os carpale quartum.

At a share of only 5 %, the punctate depressions or perforations (Fig. 12.3) caused by the premolars of the
hyenas (Maguire et al. 1980) and which belong to category 3 are also rarely represented in the Untermass-
feld bison material (Fig. 11). Nevertheless, such tooth impressions, albeit to only a small amount on the
individual skeletal elements, can be found in almost all long bones as well as vertebrae and pelvic fragments.
The premolar perforations of P brevirostris were mainly localised in the epiphyses of the bones of B. menneri
and also near to category 4 modifications. This is because category 4 lunate or crescent-shaped fracture
scars arise from category 3 perforations. Thus, there is a possibility that category 3 is rare because the round
perforations become crescent-shaped scars (category 4) due to the high degree of fragmentation of the
bones, which is typical of the feeding behaviour of all hyenas (Fosse et al. 2012).

Looking at the distribution of the different categories in the complete B. menneri material from Untermass-
feld (Fig. 11), the frequency of category 4 lies in the middle range (10 %) in relation to the other six modi-
fication types. The lunate or crescent-shaped fracture scars (Fig. 12.4) occur when the fracture line caused
by the bite of a hyena falls along a punctate depression (category 3) (Maguire et al. 1980). Correspondingly,
the crescent-shaped bite marks are always at fracture edges, both in long bones (Figs. 10c—d, 26d), in the
areas of the jaw angle (Fig. 14), on the olecranon ulnae (Figs. 19b, d), and on the pelvis (Fig. 22). They are
often located near to spiral-fractures and ragged-edged chewing modifications (category 1) and occur in
highly fragmented skeletal elements. These crescent-shaped bite marks are not recorded in the carpal and
tarsal bones, or the patellae and phalanges (Fig. 13). Among other reasons, this can be explained by the fact
that these compact bones, with the exception of the calcanei, have no category 3 bite marks, which are a
prerequisite for the development of category 4 modifications.

The striations or gouge marks of category 5, which run perpendicular to the longitudinal axis of the bones
(Fig. 12.5), occur at a frequency of 10 % within the Untermassfeld bison material (Fig. 11), and are mainly
localised on the diaphysis of some long bones. Significantly, they appear more frequently on the tibia
(Fig. 25), usually in the area of the diaphysis (Fig. 27) and often in otherwise largely complete bones. Mod-
ifications of this category have not been documented in cranial bones, vertebrae, ribs, scapulae, humeri,
pelvic fragments, femora, patellae or phalanges (Fig. 13). Due to the size and spacing between category 5
gouge marks, it can be assumed that their origin does not only lay in the chewing motions of juvenile hyenid
individuals, as described by Maguire et al. (1980). It seems more likely that P brevirostris produced larger
modifications, which are similar to the descriptions by the referred authors but were caused by the slipping
of the teeth of adult hyenas. This may happen during transport of the bones or in an attempt to bring the
skeletal elements into the desired position for further processing or breaking.

Close, irregular and randomly-oriented grooves of category 6 (Fig. 12.6) are the second most commonly
observed modification type (22 %) (Fig. 11). The grooves usually occur at the ends of the limb bones in the
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Untermassfeld bison material. This is similar to results described by Sutcliffe (1970) based on studies of the
recent Crocuta crocuta in East Africa. In the bones of B. menneri this mainly affects the metacarpals (Fig. 20)
and phalanges (Fig. 30), but these randomly-oriented grooves also appear on other long bones and on
the mandibulae (Fig. 14). According to Maguire et al. (1980), category 6 bone modifications are caused
through prolonged chewing by Hyaenidae. The intensity of some of these marks recorded at Untermassfeld
(e.g., Figs. 12.6, 24) suggests that adult P brevirostris may have left these grooves as they attempted to
reach the cancellous bone of the epiphyses of limb bones with their teeth.

Category 7 makes up about 7 % of the bone modification types recorded in the Untermassfeld B. menneri
material (Fig. 11). The hollowing out of the cancellous bone (Fig. 12.7) by P brevirostris using the incisors
and canines as well as the tongue, took place on all large-sized long bones, and in particular on the epi-
physes (Figs. 17, 19, 23), with the exception of the tibia. This can be attributed not only to the higher
mineral density and lower fat content in the distal epiphysis of the tibia (Arribas and Palmqvist 1998;
Palmquist et al. 2011), but also possibly to the triangular profile of this skeletal element, which makes it dif-
ficult to bite. Within the Untermassfeld bison material, it is mainly the humeri (Fig. 18) and femora (Fig. 24)
that are affected by hollowing out of the cancellous bone. As expected, this modification is recorded at sites
with the highest percentage of nutrient-rich cancellous bone. There is also the possibility that P brevirostris,
especially in the case of the humeri, femora and other large skeletal elements, used this strategy to access
the interior of the bones (Kahlke 1997b, 282).

4.3. Distribution of the bone modification categories by Pachycrocuta brevirostris in comparison
with recent hyena species

Fig. 11 shows the percentage of bone modification categories in the whole P brevirostris-modified Un-
termassfeld B. menneri material. The depiction of the different categories in this graph is comparable to
similar statistics by Saunders and Dawson (1998) from P brevirostris in the Haro River Quarry (Pakistan), a
fossil hyena den within a sediment-filled intermontane sink from the Plio-Pleistocene (Saunders and Dawson
1998, Fig. 14D, E) and similar graphs from the study by Maguire et al. (1980), which refer to recent Crocuta
crocuta (spotted hyena), Hyaena hyaena (striped hyena) and Parahyaena brunnea (brown hyena).

When comparing the frequencies of the categories from R brevirostris at the fossil site of Untermassfeld
with those of the same hyena species at Haro River Quarry (Saunders and Dawson 1998), in both cases cat-
egory 1 is the most commonly documented. At Untermassfeld, ragged-edged chewing and spiral fractures
account for 44 %, while at Haro River Quarry they account for slightly less than 30 % (Saunders and Dawson
l.c.). Together, these two sites also display the frequently occurring irregular and randomly-oriented grooves
of category 6, which make up 22 % of the bite marks at Untermassfeld and almost 20 % on average at Haro
River Quarry. The average values of category 3, at about 8 %, and category 4, at about 10 % seen in the
two graphs published by Saunders and Dawson (l.c., Fig. 14D-E) are also similar to the occurrence of these
categories in the Untermassfeld B. menneri (Fig. 11). At Untermassfeld the percentage share of premolar
perforations by adult individuals (category 3) lies at about 5 % and the crescent-shaped fracture scars (cate-
gory 4) are around 10 %.

However, the recorded difference between category 1, as the most frequent category, and the propor-
tionally following categories is greater at Untermassfeld than at Haro River Quarry. At Untermassfeld,
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category 6 as the second most common modification is only half as often recorded as category 1, at
22 %. In the Haro River Quarry, however, it is shallow pitting (category 2) with around 25 %, and thus a
difference of only about 5 %, in comparison with the most frequently observed modification, category 1.
Category 2 makes up only 2 % of the bone modifications at Untermassfeld. In addition, the gouge marks
of category 5 (11 %) and the hollowing out of the cancellous bone of category 7 (7 %) are more abundant
at Untermassfeld than at Haro River Quarry, where they account for less than 5 % each of the total modi-
fications, as published by Saunders and Dawson (1998). However, a similarity in the distribution between
the categories of bone modifications by P brevirostris from Untermassfeld and Haro River Quarry (Pakistan)
is still evident.

According to both Maguire et al. (1980) and Saunders and Dawson (1998), Parahyaena brunnea and Hy-
aena hyaena display a similar distribution pattern for the different categories. Both species record high
values for category 1 (spiral fractures) and category 5 (striations or gouge marks) modifications, and a rel-
atively even distribution exists for categories 2 to 4, at an average of 10 %. Very low values are presented
for categories 6 and 7, at less than 5% (Saunders and Dawson 1998, Fig. 14B—C). The reason for these
clear similarities probably lies in the similar modes of life and behaviour of these two recent hyena species
in terms of food acquisition and utilisation (Kruuk 1972; Mills 1990).

In contrast, the recent Crocuta crocuta differs markedly from Parahyaena brunnea, Hyaena hyaena (Magu-
ire et al. 1980) and P, brevirostris, both at Haro River Quarry (Saunders and Dawson 1998) and Untermass-
feld. The difference in the occurrence of category 1 is especially striking, as it accounts for less than 10 %
of recent C. crocuta modifications and is therefore much less common than in all other described hyena
species, where spiral fractures and ragged-edged chewing usually dominate within the bone modification
categories. The associated low degree of fragmentation in long bones, despite bite marks, is also consid-
ered typical of cave hyenas (Fosse 1994a; 1994b). For recent C. crocuta the lowest share is recorded in
category 3 modifications (less than 5 %) and the highest for those of category 5 (more than 35 %).

Untermassfeld P brevirostris shows more similarity with Parahyaena brunnea and Hyaena hyaena than with
recent Crocuta crocuta, especially in the case of categories 1, 3 and 5, with regard to bone modifications. It
is therefore to be assumed that the lifestyle of P brevirostris resembles more that of the recent Parahyaena
brunnea or Hyaena hyaena, especially in terms of feeding behaviour. In the context of clarifying their way of
life it is often the body measurements of P brevirostris, which are the basis for a comparison with the recent
C. crocuta, since this is the largest recent hyena species (Turner and Antén 1996). However, as P brevirostris
and the spotted hyena coexisted for a while (I.c.), there should have been ecological differences between
the two. This is also demonstrated by the aforementioned differences observed between the two in terms
of their preferred modification categories and thus their corresponding techniques in utilising bones. R bre-
virostris should not, therefore, be universally compared to recent C. crocuta in terms of their lifestyle or
feeding behaviour.

Looking at the all of the categories described, it is clear that category 1 (ragged-edged chewing and spi-
ral-fractures) and category 6 (irregular and randomly-oriented grooves) are striking for R brevirostris. This
is shown by the results of the present Untermassfeld study and also by comparison with the data of Saun-
ders and Dawson (1998). This consistency clearly differentiates P brevirostris from the three recent hyena
representatives. For bones of the Untermassfeld B. menneri bovine species, the greatest similarity is found
in the distribution of the categories of bone modifications, except for the differences in the quantities of
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category 2 (shallow-pitting), 5 (striations or gouge marks) and 7 (hollowing out of the cancellous bone), to
those of P brevirostris from Haro River Quarry.

It is unclear why category 2 bite marks, which are believed to be caused by juvenile hyenas, are rarely found
within the Untermassfeld bison material. A particularly high number of juvenile individuals of P brevirostris
were recorded at Untermassfeld (Kahlke 2006, 78; lannucci et al. in this volume) and these could have been
expected to have affected the bones. One possible reason for this discrepancy is the already mentioned mas-
sive form of bison bones compared to those from smaller species, making them more difficult for juvenile
hyenas to handle.

The significant differences in the amount of category 5 striations or gouge marks recorded at both Unter-
massfeld and Haro River Quarry may be explained by the differences in their origins, as already mentioned.
The dimensions and distance of some of the grooves on the Untermassfeld material suggest that not only
juvenile hyenas but also adult individuals could have been the cause of these modifications. In particular,
the comparison of several rows of teeth of P brevirostris from the Untermassfeld material with some of the
broad bite marks lying perpendicular to the longitudinal axis (Fig. 27), suggests that they are caused by the
adult hyenas’ teeth slipping on the bone. In the study by Haynes (1983) such teeth marks are also justified
by the transport of the corresponding bones by carnivores.

The fact that hollowing out of the cancellous bone, i.e., category 7, is more frequently represented in the
bison material investigated in the present study than at Haro River Quarry, is most likely a result of B. men-
neri’s massive size. Hollowing out of cancellous bone seems to occur more frequently in large types of prey
(Kahlke 1997b, 282), as R brevirostris occasionally didn’t completely bite through the bones. In contrast, no
single large prey species was studied at Haro River Quarry (Saunders and Dawson 1998).

5. Conclusions

In the present study, 2,169 specimens of Bison menneri finds from Untermassfeld were examined for feed-
ing marks caused by the hyena species Pachycrocuta brevirostris. These modifications were quantitatively
recorded for the entire bison material as well as the separate skeletal elements and, with as much detail as
possible recorded on their location. The study examines the influence of P brevirostris on the bone material
of B. menneri from the fossil site of Untermassfeld. The evaluation of the aforementioned material should
provide information about possible consistencies or patterns in the feeding behaviour of this hyena spe-
cies. Classification of the bone modifications was carried out according to Maguire et al. (1980) in order
to identify possible characteristics in the feeding strategies of Hyaenidae in general and P brevirostris from
Untermassfeld in particular. The investigations should support future trans-regional comparisons with more
Hyaenidae sites.

In the course of the investigation, it became clear that the Untermassfeld hyenas particularly favoured skele-
tal elements with a high meat and marrow content or a low bone mineral density. Therefore, the bone mod-
ifications caused by P brevirostris also accumulate on the nutrient-rich limb bones while occurring extremely
rarely on carpal as well as tarsal bones and phalanges, which have hardly any muscle meat or bone marrow.
The Untermassfeld B. menneri material also demonstrates a clear preference in the hyenas for certain feed-
ing directions for different long bones. In humeri and tibiae, the bones are predominantly bitten from the
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proximal to distal ends. In the case of radii and ulnae, in which the olecranon is often additionally absent,
as well as in the metapodia, the opposite direction is favoured. Only the femora are inconsistent, i.e., either
they resemble the humeri and tibiae and the biting direction is distal, or the hyenas break off both of the
epiphyses and the diaphysis remains.

The B. menneri finds were assigned to the following categories according to Maguire et al. (1980) and the
different frequency of their occurrence was documented. Category 1 (spiral fractures and ragged-edged
chewing) was most commonly produced by P brevirostris. This is followed in descending numbers by cate-
gory 6 (irregular grooves), category 4 (crescent-shaped fracture scars), category 5 (gouge marks), and then
category 7 (hollowing out of the cancellous bone). Category 3 (punctate depressions or perforations caused
by the hyenas’ premolars) is less frequently observed. Category 2 (shallow-pitting) is the rarest modification
observed in the Untermassfeld bison material. A comparison of this data with that of Saunders and Dawson
(1998) shows that the frequent occurrence of categories 1 and 6 together is typical for P brevirostris both
at Untermassfeld and Haro River Quarry (Pakistan), a fossil hyena den. Compared to recent Hyaenidae, the
distribution of the categories made by P brevirostris from Untermassfeld resembles that of Parahyaena
brunnea and Hyaena hyaena. Whereas, a comparison between the modification patterns of the Untermass-
feld P brevirostris with recent Crocuta crocuta produces the largest differences.

With regard to the frequencies and the distribution of the categories of bone modifications on the Unter-
massfeld bison material, category 2 marks (shallow-pitting) are particularly conspicuous. In two cases they
occur in a nearly identical position on the articular process of the mandibulae, but are otherwise only doc-
umented on ulnae and carpalia. Also noteworthy is the frequency of the occurrence of category 5 (gouge
marks) on the diaphysis of the tibia.

For a closer look at the consistencies as well as the abnormalities in the feeding behaviour of P brevirostris,
further investigations on other possible prey species from Untermassfeld are desirable. Such investigations
would allow conclusions to be drawn as to whether the causes of the characteristic behaviours of P brevi-
rostris were owing to the shape and size of the bones and the respective type of prey, or whether the rea-
sons are actually to be found in the skeletal elements in question, their anatomical position and the hunting
and feeding behaviour of this hyena species.
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