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Abstract

This paper reports findings on the dental and skeletal pathology of Hippopotamus antiquus (MNI=23) from
the Early Pleistocene fossil site of Untermassfeld. Thirteen of the individuals were juveniles/subadults. It is
supposed that some of the young hippos drowned during high-flood events. A number of the adult individ-
uals were diagnosed to exhibit osteoarthritic joint changes in their limbs. The Untermassfeld hippos had to
climb the steep flanks of the Werra valley to reach their grazing areas in the surrounding upland area, which
may have contributed to the development of the osteoarthritic lesions. The presence of multiple transverse
hypoplastic enamel defects in two lower permanent canines suggests repeated episodes of systemic stress
in the affected individuals. These stress episodes could have been caused by seasonally occurring adverse
environmental conditions with reduced food availability for the hippos.

1. Introduction

There exists some basic knowledge about viral, bacterial and protozoan diseases, metazoan parasites, and
metabolic disorders of hippopotamuses (Eltringham 1999). Since carcasses or skeletons of hippopotamuses
are only rarely subjected to veterinary or palaeopathological analyses, relatively little is, however, known
about the dental and skeletal pathology of recent and fossil hippopotamuses (Jack and Thacker 1985; Miles
and Grigson 1990; Maempel 1993). As part of an ongoing research project on the palaeopathology of the
large mammals from the Untermassfeld fossil site (Kahlke and Kierdorf 1997; Kierdorf et al. 2012), the
present contribution summarizes our findings on the dental and skeletal pathology in the Hippopotamus re-
mains from the site. Pathological changes in the Untermassfeld hippos were first reported by Kahlke (1987a;
1997). Later, Kierdorf and Kahlke (2004) presented a preliminary summary of their palaeopathological study
on the material.

Palaeopathological studies can provide important information for the reconstruction of the life history of
individuals and the living conditions of past animal populations (Tasnadi-Kubacska 1962; Rothschild and
Martin 1993). In this way, palaeopathological findings contribute to an understanding of the palaeoeco-
logical situation during the formation of a fossil assemblage. Based on the findings on the pathology of
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the Untermassfeld hippos, we therefore also advance some preliminary conclusions regarding their living
conditions.

2. The fossil record of Hippopotamus from Untermassfeld

During the excavations at Untermassfeld, which since 1979 were carried out almost annually, remains of
large-sized hippopotamuses were recovered in considerable quantities. After the publication of the first
report on the discovery of Hippopotamus at the site (Kahlke 1982), a series of studies on the increasingly
extensive material followed (Kahlke 1985a; 1985b; 1987a; 1997, 2001a; 2006). Meanwhile 826 single
hippo specimens (number of identified specimens, NISP) are available from the site (status 1 January 2017).
Moreover, in a large sand block preparation [IQW 2015/41933 (Mei. 47 242); Kahlke in this volume, Fig. 12],
21 further cranial and postcranial elements of at least two Hippopotamus individuals are present. Another
block preparation [IQW 2016/43953 (Mei. 49 262)] from the base of a fossiliferous channel infill of the site
contains a further hippo specimen (Kahlke et al. in this volume, Fig. 4).

In the Untermassfeld material, nearly all skeletal elements of Hippopotamus are represented, most of them
in smaller or larger series. For taphonomic reasons, cranial and dental remains of adult individuals are un-
derrepresented (Kahlke 2006, 55f.). The minimum number of individuals (MNI), represented by the Unter-
massfeld fossil hippo finds, is 23. Of these, 13 are juveniles/subadults and 10 adults (Kahlke 2006, and MNI
update up to the end of the 2016 field season).

3. The taxonomic status of Hippopotamus from Untermassfeld

In the previous parts of the Untermassfeld monograph (Kahlke 1997; 2001a; 2001b) and other publications
on the Untermassfeld finds (e. g., Kahlke 2006), the fossil hippo from the site was separated from the extant
African form at the subspecies level (chrono-subspecies) as Hippopotamus amphibius antiquus Desmarest,
1822 (= H. major Cuvier, 1824; see Kahlke 1987b; Mazza 1995; synonym lists in Faure 1985). This prelimi-
nary assignment corresponded to the idea that the hippos of the several Pleistocene immigration waves into
continental Europe reflect a gradual morphological change from their respective African ancestors up to the
recent species. However, the increasing availability of Hippopotamus skulls of different geochronological
ages (Mazza 1991; 1995; Kahlke 2001a) has led to a more differentiated picture. During the European Early
and early Middle Pleistocene, a group of hippopotamuses evolved that was characterized by increasingly el-
evated orbitae, shortening of the postorbital region, progressive inclination of the occiput and more promi-
nently protruding occipital condyles. The skull of an adult individual from Untermassfeld [IQW 1992/23909
(Mei. 23438)] exhibits this set of morphological traits (Kahlke 2001a, 495ff.).

Since parallel evolutionary trends occur in the cranial morphology of other lines of hexa- and tetraprotodont
hippopotamids (Coryndon 1970; Kahlke 1990), we no longer see the Early to early Middle Pleistocene forms
of the European mainland in direct phylogenetic proximity to the extant African Hippopotamus amphibius.
Instead, we now regard the former as a separate species, H. antiquus, distinct from H. amphibius. In view of
its cranial features, we regard H. antiquus as a species that was more specifically adapted to aquatic habitats
than modern African hippos (Mazza 1995). We accordingly consider the H. amphibius finds recorded from
Europe since the last interglacial (Mazza 1995; Petronio 1995; H. incognitus sensu Faure 1984) to represent
an evolutionary lineage different from that of H. antiquus at the species level.
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4. List of pathological specimens

We recorded pathological findings in the following dental and skeletal elements of H. antiquus from the Un-
termassfeld site (all part of the Untermassfeld collection at the Senckenberg Research Station of Quaternary
Palaeontology, Weimar). As most of the pathological bones of the postcranium belong to the appendicular
skeleton, they are listed before the postcranial elements of the axial skeleton.

Skull elements and isolated teeth (n=7):

— Disintegrated, fragmentary cranium of an adult individual IQW 1992/23909 (Mei. 23438), ad.

— Fragment of the right mandible of a juvenile individual IQW 1980/16035 (Mei. 15546), juv. The frag-
ment comprises the region from the alveolus of the right I, tooth germ to the alveolus of the right M;.
The teeth present in the fragment are the right dP, 4 and the unerupted mandibular right permanent
canine. Distal to the dP,, the ventral portion of the corpus is missing and the mandibular canal exposed.

— Right maxillary deciduous third premolar (dP? dex.) IQW 1980/16 028 (Mei. 15539), juv.

— Right mandibular deciduous second premolar (dP, dex.) IQW 1984/20281 (Mei. 19801), juv.

— Fragment of left mandibular permanent canine (C inf. sin.) IQW 1985/20361 (Mei. 19881), ad.

— Fragment of right mandibular permanent canine (C inf. dex.) IQW 1984/20303 (Mei. 19823), ad.

— Tooth crown of right mandibular first molar (M; dex.) IQW 1984/20281 (Mei. 19801), belonging to
mandible IQW 1980/16 035 (Mei. 15546), ad.

Elements of the left foreleg of an adult female (n=11):

— Radius and ulna (synostotic) IQW 1980/15200 (Mei. 14682), ad.

Elements of second digit [anatomically connected unit (5) of Kahlke 1997]:

— Left proximal phalanx (phalanx proximalis digitorum 2 sin., Ph I) IQW 1982/18182 (Mei. 17702), ad.,
fragmentary, proximal portion missing

— Left middle phalanx (phalanx media digitorum 2 sin., Ph Il) IQW 1982/18046 (Mei. 17 566), ad.

— Left distal phalanx (phalanx distalis digitorum 2 sin., Ph lll) IQW 1982/18 189 (Mei. 17 709), ad.

Elements of third digit [anatomically connected unit (5) of Kahlke 1997]:

— Left proximal phalanx (phalanx proximalis digitorum 3 sin., Ph 1) IQW 1982/18 140 (Mei. 17 660), ad.

— Left middle phalanx (phalanx media digitorum 3 sin., Ph Il) IQW 1982/18 146 (Mei. 17 666), ad.

— Left distal phalanx (phalanx distalis digitorum 3 sin., Ph lll) IQW 1983/19621 (Mei. 19141), ad.

Elements of fourth digit [anatomically connected unit (5) of Kahlke 1997]:

— Left middle phalanx (phalanx media digitorum 4 sin., Ph Il) IQW 1982/18 185 (Mei. 17 705), ad.

— Left distal phalanx (phalanx distalis digitorum 4 sin., Ph lll) IQW 1982/18 191 (Mei. 17711), ad.

Elements of fifth digit [added to anatomically connected unit (5) of Kahlke 1997]:

— Left proximal phalanx (phalanx proximalis digitorum 5 sin., Ph 1) IQW 1982/17 939 (Mei. 17 459), ad.

— Left middle phalanx (phalanx media digitorum 5 sin., Ph II) IQW 1982/18 193 (Mei. 17713), ad.

Elements of the left hind foot of an adult individual, sex undetermined (n=32):

— Left talus (os tarsi tibiale sin., Tt sin.) IQW 1989/23 379 (Mei. 22 898), ad.

— Left calcaneus (os tarsi fibulare sin., Tf sin.) IQW 1989/23 378 (Mei. 22 897), ad., fragmentary, proximal
portion missing

— Left os tarsi centrale (os tarsi centrale sin., Tc sin.) IQW 1989/23 380 (Mei. 22 899), ad.

— Left first tarsal bone (os tarsale primum sin., T1 sin.) IQW 1989/23376 (Mei. 22 895), ad.

— Left second tarsal bone (os tarsale secundum sin., T2 sin.) IQW 1989/23382 (Mei. 22901), ad.
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— Left third tarsal bone (os tarsale tertium sin., T3 sin.) IQW 1989/23 375 (Mei. 22 894), ad.

— Left fourth tarsal bone (os tarsale quartum sin., T4 sin.) IQW 1989/23381 (Mei. 22 900), ad.

— Left second metatarsal bone (os metatarsale secundum sin., Mt2 sin.) IQW 1990/23429 (Mei. 22 948),
ad.

— Two sesamoid bones: IQW 1990/23434 (Mei. 22953), ad., and IQW 1990/23435 (Mei. 22 952), ad.

Elements of second digit:

— Left proximal phalanx (phalanx proximalis digitorum 2 sin., Ph I) IQW 1990/23430 (Mei. 22 949), ad.

— Left middle phalanx (phalanx media digitorum 2 sin., Ph Il) IQW 1990/23431 (Mei. 22 950), ad.

— Left distal phalanx (phalanx distalis digitorum 2 sin., Ph Ill) IQW 1990/23432 (Mei. 22951), ad.

— Sesamoid bone IQW 1990/23453 (Mei. 22972), ad.

— Left third metatarsal bone (os metatarsale tertium sin., Mt3 sin.) IQW 1990/23 435 (Mei. 22 954), ad.

— Two sesamoid bones: IQW 1990/23439 (Mei. 22 958), ad., and IQW 1990/23 440 (Mei. 22 959), ad.

Elements of third digit:

— Left proximal phalanx (phalanx proximalis digitorum 3 sin., Ph 1) IQW 1990/23436 (Mei. 22 955), ad.

— Left middle phalanx (phalanx media digitorum 3 sin., Ph II) IQW 1990/23437 (Mei. 22 956), ad.

— Left distal phalanx (phalanx distalis digitorum 3 sin., Ph lll) IQW 1990/23438 (Mei. 22 957), ad.

— Left fourth metatarsal bone (os metatarsale quartum sin., Mt4 sin.) IQW 1990/23441 (Mei. 22 960), ad.

— Two sesamoid bones: IQW 1990/23 445 (Mei. 22 964), ad., and IQW 1990/23 446 (Mei. 22 965), ad.

Elements of fourth digit:

— Left proximal phalanx (phalanx proximalis digitorum 4 sin., Ph 1) IQW 1990/23442 (Mei. 22961), ad.

— Left middle phalanx (phalanx media digitorum 4 sin., Ph Il) IQW 1990/23443 (Mei. 22 962), ad.

— Left distal phalanx (phalanx distalis digitorum 4 sin., Ph lll) IQW 1990/23 444 (Mei. 22 963), ad.

— Left fifth metatarsal bone (os metatarsale quintum sin., Mt5 sin.) IQW 1990/23447 (Mei. 22 966), ad.

— Two sesamoid bones: IQW 1990/23451 (Mei. 22970), ad., and IQW 1990/23452(Mei. 22971), ad.

Elements of fifth digit:

— Left proximal phalanx (phalanx proximalis digitorum 5 sin., Ph 1) IQW 1990/23 448 (Mei. 22 967), ad.

— Left middle phalanx (phalanx media digitorum 5 sin., Ph ) IQW 1990/23449 (Mei. 22 968), ad.

— Left distal phalanx (phalanx distalis digitorum 5 sin., Ph lll) IQW 1990/23 450 (Mei. 22 969), ad.

Elements of the left hind foot of an adult female (n=5) [anatomically connected unit (14) of Kahlke 1997]:

— Left second tarsal bone (os tarsale secundum sin., T2 sin.) IQW 1980/17 268 (Mei. 16 790), ad.

— Left third tarsal bone (os tarsale tertium sin., T3 sin.) IQW 1980/17 267 (Mei. 16789), ad.

— Left fourth tarsal bone (os tarsale quartum sin., T4 sin.) IQW 1980/17 258 (Mei. 16780), ad.

— Left second metatarsal bone (os metatarsale secundum sin., Mt2 sin.) IQW 1980/17 259 (Mei. 16781),
ad.

— Left fifth metatarsal bone (os metatarsale quintum sin., Mt5 sin.) IQW 1980/17 263 (Mei. 16785), ad.

Further limb elements (n=11), the following skeletal elements either represent isolated finds or are the only

specimens from anatomically connected units (listed in Kahlke 1997) that exhibit pathological changes:

— Right humerus IQW 1987/21884 (Mei. 21403), ad., fragmentary, distal portion and lesser tubercle mis-
sing

— Left os carpi radiale (Cr sin.) IQW 1980/15 148 (Mei. 14630), ad.

— Left third carpal bone (os carpale tertium sin., C3 sin.) IQW 1980/16519 (Mei. 16040), ad.

— Right third carpal bone (os carpale tertium dex., C3 dex.) IQW 1980/17 323 (Mei. 16845), ad.
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Right third metacarpal bone (os metacarpale tertium dex., Mc3 dex.) IQW 1981/17 766 (Mei. 17 287),
juv.

— Left fifth metacarpal bone (os metacarpale quintum sin., Mc5 sin.) IQW 1980/16 896 (Mei. 16417), ad.
— Left patella IQW 1987/22 073 (Mei. 21592), ad.

— Left os tarsi tibiale (os tarsi tibiale sin., Tt sin.) IQW 1979/15120 (Mei. 14602), ad.

— Left os tarsi tibiale (os tarsi tibiale sin.,Tt sin.) IQW 1983/19035 (Mei. 18555), ad.

— Right os tarsi tibiale (os tarsi tibiale dex., Tt dex.) IQW 1987/21971 (Mei. 21490), ad.

— Right fifth metatarsal bone (os metatarsale quintum dex., Mt5 dex.) IQW 1980/15 176 (Mei. 14658), ad.

Vertebrae and ribs (n=9):

- Axis (epistropheus) of an adult individual IQW 1980/16838 (Mei. 16359), ad., fragmentary

Six thoracic vertebrae and two ribs presumably belonging to the same adult individual [anatomically con-

nected unit (1) of Kahlke 1997]:

— First thoracic vertebra IQW 1980/16278 (Mei. 15789), ad., fragmentary, part of vertebral body and pro-
ximal portion of left pedicle of vertebral arch

— Sixth thoracic vertebra IQW 1980/15243A (Mei. 14725), ad., fragmentary, part of vertebral body

— Seventh thoracic vertebra IQW 1980/15242A (Mei. 14724), ad., fragmentary, part of vertebral body and
proximal portion of vertebral arch

— Eighth thoracic vertebra IQW 1980/15241A (Mei. 14723), ad., fragmentary, vertebral body and proxi-
mal portion of vertebral arch

— Two thoracic vertebrae of indeterminate position IQW 1980/16271 (Mei. 15782), ad., fragmentary, part
of vertebral body, and IQW 1982/18 139 (Mei. 17659), ad., fragmentary, vertebral body

— Left seventh rib IQW 1984/19650 (Mei. 19170), ad., fragmentary, head portion and small part of neck
portion

— Right rib of indeterminate position IQW 1984/19643 (Mei. 19163), ad., fragmentary, head portion and
small part of neck portion

5. Findings and interpretation
5.1. Findings in teeth and a mandibular fragment

Disintegrated, fragmentary cranium of an adult individual IQW 1992/23909 (Mei. 23438):

In both maxillary tooth rows of this cranium, the dP*is retained. In the right maxillary tooth row, an addi-
tional tooth cusp is situated lingual to the dP*(see Kahlke 20014, Fig. 4, pl. 77, 1). Kahlke (2001a) identified
this cusp, which is worn down to the level of the occlusal surface of the dP4, as the paracone of the only
partially erupted P*. The retention of the dP* represents a case of pseudo-hyperodontia. Thus far, the cra-
nium, which is very fragile, was not examined radiographically. It can therefore only be presumed that the
(unerupted) P* is present also in the left maxilla. In a sample of 84 skulls of recent Hippopotamus amphibius
from the Natural History Museum in Berlin, Kahlke (2001a) observed a case resembling the findings in the
hippo cranium from Untermassfeld. The modern case is a skull from NE-Tanzania with a retained dP* and an
only partially erupted P* in the left maxilla.
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Fig. 1 Hippopotamus antiquus Desmarest, Untermassfeld. — Fragment of
right mandible IQW 1980/16035 (Mei. 15546), medial view with dP,. —
Arrowheads mark an enamel defect on the lingual crown surface of the
deciduous premolar and a furrow-like bone lesion of the mandibular body
that is continuous with a defect in the alveolar bone. — Scale: 20mm.

Fragment of the right mandible of a juvenile individual IQW 1980/16 035 (Mei. 15546):

In the mandibular fragment, two alveoli of roughly equal size are present mesial (anterior) to the right dP,.
The two alveoli are located on the alveolar crest and separated by a thin bony septum (see Kahlke 1997,
pl. 47, 4). As the dP; of Hippopotamus amphibius is single-rooted, the presence of two alveoli probably
indicates a duplication of this tooth, i.e., the presence of two single-rooted deciduous first premolars. Su-
pernumerary teeth in extant Hippopotamus amphibius have been described by Hooijer (1942) and Miles
and Grigson (1990). The former author observed duplication of the dP; in a fetus and a juvenile animal.
The almost equal size of the alveoli in the Untermassfeld hippo suggests that the two tooth germs that
originated from the splitting of the dP; primordium developed into teeth of nearly equal size. The above
interpretation is, however, not the only feasible one. A competing explanation for the presence of the two
alveoli would be a duplication of only the root of the dP4. In that case, the bony septum would represent an
interradicular rather than an interalveolar septum.

Below the middle cusp pair of the right dP,, the medial surface of the mandibular fragment exhibits a lesion
in the form of a narrow and shallow furrow that is partly bordered by small ridges. This furrow, which ven-
trally extends down to the breakage plane of the mandibular body, is slightly curved anteriorly in its ventral
portion (Fig. 1). Dorsally, the furrow is continuous with a defect (size of approximately 10 x 8 mm, maximum
depth 7mm) in the medial (lingual) alveolar bone (Fig. 1). Ventral to the defect, a thin layer of new bone was
laid down onto the original mandibular cortex. Inspection of the breakage plane at the ventral side of the
mandible and of the bone lining the mandibular canal confirmed that the furrow-type cortical lesion is only
rather superficial. This leads us to conclude that the furrow is not indicative of a healed fracture. We assume
that a traumatic impact of relatively minor intensity had caused the lesion in the mandibular cortex.

The basal part of the tooth crown of the right dP, shows a shallow enamel defect lingually (Fig. 1). The
distal (posterior) portion of this defect is located dorsal to the furrow-type defect in the alveolar bone. Based
on macroscopic inspection, we conclude that the enamel defect represents an intravital lesion of posterup-
tive (as opposed to developmental) origin. Most likely, a mechanical impact on the erupted tooth caused the
flaking away of a sheet of enamel.
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Fig. 2 Hippopotamus antiquus Desmarest, Untermassfeld. — Right
maxillary deciduous third premolar (dP? dex.) IQW 1980/16028
(Mei. 15539), apical view showing defects in the furcation area
with exposure of the pulp cavity (arrowheads). Portions of the roots
were lost post-mortem. — Scale: T0mm.

The close topographic relationship between the bone and tooth defects suggests that they were caused by
a single traumatic impact. Formation of the bony ridges bordering the furrow and the deposition of new
bone onto the mandibular cortex are evidence of an inflammatory reaction (periostitis) triggered by the
injury to the bone. According to our interpretation, the impact also caused the defect in the alveolar bone.
The reported pathological changes of the mandible represent a lesion in the process of healing. This lesion
would probably have been without major negative consequences for the animal. Similarly, the minor defect
on the deciduous tooth, while not reparable, would have been without significant sequels.

Right maxillary deciduous third premolar (dP? dex.) IQW 1980/16028 (Mei. 15539):

In this specimen, the tip of the mesial root and a large portion of the distobuccal root are missing. Judging
from the sharp edges and the colour of the root stumps, the losses occurred during the recovery of the
tooth. Apart from these taphonomic changes, the tooth shows three defects in the root furcation area with
exposure of the pulp cavity (Fig. 2). A large defect is located mesially, another large one distally between
the two distal roots, and a very small one centrally.

The defects are developmental in origin and can be attributed to insufficient growth, incomplete fusion,
or premature degeneration of the tongue-like extensions of the epithelial diaphragm that divides the root
trunk during the formation of two- and multi-rooted teeth. Growth and fusion of these extensions of the
root sheath divide the original single opening of the root trunk into two or several openings, corresponding
to the number of roots to be formed (El Nesr and Avery 1994).

In the course of tooth root development, cells of the inner layer of the root sheath induce adjacent cells of
the dental pulp to differentiate into odontoblasts, which in turn start to form dentine. With onset of min-
eralization of the root dentine, the epithelial cells separate from the dentine, and breaks in the root sheath

Fig. 3 Hippopotamus antiquus Desmarest, Untermassfeld. —
a Right mandibular deciduous second premolar (dP, dex.) IQW
1984/20281 (Mei. 19801), opening into the pulp cavity (arrow-
head) on the mesial side of the distal root of the dP,. Also note
pronounced signs of resorption on the root around the open-
ing. — b Right mandibular first molar (M, dex.) IQW 1984/20281
(Mei. 19801), buccal view of M; tooth crown with two enamel
defects (arrowheads) located near the cusp tip and on the buccal
flank of the hypoconid. — Scale: T0mm.
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occur because of the degeneration of the epithelial cells. As a result, mesenchymal cells of the dental follicle
establish contact with the initially formed dentine, subsequently differentiate into cementoblasts and start
to form cementum (Diekwisch 2001). This explains why any break in the continuity of the root sheath epi-
thelium will lead to a localised lack of odontoblast differentiation and eventually transform into root defects
like those observed in the specimen discussed here.

Right mandibular deciduous second premolar (dP, dex.) IQW 1984/20281 (Mei. 19801):

This tooth exhibits an oval-shaped opening into the pulp cavity (size c. 5.5mm in coronoapical extension
and c. 3.5mm in buccolingual extension) on the mesial side of its distal root (Fig. 3a). The lower margin of
the opening is located at a distance of about 8 mm from the root tip. The opening is the result of a local
resorption of the cementum and dentine. Further signs of cementum resorption on the root surface are also
seen in a larger area around the opening (Fig. 3a).

Tooth resorption by odontoclasts normally occurs in the shedding of deciduous teeth, the resorption process
starting at the roots. However, despite the fact that the present specimen is a deciduous tooth, the type
of localised resorption of cementum and root dentine diagnosed here is pathological, not physiological.
One reason for this conclusion is the apparent limitation of the resorptive process to only one root surface,
with no signs of generalized root resorption being present. A second reason is that on radiographs of the
fragmentary mandible to which the tooth belongs, no (developing) permanent premolars can be seen, i.e.,
the stage of dental development was too early for physiological root resorption in the deciduous premolars
to occur.

Pathological resorption of tooth roots can either start from the pulp cavity (internal resorption due to endo-
dontic disease) or from the periodontium or other tissues surrounding the tooth root (external resorption)
(Tronstad 1988; Schroeder 1991; Niemiec 2010). Possible causes of pathological external root resorption
include periodontal inflammation, trauma to the periodontal ligament, and the presence of expanding cysts
or tumors (pressure resorption). In the hippo tooth in question it cannot definitively be decided, whether this
is a case of internal or external root resorption. It is apparent that the resorptive process affected a larger
area of the root surface around the opening. This would be consistent with an inflammatory process that
originated in the periodontium. However, it seems also possible that a purulent inflammatory process within
the pulp cavity caused the formation of a draining tract in the root wall, followed by the spreading of pus
underneath the periodontal ligament that triggered odontoclastic resorption at the root surface.

Tooth crown of right mandibular first molar (M; dex.) IQW 1984/20281 (Mei. 19801):

This tooth, which has been assigned to the same individual as the dP, described above and was therefore
catalogued under the same number, shows an advanced stage of crown development, but no root develop-
ment. The crown exhibits two enamel defects that are both present on the buccal side of the hypoconid
(Fig. 3b). The larger of the two defects is located at mid crown-height and almost round with a diameter
of about 4.5mm. The smaller defect, which has an oval outline and a size of c. 2.5 x 1.5mm, is located im-
mediately below the cusp tip. The margins of both enamel defects are convex and smooth. Furthermore, the
defect margins and the defect walls exhibit the typical corrugated surface that characterizes the enamel in
general. This indicates that the defects are of a developmental origin, i.e., represent cases of enamel hypo-
plasia rather than a secondary loss of enamel. Enamel hypoplasia presents as a deficiency in the thickness
of enamel caused by a disturbance of the ameloblasts during enamel matrix secretion (Miles and Grigson
1990; Goodman and Rose 1990; Kierdorf and Kierdorf 1997; Schultz et al. 1998; Witzel et al. 2008; Hill-
son 2014). Dental enamel is a cell-free, highly mineralized structure incapable of repair or remodeling, and
therefore developmental defects remain as a permanent record in the teeth.
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Fig. 4 Hippopotamus antiquus Desmarest, Untermassfeld. — Fragment of right permanent mandibular canine (C. inf.
dex.) IQW 1984/20303 (Mei. 19823), lateral view. Note presence of hypoplastic defects in the form of transverse grooves
of varying width and depth. — Scale: 20mm.

The isolated occurrence of two hypoplastic defects in the present specimen suggests local trauma during
tooth development as their most probable cause. Experimental studies (e.g., Suckling 1980) demonstrated
that enamel defects resembling those seen in the hippo M; can be induced by physical injury to developing
teeth. The light color of the bottom of the larger hypoplastic defect (Fig. 3b) suggests a fresh loss of some
enamel in that area that may have happened during recovery or subsequent handling of the tooth.

Fragment of left mandibular permanent canine (C inf. sin.) IQW 1985/20361 (Mei. 19881), and fragment
of right mandibular permanent canine (C inf. dex.) IQW 1984/20303 (Mei. 19823):

The surface of the two canine (tusk) fragments is undulated due to the presence of transverse grooves of
different width that are separated by ridges (Fig. 4). The grooves represent a type of developmental defect
known as linear enamel hypoplasia (Goodman and Rose 1990; Miles and Grigson 1990; Hillson and Bond
1997; Kierdorf and Kierdorf 1997; Schultz et al. 1998; Witzel et al. 2008; Hillson 2014). Hypoplastic de-
fects reflect periods of reduced matrix secretion by ameloblasts. Presence of multiple transverse hypoplastic
defects in the enamel of the two canines therefore suggests repeated periods of systemic perturbations
affecting the secretory ameloblasts during the (continuous) growth of these teeth. The ridges between the
grooves denote a temporary return to more normal growth conditions.

Enamel hypoplasia has been observed in teeth of many mammalian species, including the maxillary and
mandibular canines of hippopotamids (Dietrich 1928; Matthes 1939; Kuss 1957; Franz-Odendaal et al.
2003). The occurrence of this developmental defect was linked to systemic stress caused by environmental
or animal-related factors, including nutritional deficiencies, intoxication, disease, birth and weaning (Good-
man and Rose 1990; Mead 1999; Dobney and Ervynck 2000; Franz-Odendaal et al. 2004; Kierdorf et al.
2004; Witzel et al. 2008; Hillson 2014). Linear enamel hypoplasia in Miocene rhinoceroses of the genus
Teleoceras has been related to stress episodes in calves due to separation from their mothers prior to the
birth of the next offspring (Mead 1999). According to Mead (2000), the habitat requirements of Teleoceras
were similar to those of the extant African Hippopotamus amphibius. Franz-Odendaal et al. (2003) found
a high prevalence of linear enamel hypoplasia in teeth of hippopotamids (genus and species indet., most
likely Hexaprotodon) from the Lower Pliocene site of Langebaanweg (South Africa). The finds include tusk
fragments showing transverse hypoplastic enamel defects of different width, including one specimen with
a broad defect resembling those present in the two canine fragments of the Untermassfeld hippos. Franz-
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Fig. 5 Hippopotamus antiquus Desmarest, Untermassfeld. — Left talus
(astragalus) IQW 1989/23379 (Mei. 22 898), caudal articular surface. Note
eburnated and slightly grooved portion of the articular surface. — Scale:
20mm.

Odendaal et al. (2003) suggest that the high prevalence of enamel hypoplasia observed in the hippopota-
mids and several other herbivore species from the Langebaanweg site are indicative of severe systemic stress
related to increasing aridity. Systemic stress caused by prolonged Pliocene drought periods is also discussed
as the cause of hypoplastic defects observed in the enamel of rhinocerotids from Siwalik formations in Pa-
kistan and Northern India (Roohi et al. 2015).

5.2. Findings in limb joints

A number of pathological articular changes are present in the studied elements of fore and hind limbs. The
lesions, which frequently occur in combination, comprise:

(i) Eburnation on articular surfaces, i.e., presence of areas where the articular surface appears »polished«
(Figs. 5-6). Because of their denser structure and less intense precipitation of iron hydroxide-containing
minerals compared to neighboring regions, the eburnated areas are more lightly colored than the surround-
ing portions of the articular surface. Some eburnated areas also show more or less pronounced grooving
(Fig. 5), mostly in the form of fine parallel striae that are
preferentially orientated in the direction of joint movement.
(i) Unevenness of the articular surface (Fig. 7).

(i) Pitting (porosity) of the articular surface, manifest in
the form of holes in the subchondral bone. These holes
are sometimes rounded, sometimes sharp-edged. Fre-

Fig. 6 Hippopotamus antiquus Desmarest, Untermassfeld. — Right fifth
metatarsal bone (Mt5 dex.) IQW 1980/115176 (Mei. 14658), proximal ar-
ticular surface. Note uneven articular surface with areas of eburnation and
pitting. — Scale: 20mm.
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Fig. 7 Hippopotamus antiquus Desmarest, Untermassfeld. — a Left
second metatarsal bone (Mt2 sin.) IQW 1990/23429 (Mei. 22 948),
anterior view showing pronounced osteophytes and altered bone
contour proximally. — b Left second metatarsal bone (Mt2 sin.) IQW
1990/23429 (Mei. 22948), proximal articular surface with extended
pitting. Arrowhead: large osteophyte. — Scale: 20mm.

guently areas of finer (microporosity) and coarser (macroporosity) pitting are present on an articular surface
(Figs. 6-7).

(iv) Larger lytic defects of the articular surface that reach variably deep into the subchondral bone.

(v) Presence of bony outgrowths around the joint surface, i.e., of marginal osteophytes sensu lato (Fig. 7).
There is also one case of a central osteophyte, i.e., a bony outgrowth from the central portion of an articular
surface.

In severe cases, the articular surface is largely destroyed (Fig. 8).

The findings for the different skeletal elements are summarized below.

Skeletal elements of the left foreleg of a female (see section 4.):

The radius shows minor pitting and partial roughening on its fovea articularis capitis. Minor pitting is also
present on the distal articular facets of both radius and ulna.

The articular surfaces of the proximal interphalangeal joint of the second digit exhibit eburnation and pit-
ting, whereas the distal articular surface of the middle phalanx shows pitting and larger cavitary defects. Pit-
ting is also found on the articular surfaces of the proximal and middle phalanges of digit 3, and a large cavi-
tary defect is present on the distal joint surface of the proximal phalanx. Pitting furthermore occurs on the
proximal and distal joint surfaces of the middle phalanx
and the joint surface of the distal phalanx of digit 4.
The distal joint surface of the middle phalanx exhibits
eburnated areas with fine striae. Pitting of all joint sur-
faces is seen in the proximal and middle phalanges of
digit 5. In addition, eburnated areas are present on the
articular surfaces of the proximal interphalangeal joint,
and pitting is observed on the distal articular surface

Fig. 8 Hippopotamus antiquus Desmarest, Untermassfeld. — Left first
tarsal bone (T1 sin.) IQW 1989/23376 (Mei. 22895), extensive de-
struction of caudolateral articular surface. — Scale: 20mm.
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of the first phalanx and on both articular surfaces of the middle phalanx. Bumpy articular surface areas are
present in the middle phalanx of digit 2 (proximal joint surface), the proximal phalanx of digit 3 (distal joint
surface), and the proximal and distal phalanges of digit 5 (distal joint surfaces).

Elements of the left hind foot skeleton of an adult individual (see section 4.):

The skeletal elements show a spectrum of lesions, the most frequent being eburnation of the joint surfaces.
Thus, all tarsal bones show eburnated areas on at least one of their articular surfaces, and some exhibit
grooving (Fig. 5). Eburnated areas are also present on the articular surfaces of all metatarsophalangeal and
proximal interphalangeal joints. Also the articular surfaces of the distal interphalangeal joint of the third
digit exhibit minor eburnation. Pitting of joint surfaces is seen less frequently, being present on the distal
articular facet of the calcaneus, on the proximal articular surface of the proximal phalanx of the first digit,
on both the proximal and distal articular surfaces of the proximal phalanx of the fifth digit, and on one of
the sesamoid bones [IQW 1990/23451 (Mei. 22 970)].

A distinct unevenness of areas of the articular surface is present on the talus (facet for articulation with the
To), the T3 (distal articular surface) and T4 (proximal articular surface) as well as the Mt2 (proximal articular
surface).

Pitting is present on the medial articular facet of the distal process of the calcaneus, the distal articular sur-
face of the Tc, the caudolateral articular surface of the T1, the distal articular surfaces of T2 and T3, and the
distal articular surfaces of the middle phalanx of the second and fourth digits.

The most pronounced defects occur in tarsal bones 1 to 3 (T1-3) and the proximal articular region of the
second metatarsal bone (Mt2). The caudolateral articular surface of the T1 is severely affected. Thus, the
facet for articulation with the T2 exhibits a deep and complex osteolytic defect, while the facet for articula-
tion with the Mt2 is almost completely destroyed (Fig. 8). The medial articular surface of the T2 shows a
large central osteophyte that projects into the deep defect on the opposing joint surface of T1. In addition
to the massive lesions on the joint surfaces, large marginal osteophytes are present around the altered
articular areas. The distal articular facets (articulation with the Mt2) of T2 and T3 show extensive pitting.
Extended marginal osteophytes are also present around the proximal articular surface of the T3 (articulation
with Tc). The Tc itself likewise exhibits marginal osteophytes around its distal articular surface.

The contour of the proximal portion of the Mt2 is changed and its proximal articular surface shows pro-
nounced pitting (Fig. 7). In addition, larger marginal osteophytes with a porous structure are present on this
skeletal element. Marginal osteophytosis is most pronounced on the anterior side of the bone, where the
outgrowths reach down to the mid-diaphyseal region (Fig. 7).

Elements of the left hind foot skeleton of an adult female (see section 4.):

The pathologically altered bones belong to a quite complete hind leg of an adult female individual. Pitting
is present on the proximal and distal articular surfaces of T2 and T3, and on the proximal articular surface
of the T4. The distal articular surface of the T2 shows unevenness. The Mt2 exhibits extensive post-mortem
damage of its proximal extremity and pitting on the preserved portion of the proximal articular surface as
well as on its distal articular surface. Pitting is also present on the proximal articular surface of the Mt5.

Pathologically altered single limb elements (see section 4.):

Pathological joint changes of different severity are also present in other skeletal elements of the fore and
hind limbs that have been found isolated or as part of anatomically connected units within the fossil bone
bed of Untermassfeld. The findings are summarized in Table 1.
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Skeletal element

Findings

Fragmentary right humerus
IQW 1987/21884 (Mei. 21403), ad.

Crsin. IQW 1980/15 148 (Mei. 14630), ad.

C3sin. IQW 1980/16519 (Mei. 16040), ad.

C3 dex. IQW 1980/17 323 (Mei. 16845), ad.

Mc3 dex. IQW 1981/17 766 (Mei. 17 287), juv.,

element of anatomically connected unit (11)

Mc5 sin. IQW 1980/16 896 (Mei. 16417), ad.

Patella sin. IQW 1987/22 073 (Mei. 21592), ad.

Tt sin. IQW 1979/15120 (Mei. 14602), ad.,
element of anatomically connected unit (13)

Tt sin. IQW 1983/19035 (Mei. 18555), ad.

Tt dex. IQW 1987/21971 (Mei. 21490), ad.

Mt5 dex. IQW 1980/15 176 (Mei. 14658), ad.

Pathological alterations of the humeral head in the
form of coarse and sometimes confluent pitting,
unevenness of articular surface in the cranial part
of the greater tubercle

Pitting and unevenness of proximal articular sur-
face, minor pitting of distal articular surface

Minor pitting of joint surfaces (especially peripheral
portions), depression of about 1cm diameter with
smooth, rounded walls (resembling the lesions seen
in osteochondritis dissecans) on distal joint surface
that shows minor eburnation

Minor pitting of joint surfaces (peripheral portions),
focal depression on distal joint surface

Pitting of proximal articular facets

Pitting of distal joint surface

Extensive pitting of articular facet, eburnated area
on cranial surface

Unevenness and pitting in the caudolateral portion
of the proximal articular surface along with the
presence of two grooves running in a cranio-caudal
direction, minor pitting of medial facet of distal
joint surface

Pitting and unevenness of proximal and distal artic-
ular surfaces

Pitting and grooving of both articular surfaces, un-
evenness of proximal articular surface

Pitting, eburnation and unevenness of proximal
articular surface (Fig. 6)

Table 1 Articular lesions in isolated fore and hind limb bones (n=11) of Hippopotamus antiquus Desmarest from Untermassfeld. The
numbering of anatomically connected units refers to the list of articulated skeletal elements compiled by Kahlke (1997).

5.3. Diagnosis of the pathological changes in the limb joints

The articular lesions observed in the limb elements of Hippopotamus antiquus from Untermassfeld are con-
sidered to be indicative of osteoarthritis (osteoarthrosis, degenerative disease of synovial joints), a condition
frequently observed in humans and other mammals (Resnick and Niwayama 1995a; Weisbrode and Doige
2001; Waldron 2009; Burt et al. 2013; Craig et al. 2016). There exists no principle difference in the pathol-
ogy of osteoarthritis (OA) between species, but especially in larger species the rate of progression of the
disease may be very rapid (Rogers and Waldron 1995; Weisbrode and Doige 2001).
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OA is primarily a degenerative disease and accompanying inflammatory changes are of a secondary nature
(Resnick and Niwayama 1995a; Craig et al. 2016). It has been argued that therefore the term osteoarthrosis
would appear more appropriate for the condition than osteoarthritis (Resnick and Niwayama 1995a). How-
ever, as the latter term is widely used in the English literature on human and animal palaeopathology (Greer
et al. 1977; Baker and Brothwell 1980; Rothschild and Martin 1993; 2003; Rogers and Waldron 1995; Jur-
main 1999; Roberts and Manchester 2005; Waldron 2009; Burt et al. 2013) it is also applied here.

As some of the changes seen in OA (formation of new bone) are reparative in nature, Waldron (2009) has
argued that it is preferable not to refer to OA as a degenerative disease. However, since OA is primarily
characterized by the breakdown of the articular cartilage and changes to the subchondral bone, and there
is a degeneration of joint function in OA (Craig et al. 2016), to us the characterization of OA as a basically
degenerative joint disease seems justified.

There is considerable debate over the pathogenesis of OA (Baker and Brothwell 1980; Resnick and Niwa-
yama 1995a; Jurmain 1999; Weisbrode and Doige 2001; Waldron 2009), and it has been argued that the
term encompasses a variety of conditions that have a common end point (Weisbrode and Doige 2001,
Craig et al. 2016). In animals, OA is particularly common in large-sized species (Greer et al. 1977; Roth-
schild and Martin 2003). Thus, in a sample of over 30000 bones of 24 different mammalian species from
Natural Trap Cave (Wyoming, USA), Rothschild and Martin (2003) did not find signs of OA in taxa with
a body mass below 25kg. There is evidence that, besides individual age and body mass, factors like sex,
genotype or systemic predisposition may also play a role in the formation of OA. In both humans and
animals, a main cause of OA seems, however, to be repetitive trauma to a joint due to its prolonged over-
use. According to a widely held concept, the primary site of tissue injury in OA is the articular cartilage
(Resnick and Niwayama 1995a; Weisbrode and Doige 2001; Waldron 2009; Craig et al. 2016). The action
of unphysiologic physical forces adversely affects both the cartilage matrix (change in composition due to
enzymatic destruction) and the chondrocytes. This may eventually lead to complete degeneration and loss
of the articular cartilage.

The earliest gross lesion seen in OA is roughening of the articular cartilage due to the loss of proteoglycans
from the cartilage matrix and the unmasking of collagen fibrils, referred to as cartilage fibrillation (Craig
et al. 2016). The lesions are initially present in the superficial cartilage layer, but subsequently also affect
deeper layers. Progressive erosion of the articular cartilage is associated with sclerosis of the underlying
(subchondral) bone (Resnick and Niwayama 1995a; Weisbrode and Doige 2001; Craig et al. 2016). Ac-
cording to Schultz (1988), bumpy osseous areas of the subchondral bone indicate articular regions where
intra vitam the articular cartilage was thinned. Where the articular cartilage is completely lost on opposing
articular surfaces, bone rubs on bone. In these areas, the bone develops a smooth and shiny (»polished«)
surface, a process known as eburnation (Weisbrode and Doige 2001; Craig et al. 2016). Due to the nature
of the process, predilection sites for eburnation are the points of maximum mechanical loading of joints
(Rogers and Waldron 1995). As was also observed in some of the limb joints in the Untermassfeld hippos,
the eburnated surfaces are sometimes grooved or scored. This scoring or grooving is attributed due to the
presence of debris or crystals between opposing joint surfaces (Waldron 2009).

In the case of pitting, some of the holes present in the articular surface can communicate with cystic spaces
(often referred to as subchondral cysts) in the subchondral bone (Resnick and Niwayama 1995a; Weisbrode
and Doige 2001; Ortner 2003). Such subchondral cysts are found in OA, but can also occur in other ar-
ticular disorders (Resnick and Niwayama 1995a; Weisbrode and Doige 2001). In animals, subchondral cysts
are less common in the case of OA compared to humans (Weisbrode and Doige 2001). The pathogenesis
of subchondral cysts, which intra vitam may contain myxoid and adipose tissue, proteinaceous material, or
cartilage, is a matter of debate (see e.qg., Resnick and Niwayama 1995a).
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Fig. 9 Hippopotamus antiquus Desmarest, Untermassfeld. — Fragmentary axis (epistro-
pheus) IQW 1980/16838 (Mei. 16359), note uneven, bumpy contour and pitting of the dens
axis. — Scale: 20mm.

Periarticular osteophytes occur frequently in joints affected by OA (Baker and Brothwell 1980; Resnick and
Niwayama 1995a; Rogers and Waldron 1995; Adler 1998; Weisbrode and Doige 2001; Craig et al. 2016).
These bony outgrowths (exostoses) develop rapidly following joint injury/destabilization (Craig et al. 2016).
Some authors (e.g., Resnick and Niayama 1995a) distinguish between four types of osteophytes (marginal,
central, periosteal, and capsular). However, in the palaeopathological literature, often only osteophytes
formed around a joint (marginal osteophytes in a wider sense) and outgrowths from the central portions of
an articular surface (central osteophytes) are distinguished (Rogers et al. 1987; Rogers and Waldron 1995),
and this latter classification is also used here.

There exists considerable disagreement in the palaeopathological literature regarding the question on which
criteria a diagnosis of OA should be based when studying bones from palaeontological or archaeological
sites. Rothschild and Martin (1993, 83) state that »documentation of osteophytes on diarthrodial joints is
sufficient for establishing the diagnosis of osteoarthritis«. This view is strongly rejected by Rogers and Wal-
dron (1995, 26) who state that, although they are common in the case of OA, »osteophytes must not form
the basis of the palaeopathological diagnosis if there are no other signs such as eburnation, new bone on
the joint surface or change in joint contour«. Similarly, Jurmain (1999) argues that because of the poor cor-
respondence of osteophyte formation with other indicators of OA, the presence of osteophytes should not
be applied as a major criterion for identifying the condition in skeletal remains.

With respect to eburnation, Ortner (2003, 547) holds that »polished areas are absolutely diagnostic of
severe osteoarthritis«. Jurmain (1999) also regards eburnation as the primary criterion for identification of
osteoarthritic lesions in skeletal remains and the sole criterion for the diagnosis of severe OA. Baker and
Brothwell (1980) suggest that in order for a definite diagnosis of OA at least three of four changes should
be present, these being (i) grooving of the articular surface of the bone, (ii) eburnation, (iii) extension of the
articular surface by new bone formation, and (iv) exostoses (marginal osteophytes) around the periphery of
the bone.

The pathogenesis of the pitting of articular surfaces often seen in bones affected by OA is a matter of de-
bate (Rothschild 1997; Jurmain 1999). Some authors suggest that the porosity is caused by vascular inva-
sion of the calcified cartilage from the underlying subchondral bone, while others assume that the holes
are formed by intrusion of synovial fluid into the subchondral bone through small defects in the articular
cartilage. A competing view relates the occurrence of pitting to the penetration of cartilage tissue initially
forming in the marrow of exposed articular bone in an abortive attempt at repair. Others consider pitting as
an exposure of marrow spaces or vascular channels caused either by the wearing away of subchondral bone
plate during life or by post-mortem erosion of the (intravitally thinned) plate (Jurmain 1999).

As in the case of the other features used to diagnose osteoarthritic lesions in bones from palaeontological
or archaeological contexts, also the significance of pitting for identification of the condition is controversial.
Since a controlled study by Rothschild (1997) failed to demonstrate a relationship between two »standard
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Fig. 10 Hippopotamus antiquus Desmarest, Untermassfeld. — Fragmentary
seventh thoracic vertebra IQW 1980/15242A (Mei. 14754), left caudal costal
facet exhibiting unevenness and pitting. — Scale: 20mm.

clinical indicators« of OA (osteophyte formation and subchondral bone sclerosis) and pitting of the articular
surfaces in a sample of 400 human skeletons, this author concluded that pitting should not be used as an
identifier of OA. Other palaeopathologists (Schultz 1988; Ortner 2003; Waldron 2009), however, consider
pitting a useful diagnostic criterion for identifying OA.

According to the operational definition given by Waldron and Rogers (1991) and Waldron (2009), OA can
be diagnosed when there is eburnation on the joint surface or, in the absence of eburnation, when at least
two of the following changes are present: (i) marginal osteophytes, (i) new bone on the joint surface, (iii)
pitting on the joint surface or (iv) alteration in joint contour. Waldron (2009) further states that OA should
not be diagnosed if only one of the minor criteria (i)-(iv) is present. Like Ortner (2003) and Jurmain (1999),
also Rogers and Waldron (1995) and Waldron (2009) hold that eburnation can be taken as a pathogno-
monic sign that a joint has been affected by OA, and therefore allows OA to be diagnosed with certainty in
the case of human skeletal material. In contrast, Rothschild (1997), states that eburnation cannot be used
for diagnosis of OA but only as an indication of the severity of the joint changes, as the condition occurs in
different arthropathies.

Our diagnosis of the joint changes in the limb elements of the Untermassfeld hippos as osteoarthritic lesions
is based (i) on the finding of eburnation/grooving of the articular surfaces in many of the bones, (ii) the
rather common occurrence of joint surface pitting, and (iii) the presence of bony outgrowths (osteophytes)
in elements of one of the hind feet (see section 5.2.). The absence of signs of erosive processes at the joint
margins (marginal erosions) is taken to exclude inflammatory arthropathies in the differential diagnosis.
Following the operational definition by Waldron (2009), we judge all joints that show eburnation (with or
without grooving) of their articular surfaces or, in the absence of eburnation, exhibit at least two of the
minor criteria (marginal osteophytes, new bone on joint surface, pitting, changed joint contour) as having
been affected by OA.

OA of limb joints has been commonly diagnosed in mammal skeletons from palaeontological and archaeo-
logical sites (Baker and Brothwell 1980; Rothschild and Martin 1993; 2003). However, as already criticized by
Baker and Brothwell (1980), sometimes the criteria on which the diagnosis is based are not explicitly stated
or doubtful. We are aware of only one previous study reporting osteoarthritic changes in limb elements of
fossil hippopotamuses (Maempel 1993). This author studied Pleistocene Hippopotamus remains from Ghar
Dalam Cave, Malta. Gross exostoses (osteophytes) were present in four metapodials, and gross pitting (cavi-
tary lesions) and erosion of articular surfaces were observed in phalangeal joints and femoral heads (Maem-
pel 1993). Jack and Thacker (1985) describe a case of severe hip joint pathology and lameness (unrelated to
OA) in a recent Hippopotamus amphibius. In the animal, a 32 yr-old captive male, both coxofemoral joints
had been replaced by pseudarthroses. Femoral heads and necks were bilaterally absent, fibrous connective
tissue surrounded the false joint cavities, and osteophytes were observed at the acetabular rims.
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Fig. 11 Hippopotamus antiquus Desmarest, Untermassfeld. — Fragment of
right rib IQW 1984/19643 (Mei. 19 163), the cranial costal facet exhibits pro-
nounced pitting. — Scale: 20mm.

5.4. Findings in vertebrae and ribs

Axis (Epistropheus) IQW 1980/16 838 (Mei. 16359) of an adult individual:
The dens axis exhibits a bumpy contour and marked pitting (Fig. 9). These changes are considered indicative
of OA and thus diagnosed as a case of atlantoaxial OA.

Thoracic vertebrae and ribs (see section 4.):

The joint lesions present in the thoracic vertebrae concern both, the costovertebral joints and the discover-
tebral junction. In all six specimens, the vertebral arch has been largely or completely lost and therefore the
apophyseal joint facets and the costal facets for articulation with the tubercle of the rib are not available for
study. Because of post-mortem bone loss, only few of the costal facets for articulation with the rib head are
present. The changes of the costal facets include unevenness of the articular surface and pitting (Fig. 10,
Table 2).

Skeletal element Findings

Fragment of a first thoracic vertebra IQW Marked pitting of the peripheral portion of the right caudal
1980/16278 (Mei. 15789), ad., element of costal facet, two pits on the left caudal costal facet, large
anatomically connected unit (1) parts of which have been lost post-mortem, a large portion

of the left cranial costal facet has been lost post-mortem

Fragment of a sixth thoracic vertebra IQW Right cranial costal facet with large central defect and an
1980/15243A (Mei. 14725), ad., element of uneven surface, the three other costal facets are not pre-
anatomically connected unit (1) served

Fragment of a seventh thoracic vertebra IQW Pitting and uneven surface of both cranial costal facets and
1980/15242A (Mei. 14724), ad., element of the left caudal costal facet (Fig. 10), the right caudal costal
anatomically connected unit (1) facet exhibits a large post-mortem defect

Fragment of an eighth thoracic vertebra IQW Left cranial and caudal costal facets show pitting and un-
1980/15241A (Mei. 14723), ad., element of even surface, costal facets on the right side of the vertebral
anatomically connected unit (1) body not preserved

Fragment of a thoracic vertebra of undetermined Pitting and uneven surface of left caudal costal facet, the
position IQW 1980/16274 (Mei. 15785), ad., three other costal facets are not preserved

element of anatomically connected unit (1)

Fragment of a thoracic vertebra of undetermined Caudal costal facets and the right cranial costal facet exhibit
position IQW 1982/18 139 (Mei. 17659), ad., pitting and uneven surface, left cranial costal facet not pre-
element of anatomically connected unit (2) served

Table 2 Lesions of costal facets on the bodies of thoracic vertebrae of Hippopotamus antiquus Desmarest from Untermassfeld. The
numbering of anatomically connected units refers to the list of articulated skeletal elements compiled by Kahlke (1997).
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Fig. 12 Hippopotamus antiquus Desmarest, Untermassfeld. — Fragmentary
thoracic vertebra IQW 1980/16271 (Mei. 15782), caudal view of vertebral
body with numerous defects of different size and depth. — Scale: 20 mm.

Unevenness and pitting are also present on the cranial and caudal articular facets (facies articularis capitis
cranialis and facies articularis capitis caudalis) of the heads of the two rib fragments in our material (Fig. 11).
The pathological changes present in the costal facets of the vertebrae and the rib heads are diagnosed as
cases of costovertebral OA.

One of the vertebrae, specimen IQW 1980/16271 (Mei. 15782), ad., shows numerous defects of different
size and depth on the caudal surface of the vertebral body and its rim (Fig. 12). These defects are inter-
preted as indicative of intervertebral osteochondrosis, a degenerative disease of the spine that involves the
intervertebral disk and the neighboring bone of the vertebral bodies (Schmorl and Junghanns 1968; Resnick
and Niwayama 1995b). The larger defects could represent Schmorl’s impressions, i.e., result from the for-
mation of Schmorl’s nodes that develop due to herniation of material from the intervertebral disk into the
spongiosa of the vertebral body (Schmorl and Junghanns 1968; Resnick and Niwayama 1995b; Adler 1998;
Pfirrmann and Resnick 2001).

Alterations in the spine due to pathological changes of the discovertebral junction are a common finding
in material from modern and past human populations (Resnick and Niwayama 1995b; Rogers and Waldron
1995; Roberts and Manchester 2005), and are also observed in non-human mammal species (Tasnadi-
Kubacska 1962; Weisbrode and Doige 2001; Craig et al. 2016). In a study on the skeletal pathology of
Pleistocene hippos from Malta, Maempel (1993) found degenerative disease of the spine to be the com-
monest pathological condition present in the material. The pathological process on the surfaces of the ver-
tebral bodies is characterized as erosive and destructive, occasionally resulting in cavitation of the vertebral
spongiosa. The defects thus resemble those seen in the vertebra of the Untermassfeld hippo. Fox (1939)
mentions hyperostotic lesions affecting the sacroiliac region and the last three lumbar vertebrae of a recent
Hippopotamus amphibius shot in the wild.

6. Discussion

Of the MNI of Hippopotamus antiquus recovered at the Untermassfeld site (n=23), thirteen individuals
(57 %) belong to juveniles/subadults. This high proportion of non-adults in the fossil assemblage from
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Untermassfeld exceeds that in recent Hippopotamus amphibius populations (Kahlke and Gaudzinski 2005).
Given the reconstructed high-flood scenario leading to the formation of the site and considering that hippo
calves are more endangered by strong currents than adults (Kahlke and Gaudzinski 2005), it may be as-
sumed that at least some of the non-adult individuals had drowned. Death of juveniles by drowning, fol-
lowing separation from their mothers, has been observed in extant common hippopotamuses (Laws 1968).
Whether or not (some of) the adult hippos from the Untermassfeld site also represent flood victims, cannot
be decided. It has been argued that if adults drowned, this probably occurred in a portion of the river valley
located about 12 km upstream of the final location of deposition, where the valley is very narrow and the
river was characterized by high flow velocity and water turbulences (Kahlke and Gaudzinski 2005; Kahlke
2006).

It remains open to speculation whether a causal relationship existed between the osteoarthritic lesions re-
corded in the limbs of adult Hippopotamus antiquus from the Untermassfeld site and the presumed cause
of their death (drowning). Age-related degeneration of articular cartilage is commonly observed in extant
domestic mammals (Weisbrode and Doige 2001; Craig et al. 2016), and joints affected by OA are frequently
recorded in remains of adult large mammals from palaeontological and archaeological sites (Baker and
Brothwell 1980; Rothschild and Martin 1993; 2003). Given the huge body mass of hippopotamuses, the
observation of osteoarthritic lesions in the limb bones of the Untermassfeld hippos is, thus, not an unex-
pected finding, especially when considering that, except for one specimen, all studied limb bones showing
signs of OA came from adult individuals.

According to Waldron (2009), in humans there is no tight relationship between the morphological changes
in a joint due to OA and symptoms experienced by the affected individual (Waldron 2009). Consequently,
this author advises palaeopathologists not to make any »clinical« inferences from joint changes, not the
least because there is no way of validating their conclusions. Extending this author’s advice to the situation
in hippopotamuses, we will refrain from discussing the potential effects of OA on the »well-being« of the
affected Untermassfeld hippos.

This abstinence notwithstanding, the amphibious lifestyle allows some provisional conclusions regarding the
development of OA in hippos. Their joints will experience reduced mechanical loads when the animals are
(partly) submerged and supported by the buoyancy of the water. When a hippo leaves the water to seek
food on land, the load on its joints will increase markedly. We therefore suggest that the osteoarthritic le-
sions observed in the Untermassfeld hippos predominantly reflect the wear and tear on their joints during
the periods spent out of the water. Given the reconstructed huge body mass of Hippopotamus antiquus
from Untermassfeld (Kahlke 1997), the loads on the animals’ joints probably exceeded those in extant
H. amphibius.

Hippopotamus amphibius does not feed on aquatic vegetation to any great extent. Rather, their diet con-
sists predominantly of terrestrial grasses, on which they feed during the night (Eltringham 1999). It may be
assumed that the food habits of Hippopotamus antiquus from Untermassfeld were similar to those of extant
H. amphibius. According to the palaeoenvironmental reconstruction by Kahlke (2001b; 2006), the larger
portion of the grazing area of the Untermassfeld hippos was located in the upland regions beyond the valley
of the Werra river. The difference in altitude between the lowland area (river valley) and the surrounding up-
land areas can amount to 60 meters. Moreover, the Lower Triassic limestone cropping out along the flanks
of the river valley tends to form escarpments. For the Untermassfeld hippos this probably meant that they
had to climb relatively steep slopes each day to reach these grazing areas, which may have contributed to
the development of the osteoarthritic changes in their limb joints.

The Untermassfeld Hippopotamus antiquus population existed at the northeastern border of the Early Pleis-
tocene species range in Central Europe (Kahlke 1987a; 1990; 1997). The composition of the Untermassfeld

The Pleistocene of Untermassfeld — Part 4 1269



fauna and other (palaeoenvironmental) parameters indicate warm climatic conditions at the site with tem-
peratures well above present-day values (Kahlke 2006). The intensity of seasonal variation in climatic condi-
tions and related plant productivity during the Early Pleistocene as well as local differences in temperature
and humidity within the Untermassfeld region are presently not known in any detail. It has, however, been
suggested that the upland plateaus experienced dryer conditions than the river valley, particularly during
the summer months (Kahlke 2006).

The presence of transverse hypoplastic defects in the enamel of two permanent canines suggests recurrent
episodes of systemic stress in the Untermassfeld hippos. This stress could have been caused by repeatedly
occurring adverse environmental conditions. A possible scenario would be periodic nutritional limitation
related to seasonal variation in plant growth (dry periods?). If this scenario can be substantiated by further
palaeoenvironmental studies at the Untermassfeld site, it would form an interesting parallel to the findings
of Franz-Odendaal et al. (2003) on hippopotamids from the Lower Pliocene site of Langebaanweg, South
Africa. It would also mean that the Untermassfeld hippos probably had to walk longer distances during the
period of reduced food availability to meet their nutritional requirements.

To our knowledge, no published information on the prevalence of joint lesions in recent populations of Hip-
popotamus amphibius is available. Interestingly, none of the individuals of the rhinoceros Stephanorhinus
hundsheimensis from the Untermassfeld site (MNI=36) showed articular lesions comparable to those found
in the Hippopotamus antiquus (U. Kierdorf and R.-D. Kahlke, unpubl. observ.). This suggests that the joints
of the rhinoceroses were probably exposed to less loading than those of the hippopotamuses.

In conclusion, the rather high frequency of osteoarthritic lesions in the adult specimens of Hippopotamus
antiquus from Untermassfeld probably resulted from the interaction of animal related (high body mass,
age), topographical (steep valley flanks) and potentially environmental factors (reduced food supply in the
grazing areas during part of the year).
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