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a  b  s  t  r  a  c  t

The  Early  Eocene  deposits  of El Kohol,  Algeria,  have  yielded  numerous  remains  of Numi-
dotherium  koholense,  one  of  the  most  primitive  and  oldest  known  proboscideans  in  Africa.
The  Upper  Eocene  proboscideans  of  the  Fayum  locality  (Egypt),  Barytherium  sp.  and
Moeritherium  sp.,  were  recently  interpreted  as aquatic  or semi-aquatic,  according  to  the
stable isotopic  compositions  (ı13C and  ı18O)  of  their  tooth  enamel.  These  data  led  us  to
reinvestigate  the adaptations  of N.  koholense.  Stable  isotopic  analysis  and  observations  of
histological  sections  of its long  bones  reveal  that  it was  essentially  terrestrial.  According
to  its position  within  the  phylogenetic  tree of  Eocene  proboscideans,  the adaptation  to
semi-aquatic  life  appears  to have  evolved  independently  in  different  lineages  of Middle
and  Upper  Eocene  proboscideans  during  their adaptive  radiation  in Africa.  Moreover,  these
new results  reopen  the  debate  about  the  hypothesis  that  Eocene  to  Recent  proboscideans
are  derived  from  semi-aquatic  ancestors.

©  2014  Académie  des  sciences.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
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dotherium  koholense,  l’un  des  proboscidiens  les plus  primitifs  et les  plus  anciens  de  la
radiation  de  cet  ordre  en  Afrique.  Les  proboscidiens  de  l’Eocène  supérieur  du  Fayum  en
Égypte,  comme  Barytherium  sp.  et  Moeritherium  sp. étaient  semi-aquatiques  d’après  des
données  des  isotopes  stables  (ı13C et  ı18O)  de  leur  émail  dentaire.  Ces  données  nous  ont
conduits  à  réexaminer  le mode  de vie  de  N.  koholense.  Les  analyses  des  isotopes  stables
et  l’examen  des  coupes  histologiques  des  os  longs  révèlent  qu’il était  plutôt  terrestre.
Compte-tenu  de  la position  qu’il  occupe  dans  l’arbre  phylogénétique  des  proboscidiens

∗ Corresponding author.
E-mail address: salamet.mahboubi@univ-poitiers.fr (S. Mahboubi).

631-0683/$ – see front matter © 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
ttp://dx.doi.org/10.1016/j.crpv.2014.01.002

dx.doi.org/10.1016/j.crpv.2014.01.002
http://www.sciencedirect.com/science/journal/16310683
www.sciencedirect.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crpv.2014.01.002&domain=pdf
mailto:salamet.mahboubi@univ-poitiers.fr
dx.doi.org/10.1016/j.crpv.2014.01.002


502 S. Mahboubi et al. / C. R. Palevol 13 (2014) 501–509

éocènes,  l’adaptation  à la vie semi-aquatique  serait  donc  développée  indépendamment
dans  différentes  lignées  de  proboscidiens  primitifs  au cours  de  leur  radiation  adaptative
éocène.  Par  ailleurs,  ces  résultats  rouvrent  le  débat  concernant  l’hypothèse  de  l’adaptation

 l’ancêt
émie  d
semi-aquatique  de
© 2014  Acad

1. Introduction

The evolutionary history of proboscideans is docu-
mented over 60 million years (Gheerbrant, 2009). The first
radiation is that of the Eocene lophodont taxa (Gheerbrant
and Tassy, 2009), whose phylogenetic relationships were
established by Delmer (2009) (Fig. 1). His phylogeny sup-
ports the hypothesis of an ancestral morphotype with
lophodont molars that gave rise to semi-aquatic forms such
as Moeritherium that displayed bunolophodont molars,
and later to bunodont forms, including the elephan-
tiforms (Gheerbrant et al., 1998, 2005). Previous stable
isotopic work showed that Moeritherium and Barytherium,
proboscideans from the Upper Eocene of Fayum, were
semi-aquatic mammals (Liu et al., 2008). Numidotherium
koholense,  one of the oldest and basalmost proboscideans,
comes from the Early Eocene of El Kohol (Algeria). It was
described on the basis of rich and well-preserved mate-
rial that documents almost its entire skeleton (Mahboubi
et al., 1986). An Ypresian age, between 52 Ma  and 51 Ma,
was recently estimated for this deposit, based on a magne-
tostratigraphic study (Coster et al., 2012).

According to the detailed description of Court (1994a),
the postcranial morphology of N. koholense differs signifi-
cantly from that of the later elephantiform proboscideans.
The fusion of the distal radius and ulna in a semi-supinated
position, a character also observed in aquatic mammals
such as Pinnipedia and Sirenia, could indicate an aquatic
mode of life (Court, 1994a; Savage, 1957). However, Court
(1994a) concluded that there is “little else in the limb skele-
ton of N. koholense to suggest an aquatic mode of life”.
Furthermore, the abducted members and ambulatory gait
of this animal reflect a compromise between aquatic and
terrestrial lifestyles (Court, 1994a).

Here, we reconstruct the ecology of N. koholense,
through stable isotope analyses of tooth enamel. Using
carbon isotopes, we assessed feeding preference. Then,
we used oxygen isotopes of tooth enamel to know its
lifestyle, as well as histological studies of its long bones.
Our study aims to complete and re-evaluate the inter-
pretations of mode of life proposed by Court (1994a). In
addition, to obtain more relevant data, we also analyzed
the tooth enamel of several proboscideans from Dur At
Talah (Central Libya, late Middle Eocene) such as Arcan-
otherium savagei, Moeritherium sp., and Barytherium grave
(Jaeger et al., 2010).

1.1. Stable isotopes of carbon and diet
Stable carbon isotope analysis of tooth enamel offers
a good proxy for reconstructing terrestrial paleoenviron-
ments, including climate and vegetation, notably providing
valuable information regarding the proportions of C3 and
re  des proboscidiens  primitifs.
es  sciences.  Publié  par Elsevier  Masson  SAS.  Tous  droits  réservés.

C4 vegetation in the diet of the herbivores and thus indi-
rectly in their habitat. Although one of the earliest record
of C4 plants is dated around 14 Ma–12.5 Ma  (Cerling et al.,
1997a; Nambudiri et al., 1978; Tidwell and Nambudiri,
1989), these plants do not constitute a significant part of
ecosystem ground before 8 Ma–7 Ma,  and became common
worldwide only from 6 Ma–5 Ma,  (Cerling et al., 1997b).

The ı13C values for C3 plants range between −38‰ and
−22‰,  with an average of −27‰ (Cerling and Harris, 1999;
Farquhar et al., 1989; Tieszen, 1991). The ı13C values of
C4 plants range between −17‰ and −9‰, with an aver-
age of −13‰ (Smith and Epstein, 1971). In general, aquatic
plants have lower concentrations of ı13C, and some algae
and other aquatic plants can have values of ı13C in the range
of C4 plants (Cerling et al., 1997b).

Herbivorous mammals usually exhibit a +14‰ enrich-
ment for the ı13C values of carbonate in bioapatite in bones
and enamel relative to the type of plant consumed (Cerling
and Harris, 1999; Cerling et al., 1997b; Lee-Thorp and Van
der Merwe, 1989; Passey et al., 2005). This enrichment
for tooth enamel in large mammals compared to their
diet is greater than observed in laboratory experiments
on very small mammals (Cerling et al., 1997b; DeNiro and
Epstein, 1978). In carnivores, the enrichment is +9‰ for
bones and enamel apatite (Bocherens and Drucker, 2013;
Cerling et al., 1997b; Koch, 1998; Kohn and Cerling, 2002;
Lee-Thorp and Van der Merwe, 1989). We take into consid-
eration this enrichment for the interpretation of our results.

1.2. Oxygen isotopes environment/habitat use

Two  isotopic approaches have been proposed to distin-
guish terrestrial mammals from aquatic or semi-aquatic
ones. First, the hippopotamids of Plio-Pleistocene age in
eastern Africa show lower ı18O values than other associ-
ated terrestrial herbivores, which have been related to their
semi-aquatic lifestyle (Bocherens et al., 1996). Another
approach, proposed by Clementz and Koch (2001) and by
Clementz et al. (2008), showed that ı18O values within
a same population of terrestrial animals display consid-
erable variation, significantly higher than in semi-aquatic
mammals. The standard deviation of ı18O measured on a
minimum of five specimens of a terrestrial population is
higher than 1‰. Aquatic mammals living in isotopically
homogeneous water show a much lower variation in their
ı18O values, their standard deviation of ı18O being gen-
erally less than 0.5‰ (Clementz and Koch, 2001; Yoshida
and Miyazaki, 1991). It shows that ı18O of tooth enamel
reflects water values during the mineralization of teeth

(Andersen and Nielsen, 1983; Hui, 1981). This model was
previously applied to distinguish terrestrial and semi-
aquatic fossil mammals. According to the results obtained
on Moeritherium sp. and Barytherium sp. from Upper Eocene
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Fig. 1. The phylogeny of Proboscidea.
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f Fayum, their standard deviation of ı18O was  lower
respectively 0.45‰ and 0.44‰)  (Liu et al., 2008). Also, the
18O values were very low compared to those of terrestrial
nimals from the same sites, suggesting that Moeritherium
p. and Barytherium sp. were aquatic or semi-aquatic, living
ear to the river or the seacoast.

Within that framework, we analyzed the carbon and
xygen stable isotopes in the tooth enamel and dentin
f N. koholense.  We  also analyzed some samples of three
ther primitive proboscideans and other mammals from
ur At Talah locality in central Libya, dated of Bartonian age

Jaeger et al., 2010). Although the site of El Kohol delivered
ome very rare remains of terrestrial animals, they could
ot be integrated into this study due to their scarcity.

. Materials and methods

.1. Stable isotope analyses

For stable isotope analyses, the enamel and dentin were
btained from mammals of El Kohol in Algeria, and Dur At
alah in central Libya. All samples belong to adult individu-
ls. N. koholense samples are from specimens on deposit at
he Paleontological Collection of the University of Oran in
lgeria. The samples of Dur At Talah mammals are housed

n the Paleontological Collections of the University of El
ateh in Tripoli, Libya.

.2. Sampling protocol and analyses

Stable isotope analyses were conducted on the car-

onate within tooth enamel and dentin bioapatite. We
ook nine samples of premolar and molar enamel from
he cap of tooth and dentin of different adults specimens
f N. koholense (El Kohol, Algeria). Similarly, we analyzed
 Proboscidea.

009).

nine samples obtained from molars of three proboscideans
A. savagei,  B. grave, Moeritherium sp., one molar fragment
of creodont Apterodon langebadreae (Grohé et al., 2012),
and one hyracoid indet. From Dur At Talah (Central Libya)
(Jaeger et al., 2010; Tab. 1). The samples were cleaned,
and then the tooth surfaces were air-abraded to remove
surface contaminants on the outer layers of enamel. A dia-
mond drill bit was used to extract samples from the teeth,
although for some larger samples, around 20 mg  of frag-
ments of enamel could be snapped off and ground using an
agate mortar.

Before being analyzed, the hydroxylapatite carbonate
needs to be purified to remove any contamination. We  fol-
lowed the procedure described by Bocherens et al. (1996).
First, powder is poured in a solution of sodium hypochlorite
at 2.5% NaOCl for 24 h at 20 ◦C to oxidize organic residues,
and then rinsed three times with distilled water. After that,
the powder is treated with acetic acid (pH = 4.66) for 24 h at
20 ◦C to remove exogenous carbonate (Kohn et al., 1998),
and finally rinsed with distilled water three times and dried
at 29 ◦C for 24 h. Then, hydroxylapatite carbonate is reacted
with phosphoric acid H3PO4 at 70 ◦C in a Thermo Finnigan
Gasbench II on a Finnigan Delta Plus XL CFIRMS.

2.3. Cross-section of long bones

Bone is a dynamic and multifunctional tissue able to
adapt constantly through a variety of processes through
changes in biology and environment occurring during the
life of the animal (Skerry, 2000). Previous work has shown
that distinct histological specializations suggest different

modes of life (Buffrénil and Mazin, 1989; Buffrénil and
Schoevaert, 1988; Hua and Buffrénil, 1996). As well as its
physiological and biological functions, the primary func-
tion of bone is biomechanical.
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Table 1
Isotopic values of carbon and oxygen samples of Eocene mammals of El Kohol and Dur At Talah. ı13C of the diet were obtained by subtracting an enamel-diet
fractionation value of 14‰ from the enamel values for herbivore mammals and 9.5‰ for Apterodon langebadreae (Cerling et al., 1997b; Lee-Thorp and Van
der  Merwe, 1989).
Tableau 1
Valeurs isotopiques du carbone et de l’oxygène des échantillons analysés des mammifères éocènes d’El Kohol et Dur At Talah. Les valeurs de ı13C des
aliments consommés sont estimées en soustrayant 14 ‰ aux valeurs brutes de ı13C obtenues pour les herbivores et 9,5 ‰ pour Apterodon langebadreae
(fraction émail/aliments) (Cerling et al., 1997b ; Lee-Thorp et Van der Merwe, 1989).

Samples Tax ı13C P DB (‰) ı18O SMOW (‰) ı18O (� ‰)

ı13C ı13C ı13C Diet

Dentin Enamel Enamel Dentin Enamel Enamel

El Kohol
PENA- 1 (P) N. koholense −10.5 −9.3 −23.3 25.9 28.7 1.94
PENA-  2 (P) N. koholense −9.8 −10.6 −24.6 26.4 30.6
PENA- 3 (M1) N. koholense −9.8 −8.5 −22.5 25.8 32.8
PENA- 4 (M1) N. koholense −10.5 −9.8 −23.8 26 31.5
PENA- 5 (M1) N. koholense −9.1 −11 −25 25.7 29.6
PENA- 6 (M1) N. koholense −10.4 −9.1 −23.1 26.1 29.3
PENA- 7 (M3) N. koholense −9.2 −8.9 −22.9 26.1 26.4
PENA- 8 (M3) N. koholense −9.9 −8.9 −22.9 26.5 31
PENA- 9 (M3) N. koholense −9.7 −8.2 −22.2 26.5 32

Dur  At Talah
PNEA- 10 B. grave −10.5 −24.5 27.5
PENA- 11 M.  sp. −13.3 −27.3 23.4
PENA- 12 M.  sp. −10.9 −24.9 30.9
PENA- 13 A. savagei −11.1 −25.1 27.9
PENA- 14 A. savagei −10.6 −24.6 27.8
PENA- 15 A. savagei −11.2 −25.2 22.9
PENA- 16 Hyracoid −11.0 −25.0 27.6
PENA- 17 Hyracoid −9.6 −23.6 33.4

.7 

dreae; A
PENA- 18 A. langebadreae −13

N. koholense:  Numidotherium koholense;  A. savagei: Apterodon langeba
Moeritherium sp.; SMOW:  standard mean ocean water.

The paleontological sample in this study included two
fragments of humerus and femur of N. koholense.  These
bones are catalogued in the University of Oran, Algeria.
These fossils are catalogued under the numbers (KA 68,
KA 170) at the El Kohol locality. Long bones of N. koholense
were encased in resin; in this method, it is possible to
sever them with a diamond saw (George and Vashishth,
2005; Jepsen et al., 1999). From these histological sections,
we analyzed the thickness of the medullar cavity and the
cortical bone, which is supposed to indicate the lifestyle
of mammals. The medullar cavities of semi-aquatic and
aquatic mammals are relatively reduced compared to ter-
restrial mammals (e.g., Hayashi et al., 2013; Thewissen
et al., 2007).

3. Results

3.1. Carbon Oxygen isotope, results and interpretation

Many studies have shown that some Eocene mam-
malians enamel is suitable for isotope analyses provided
that diagenetic alteration has not changed the original
in vivo isotopic signatures of the teeth (Clementz et al.,
2006). The isotopic abundances of carbon and oxygen in
N. koholense teeth show differences between the enamel

and dentin values: within the same tooth these reach 1
‰ for ı13C and 2.8 to 6.1 ‰ for ı18O values. These results
are evidence for different behaviors of two tissues sub-
jected to diagenesis (Jacques et al., 2008; Zazzo et al., 2004).
−22.2 24.9

. savagei: Arcanotherium savagei; B. grave: Barytherium grave; M.  sp.:

Moreover, the oxygen isotopic signal is less stable than the
carbon signal (Jacques et al., 2008). This phenomenon is
probably related to the complex behavior of oxygen and
sources of oxygen contamination during diagenesis. The
dense tooth enamel structure better resists diagenesis than
bone or dentin (Bocherens et al., 1996; Koch et al., 1992;
Quade et al., 1992). The following interpretations are there-
fore based only on results obtained from tooth enamel, the
results are summarized in Table 1.

The ı13C values of the dentin and enamel of N. koholense
reflect a diet composed exclusively of C3 plants. How-
ever, ı18O values exhibit significant differences between
dentin and enamel values, which can reach 6.1‰ within
a single tooth (Fig. 2). This probably results from post-
mortem alteration of the dentin: the high crystallinity and
low porosity of the tooth enamel resists to the recrystal-
lization and isotopic exchanges much better than dentin
(Lee-Thorp and Van der Merwe, 1989; LeGeros, 1981). The
ı13C values of Dur At Talah indicate that they are exclusive
consumers of C3 plants, which corresponds to the absence
of C4 plants at that period (Cerling et al., 1997a; Nambudiri
et al., 1978) (Fig. 3).

3.2. ı13C and paleodiets
Stable carbon isotopic analyses conducted on samples
of tooth enamel of N. koholense show an average ı13C
of −23.3 ± 1.6‰,  reflecting a diet of C3 plants. The ı13C
values of Dur At Talah proboscideans are slightly lower
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Fig. 2. Carbon and oxygen isotope on enamel teeth and dentin of Numi-
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Table 2
Mean values of carbon and oxygen isotope ratios of tooth enamel for each
taxa  of Eocene mammals of northern Africa. Isotope ratios of the Fayum
locality are from Liu et al. (2008).
Tableau 2
Valeurs isotopiques moyennes du carbone et de l’oxygène de l’émail
dentaire des mammifères éocènes d’Afrique septentrionale. Les valeurs
isotopiques du Fayum sont celles de Liu et al. (2008).

Taxon n ı13C ‰ PDB ı18O SMOW (‰)

Fayum
Moeritherium sp. 5 −22.8 26.9 ± 0.44
Barytherium sp. 5 −21.8 26.5 ± 0.45
Anthracotheriid 6 −22.4 31.6 ± 1.27
Thyrohyrax meyeri 6 −21.6 32.2 ± 0.75
Saghatherium bowni 9 −22.2 32.9 ± 1.07
Hyracoid 6 −20.2 30.8 ± 0.75

El  Kohol
Numidotherium koholense 9 −23.3 30.1 ± 1.94

Dur At Talah
Moeritherium sp. 2 −26.0 27.17
Barytherium grave 1 −24.5 27.46
Arcanotherium savagei 3 −24.9 26.21
otherium koholense from El Kohol, Algeria.
ig. 2. Distribution des valeurs isotopiques du carbone et de l’oxygène de
’émail et de la dentine de Numidotherium koholense d’El Kohol, Algérie.

respectively −24.5‰,  −26.0‰ and −24.9‰ for B. grave,
oeritherium sp. and A. savagei), indicating a slightly dif-

erent diet from that of N. koholense.
By contrast, the dietary ı13C values of Barytherium sp.

nd Moeritherium sp. of the Fayum locality are respectively
21.8 ± 0.56‰ and −22.8 ± 3.6‰,  indicating that they fed
n freshwater plants or offshore particulate organic mat-
er, thus supporting evidence for a semi-aquatic life, and
reference of aquatic habitat (Clementz and Koch, 2001;
iu et al., 2008) (Table 2).

.3. Oxygen isotopes and aquatic/terrestrial habitat use

The remains of N. koholense were deposited during the
arly Eocene, which experienced the warmest conditions
f the Cenozoic (Early Eocene Climatic Optimum), while
oeritherium,  Barytherium, and the other comparative taxa
ere deposited during the much cooler and drier con-

itions of the Late Eocene. In fact, taking into account
limate change during this period, we cannot compare our
esults with those obtained from other proboscideans of

ig. 3. Carbon and oxygen isotopes of enamel teeth of Eocene mammals
rom Dur At Talah.
ig. 3. Distribution des valeurs isotopiques du carbone et de l’oxygène
es  mammifères éocènes du site Dur At Talah.
Hyracoid 2 −23.8 30.51
Apterodon langebadreae 1 −22.7 24.94

SMOW:  standard mean ocean water.

previous studies. The standard deviations of ı18O values
were calculated after conversion of all values (from the cur-
rent study) to the SMOW standard, using the formula: ı18O
SMOW = 30.91 + (1.03091 × ı18OPDB). The standard devi-
ation obtained for ı18O in tooth enamel of N. koholense
is considerable, around 1.94‰,  suggesting a terrestrial
lifestyle (Clementz and Koch, 2001; Clementz et al., 2008)
(Fig. 4). Hence, the standard deviation of ı18O obtained
from N. koholense is higher than those obtained for semi-
aquatic proboscideans of Fayum (Liu et al., 2008), which
confirms a terrestrial life for N. koholense.  Dur At Talah
proboscideans show ı18O values more impoverished than
the ı18O values obtained from hyracoids, which are exclu-
sively terrestrial mammals. However, too few samples of
proboscideans were analyzed in this work to estimate
the standard deviation and to reconstruct the presumed
lifestyle. In order to confirm the lifestyle of Dur At Talah
proboscideans, the number of samples should be increased
to estimate their standard deviation and to better know
their lifestyle.

Notably, the creodont Apterodon langebadreae displays
an impoverished value of ı18O, suggesting a surprising
semi-aquatic mode of life. This is congruent with the recent
study by Grohé et al. (2012), who  recently demonstrated
that the postcranial anatomy of this creodont displays
adaptations to a semi-aquatic life. This study, along with
our results, implies that A. langebadreae found its food in
the river or in the sea.

3.4. Histology and lifestyle adaptations

Bone displays a particularly dense inner organization
with an extremely compact and thick cortex and a com-

pacted medullary region (Hayashi et al., 2013). Wall (1983)
considered the thickness of the cortical bone to be cor-
related with a specific mode of life. He suggested that if
the cortical thickness exceeds 30 percent of the average



506 S. Mahboubi et al. / C. R. Palev

Fig. 4. ı13C versus standard deviation of ı18O (�‰) for a range of aquatic
and terrestrial modern and Eocene mammalian taxa. Each data point rep-
resents average values for one taxon. Taxa falling in (SD ı18O < 0.5‰),  are
considered aquatic, while taxa in falling in (SD ı18O > 1.0‰)  are terres-
trial. Additional data are from Clementz et al., 2006 and Liu et al., 2008. All
ı18O standard deviations are calculated from values normalized relative
to  standard mean ocean water (SMOW).
Fig. 4. Variation de l’écart-type de ı18O (� ‰)  par rapport aux valeurs de
ı13C pour des mammifères aquatiques et terrestres actuels et mammifères
éocènes. Chaque point représente les valeurs moyennes pour un taxon. Les
taxons ayant un écart-type (� ı18O < 0,5 ‰) sont des mammifères aqua-
tiques, tandis que les taxons ayant un écart-type (� ı18O > 1 ‰)  sont des

mammifères terrestres (d’après Clementz et al., 2006; Liu et al., 2008).
L’écart-type de ı18O est calculé par rapport aux valeurs normalisées sur
le  standard de l’eau de mer (SMOW).

bone diameter in the limb bones, the animal was  at least
semi-aquatic like manatees, sea otters, hippopotamus,
beavers, pinnipeds and Mesozoic marine reptiles (Domning
and De Buffrénil, 1991; Taylor, 2000; Wall, 1983). There-
fore, aquatic or semi-aquatic mammals are characterized
by high cortical thickness, which suggests high bone
density, which helps in overcoming buoyancy. High
bone densities have also been recorded in the sirenians,
cetaceans and certain aquatic birds (Buffrénil et al., 1990;
Hua and Buffrénil, 1996).

To investigate further the hypothesis that N. koholense
had a terrestrial mode of life, we studied the cross-sections
of long bones, where we can see tubular bones, with a
rather thick cortex and a large open medullar cavity (Fig. 5)
similar to those observed in terrestrial mammals with a
rather thick cortex and a large open medullar cavity (e.g. in
Nyctereutes procyonoides) (Hayashi et al., 2013; Thewissen
et al., 2007). In N. koholense,  the femur and humerus show
large medullar cavities. The studied sample of long bones
shows that N. koholense has a terrestrial lifestyle. This result
confirms our previous hypothesis of a terrestrial life for this
primitive proboscidean based on stable isotope analyses.

4. Discussion

It is important to compare the two methods in the

present paper to obtain more probable results. Prior works
demonstrated that Moeritherium sp. from the Fayum local-
ity had a semi-aquatic or aquatic lifestyle using isotope
analyses. Another approach can be added to confirm its
ol 13 (2014) 501–509

lifestyle: the anterior situation of the orbits, which might
not be an aquatic adaptation, because many mammals and
reptiles profoundly adapted to an aquatic life have very
posteriorly situated orbits. On the other hand, the external
auditory openings are situated on a high level. As pointed
out by Osborn (1909), this character might be an aquatic
adaptation in a certain degree.

Matsumoto (1923) considered Moeritherium at least
semi-aquatic; the possibility therefore exists that the audi-
tory region of Moeritherium may  have functioned in a
similar manner to that of living seacows. Moeritherium
from the Dur At Talah locality shows that the cochlea
differs very little from that of living elephants (Court,
1994b; Tassy, 1981), exhibiting none of the specializa-
tions expected in aquatic audition via resonant reactions.
In contrast, N. koholense,  which lacks occipital extensions
of the middle ear cavity (Court, 1992), has been inter-
preted as being moderately ‘high frequency mammals’
based on cochlear anatomy. The cochlea morphology of
Moeritherium is larger in all dimensions than that of
N. koholense,  with a more apically extensive mode of coil-
ing. Moreover, the small number of coils and mode of
coiling indicate that N. koholense would have a rather lim-
ited frequency range, with the major portion of the basilar
membrane length concentrated in the high frequency basal
turn. The presence of the spiral canal in only the basal part
of the cochlea is further evidence that in N. koholense audi-
tory acuity was restricted to higher frequencies. The greater
height of the cochlea in Moeritherium suggests that it had an
increased frequency range over N. koholense,  which can be
interpreted by the difference of lifestyle of both mammals.

With regard to the morphology of N. koholense,  its
fore feet were evidently more plantigrade: each of the
major limb joints provides evidence compatible with the
thesis that N. koholense employed an ambulatory or semi-
sprawling mode of locomotion. Generally speaking, this
mode of locomotion is certainly primitive for therian
mammals and stands in stark contrast to the parasagittal
graviportalism of elephantiform Proboscidea. As discussed
by Savage (1957), the distal radius and ulna are often fused
in a semi-supinated position in aquatic mammals, such as
pinnipeds and sirenians. Apart from this feature, there is
little else in the limb skeleton of N. koholense to suggest
an aquatic mode of life. Nevertheless, the abducted limbs
and ambulatory gait reflect a mode of locomotion between
aquatic and terrestrial life. Another morphological charac-
ter which can be useful to determine its mode of life is
the position of the orbits, which gives a key to distinguish
aquatic mammals, although the low position of the orbits
of N. koholens, rather support a terrestrial lifestyle.

In order to know the lifestyle of N. koholense,  we should
use alternative methods that are independent of morphol-
ogy. The oxygen isotope composition of fossil materials has
been used to distinguish between terrestrial and aquatic
species (Bocherens et al., 1996; Clementz and Koch, 2001;
Clementz et al., 2008; MacFadden, 1998). Prior studies
have shown that Barytherium sp. and Moeritherium sp. of

the Fayum locality and the Eocene Coryphodon of Bighorn
Basin, Wyoming, had aquatic adaptations based on iso-
topic data of ı18O (Koch et al., 1995; Liu et al., 2008);
their ı18O values were also significantly lower than the
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Fig. 5. Cross-sections of long bones. A. Numidotherium koholense (1: femur, 2: humerus). B. Aquatic mammal  (humerus of the pakicetid Ichthyolestes). C.
Semi-aquatic mammal (femur of Indohyus). D. Terrestrial mammal  (femur of the cetartiodactyl Cainotherium). Both scale bars are 1 cm. Cross-sections B, C
and  D were obtained by Thewissen et al. (2007).
Fig. 5. Sections transverses des os longs. A. Numidotherium koholense (1 : fémur, 2 : humérus). B. Mammifère aquatique (humérus du pakicetidé Ichthy-
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lestes).  C. Mammifère semi-aquatique (fémur de Indohyus). D. Mammif
gales à 1 cm. Les coupes histologiques B, C et D ont été obtenues par The

ssociated terrestrial fauna. Preliminary results obtained
n the Dur At Talah proboscideans should be interpreted
ith caution due to the limited number of samples, but our
reliminary results suggest that they were semi-aquatic.
unidotherium koholense is more primitive than the other
roboscideans described from Fayum and Dur At Talah,
nd occupies a more basal position on the phylogenetic
ree (Fig. 1). N. koholense has a high oxygen standard devi-
tion (1.94‰), suggesting a terrestrial lifestyle. Moreover,
he cross-sections of the long bone show a great medullar
avity, which is a character present in terrestrial mammals,
onfirming its terrestrial lifestyle.

On the other hand, our study suggests that, contrary to
he hypothesis proposed by some authors (e.g. Clementz
t al., 2006; Liu et al., 2008), not all primitive forms of
ocene proboscideans were semi-aquatic or aquatic. Thus,
he adaptation to semi-aquatic life observed in more recent
roboscideans occurs in distinct lineages. This strongly
uggests that they evolved a semi-aquatic lifestyle sepa-
ately, as a case of parallel evolution homoplasy in early
roboscideans. This period is characterized by a very
ense fluvial network, ending in impressive deltas, trop-

cal forests and vegetation dominated by C3 plants. This
econstruction is also supported by the sedimentological
ata of that period in northern Africa (Holroyd et al., 1996),
ecause these mammals occur almost exclusively in the
lluvial deposits.

. Conclusion
This work attempts to identify the lifestyle of
. koholense through two independent methods, stable iso-

ope analysis and histological cross-sections of long bones.
estre (fémur du cétartiodactyle Cainotherium). Les barres d’échelle sont
et al. (2007).

The isotopic results obtained from tooth enamel of
Eocene proboscideans of El Kohol and Dur At Talah show
that C3 plants (leaves, fruits and/or aquatic plants for
aquatic mammals) constituted the major element of their
diet, which is not unexpected because C4 plants started to
dominate tropical ecosystems later than 8 Ma  (Nambudiri
et al., 1978; Quade et al., 1992). Moreover, ı13C values in
enamel suggest that the diet of N. koholense differed sig-
nificantly from that of the other proboscideans. The stable
oxygen data (notably a high ı18O standard deviation) also
indicate that this primitive Eocene proboscidean of Algeria
was terrestrial.

Our conclusion on the lifestyle is not based only on
differences of absolute ı18O values, but on the standard
deviation of ı18O of the population of N. koholense.  This last
point is valid to distinguish between aquatic and terrestrial
animals which have been proven on different taxa and dif-
ferent environments. Study of its long bone sections and
the low position of its orbits also confirm this terrestrial
lifestyle, contrary to aquatic or semi-aquatic Moeritherium
and Barytherium. Hence this multiple and independent evo-
lution of adaptation to semi-aquatic life can be related
to the climate and environments that prevailed in north-
ern Africa during Eocene times. The aquatic adaptation of
Moeritherium was  relied on morphological and geological
setting (Andrew, 1906; Matsumoto, 1923; Osborn, 1936),
and recently by isotopic analyses (Liu et al., 2008). It is one
thing to infer that some early proboscideans were adapted
to semi or aquatic habitat, and another to suppose that liv-

ing proboscideans had an aquatic ancestry (Shoshani and
Tassy, 2005).

Our study suggests that N. koholense had a terrestrial
adaptation. If this result is confirmed, it also may  change
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our reconstructions of the adaptation of the ancestor of
early proboscideans. This ancestor may  therefore also have
been terrestrial, rather than aquatic as suggested by several
previous authors (Seiffert, 2007).

Our results highlight the necessity of using multiple
proxies to answer questions about the terrestrial adapta-
tion of N. koholense.  We  cannot restrict our interpretations
to the stable isotopic analyses because of the absence of
associated terrestrial mammals. However, using the cross-
sections of long bones gives us an idea of the lifestyle of this
basal proboscidean.

This work opens new perspectives for further stud-
ies, on the one hand, by extending this approach to other
basal proboscideans (Phosphatherium and Eritherium). On
the other hand, it is preferable to incorporate microwear
analysis into studies of other basal proboscideans species
to identify differences in foraging preferences among co-
occurring taxa, and to develop a method for testing our
interpretations of these extinct animals.
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