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Abstract

The Phylogeny of Hexaprotodon (Mammalia, Artiodactyla, Hippopo-
tamidae) was reevaluated by using parsimony analysis. Hex iravaticus is
the most primitive lineage of the Asian hippos, situated at the base of
Hexaprotodon clade. Hex sivalensis and small-sized Hex. palaeindicus of
Myanmar remained in the primitive morphological stages which are quite
distinct from Indian and Javan forms. The cladistic analyses strongly
suggest that the size variation seen in south Asian and Southern Asian
taxa is interpreted as an interspecies variation rather than interspecific
difference.
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Introduction

The origin of Asian hippopotamus, Hexaprotodon, was most
probably in Africa during the Late Miocene (Boisserieer al., 2005). They
probably migrated into Asia during the latest Miocene. In Asia, their
remains have been discovered from the various Mio-Pleistocene
paleontological sites of South and Southeast Asia (Figure 1) (Falconer
&Cautley, 1836, 1847; Lydekker, 1884; Colbert, 1938; Hooijer, 1950). In
Asia, the latest Miocene to Late Pliocene fossil localities are restricted only
for inland South and Southeast Asia (Siwalik, Myanmar), while, the
Pleistocene sites are more widely distributed, continental Central India
(Narbada) to insular Java.

Hippo remains from Siwalik, Narbada and Java have been
described on many skulls, mandibles, and isolated teeth (e.g., Falconer
&Cautley, 1847; Falconer, 1868; Lydekker, 1884; Colbert, 1938, 1943;
Hooijer, 1950). Boisserie (2005) revised the phylogeny and taxonomy of
family Hippopotamidae, mainly Hippopotaminae, by using the craniodental
characters. In that analysis, only Hexaprotodonsivalensis and
Hex.palaeindicus were adopted for Asian species, and Hex.iravaticus of
Myanmar was not included because of lack of well-preserved skull and
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dental remains. Boisserie described that, in Asia, there are ten different
forms recognized by Hooijer (1950). Hooijer’s discussion on the fossil
Hippopotamidae of Asia was done by using well-known skull and dental
specimens, most of which are the Pleistocene Javan hippos. Boisserie
(2005) followed Hooijer’s idea that all small-sized JavanHexaprotodon spp.
are the sub species of Hex. sivalensis, but he did not use Hooijer’s
specimens and taxa in his description. However, he concluded that a
comprehensive revision on the phylogeny of insular Indonesian hippos
should be done. The variations on the morphology of skull and dentition
among the continental Indian species and insular Javanese species are large.
In previous, there was no information about the intermediate form in
Myanmar, the midway between South Asia and peninsular Southeast Asia,
and it was difficult to correlate the Indian forms and Javanese species.

Figure 1.Fossil hippopotamuse localities in south and Southeast Asia.

Newly discovered hippo remains from Myanmar include Hex.
sivalensis and Hex. palaeindicus, which are identified from the partial
skulls and dentitions. The antecedent research data for the known species of
Siwalik and Javan hippos have been described by previous workers (Hooijer,
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1950; Boisserie, 2005), and new data for the skull and dental morphological
characters of Myanmar species prompted to analyze the phylogenetic and
taxonomic relationships between Myanmar and other Asian Hexaprotodon.
In this study, the phylogeny of Asian Hexaprotodon together with African
species is reevaluated by the parsimony analysis using morphological
characters of fossil skull and dentition.
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Figure 2.Hippcpotamuses fossil localities in central Myanimar.
Previous studies on Asian fossil hippopotamuses

In Asia, there are three well known representative species, Hex.
sivalensis, Hex. palaeindicus and Hex. iravaticus, and several poorly known
subspecies, such as Hex. namadicus, Hex. sivalensisduboisi, Hex.
sinhaleyus, Hex. sivalensissivajavanicus, Hex. s. koenigswaldi and Hex.s.
soloensis. These subspecies were neglected in Boisserie’s discussion on the
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taxonomy and phylogeny of Hippopotamidae (Boisserie, 2005), probably
because Hooijer (1950) placed them as the synonym or subspecies of Hex.
sivalensis.

Koenigswald (1939) suggested that the intermediate-sized Hex.
namadicus of Siwalik probably evolved from the small-sized Javanese
hippos after their re-entering into India rather than directly from large-sized
Hex. sivalensis of Siwalik. On the contrary, Hooijer (1950) revised
Koenigswald’s idea that Asian hippos, except for Hex. iravaticus, are single
species, Hex. sivalensis, and skull and dental morphological variations
among Siwalik and Javan species are intraspecies variations. He also
described that “there is a Lower Pleistocene stages with low orbits,
elongated post dental portion, long and low symphysis, and low horizontal
ramus, and a stage with high orbits, shortened post-dental portion, and a
short and high symphysis and horizontal ramus that appears higher up in the
geological time scale and that prevails toward the close of the Pleistocene”.
Hooijer’s (1950) idea was mainly based on the Pleistocene appearance of
Hex. sivalensis in Siwalik, and his suggestion on the evolutionary trend in
Asian hippos meant for the gradual changes from Siwalik Hex. sivalensis to
Siwalik Hex. palaeindicus and from Hex. sivalensissivajavanicus to Hex. s.
soloensisvia Hex. s. koenigswaldi.

«—Wl—>
anterior cingulum anterior cingulum ——
protoconid
prolocone ——
metaconid
paracane ——
entaconid
melacone
hypoconid
hypocong ——
lerior cingulum
Py poslerior cingulum —

Figure 3.Dental terminology and measurement method of Hippopotamidae.
All are left cheek teeth.

Recently, the first and last appearances of Hex.sivalensis in
northern Pakistan were revised, latest Miocene to Late Pliocene, by the
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results of radiometric and paleomagnetic dating (Barry er al., 2002).
According to the Hooijer’s hypothesis, there would be the largest Hex.
sivalensis of Siwalik which shows more primitive character stages than
Javanese hippos: such as, in having much lower orbit, shorter molar row
compare to premolar row, longer and lower symphysis, and lower horizontal
ramus (Hooijer, 1950). However, Siwalik Hex. sivalensis is definitely larger
in size and more derived than Javanese hippos. It appears difficult to
explain that the phylogenetic and taxonomic relationship between larger,
primitive and geochronologically older Siwalik Hex. sivalensis and smaller,
progressive and geochronologically younger Javanese hippos. There is a
large morphological and size gap between Siwalik and Javanese species,
requiring an “intermediate form” between the Siwalik and Javanese forms
in the “intermediate place”, such as Myanmar (Hooijer, 1950).

Material and method

Three partial skulls and more than 55 dentognathic materials of
fossil hippopotamuses were newly recorded from Myanmar during the
present study (Table 1). All specimens were recovered from the central part
of Myanmar: some of them are formerly housed in the National Museum,
Yangon, Geology Museum, Mandalay University, Mandalay, and Geology
Museum, Magway University, Magway, others were newly collected near
Chaingzauk and Sulegone Villages, Pauk Township, and Gwebin Village,
Seikpyu ToWnship (Figure 2) and housed in Department of Archaeology
and Museum (Yangon). Dental terminology and measurement method are
according to Thenius (1989) (Figure 3). Dental measurements of some
Myanmar specimens are listed in the Table 2.

The identification on the hippopotamuses has done not only by the
dentition but also by the skull morphology. Measuring style on the skull
materials is based mainly on Hooijer (1950), partly on Weston (2003) and
Lihoreauet al. (2007). The cranial and mandible dimensions for the adult
Hexaprotodon of Myanmar are described in the Table 3.

Skull and dental measurements of Asian hippos are taken mostly
from well-known research data of the previous publications (Hooijer, 1950,
Weston, 2003; Boisserie, 2005) and some from specimens housed in the
National Science Museum, Tokyo, Japan.Foreign specimens are housed in
the following museums and institution: Leiden Museum, Netherland;
National Museum of Ethiopia, Addis Ababa, Ethiopia; Centre National d’
Appui a la Recherche, Ndjamena, Chad; National Science Museum, Tokyo,
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Japan; BMNH, London, UK. A parsimony analysis was performed to
determine the position of Myanmar species within the Hexaprotodon. List
of the taxa considered in this study are described in Table 4. Some not
well-known Taxa, Hex. sivalensissinhaleyus and Hex. palaeindicus
(Myanmar, large), are extracted from cladistic analysis because they are
known only for dental fragments.

Cladistic analysis
Outgroup

Among the Hippopotaminae, Archaeopotamusharvardi, Coryndon,
1977, is the oldest well known taxa (Weston, 2003).
Archaeopotamusharvardi and Hexaprotodongaryam are contemporaneous
in the Lower Nawata Formation (6.54 — 7.44 Ma), and the former is also
discovered in the Upper Nawata Formation of Lothahgam (5.0 - 6.5 Ma)
(McDougall and Feibel, 2003), southwest of Lake Turkana, Kenya. A.
harvardi is well documented by numerous skulls and dental specimens and
regarded as forerunner of all post-Miocene species except for the Liberian
hippo, Choeropsisliberiensis (Boisserieet al., 2005). In this analysis, 4.
harvardi was taken as an out group of Hexaprotodon lineage. The
morphological data of 4. harvardiare taken from Weston (2003) and
Boisserie (2005).

Characters

Only distinct morphological features are taken for the character.
The total 28 cranial and dental features of adult specimens are described in
the Appendix. All characters seen in Archaeopotamusharvardi are placed
for state (0).

The character matrix includes 28 characters and 13 taxa (Table 3).
The missing data percentage for the character matrix is 23.6%. All
characters are type of unordered and unweighted. All characters are
parsimony-informative.

Analysis

The analysis was performed in PAUP* v4.0810 (Swofford, 1998). A
maximum parsimony analysis was performed by bootstrap method. The
stability of clades was evaluated by using 1000 replications of
branch-and-bound search option (Felsenstein, 1985; Hills and Bull, 1993).
Bootstrap value is used in order to examine the robustness of the various



Universities Research Journal, 2015,Vol.8,No.5 177

clades revealed in the consensus tree clades (Felsenstein, 1985). Consensus
trees with mean bootstrap values of <50% were rejected. According to Hills
and Bull (1993), bootstrap values above the 70% has 95% confidence for
related taxa. A strict consensus of the minimum length maximum parsimony
trees was calculated. Tree length, consistency index (CI), and retention
index (RI) were calculated. Consistency index measures the level of support
for each tree. Consistency index will equal one when a data set explains the
tree as well as possible. Retention index measures the congruency of the
characters to each other and the tree. Retention index will equal one when

the characters in a data set are totally congruent with each other and the
tree.

Archaeopolamus harvardi

Hex. garyam

Hex, iravalicus

Hex. sivalensis (Myanmar)

8 Hex. s. sivajavanicus

Hex. s. koenigswaldi

Q Hex. sivalensis (Siwalik)
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Figure 4. The most parsimonious tree of Hexaprotodon obtain from the
cladistic analysis (length = 66, Cl = 0.830, RI - 0.8219). Bootstrap results
are given as an indication of clade robustness.

Results

The most parsimonious phylogenetic tree was obtained, and the
length of the tree is 66 steps. The consistency index (CI) of the tree is 0.803.
The retention index (RI) of the tree is 0.829. The most parsimonious tree
with the results of the bootstrap analysis for an estimate of the node
robustness is described in Figure 4.The character state changes of each node
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(Accelerated transformation: ACCTRAN) for the most parsimonious tree is
shown in Figure 5. 5 nodes for a monophyletic clade containing 12 taxa can
be seen in the most parsimonious tree. A detail discussion for the case of
each node is described in the following.
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Figure 5.The most parsimonious trees of Hexaprotodon with nodes and
character stages. The bold numbers indicate the nodes. The number boxes
indicate the ACCTRAN character state changes (white boxes indicate
reversion and convergences).
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Node 1

Node 1 separates Hexaprotodonclade from  outgroup,
Archaeopotamusharvardi. The monophyletic genus Hexaprotodon is well
supported by eight synapormorphic features: height of the orbits (character
3, state 1); outline of the orbits (character 4, state 1); outline of the
glenoidarticular area (glenoid fossa) (character 7, state 1); frontal height
index (character 11, state 2), degree of the inclination of the mandibular
symphysis (character 14, state 1); symphysis height-length —index
(character 16, state 1); distolingual heel for P* and P* (character, 20, state
1); arrangement of the alveolus of the lower incisors (character 28, state 1).

(g ()

Figure 6. Right lateral view of hippopotamus skulls arranged in geochrono-
logically older to younger. (a) Archaeopotamusharvadi; (b)
Hexaprotodonsivalensissp. nov.; (c) Hex. s. sivalensis; (d) Hex. s.
sivajavanicus; (¢) Hex. s. koenigswaldi; (f) Hex. palaeindicuspalaeindicus;
(g) Hex. p. duboisi; (h) Hex. p. soloensis.
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However, character state changes of 3, 4 and 7 between A.
harvadiand two primitive Hexaprotodon, Hex. iravaticus and Hex. harvardi
are unknown because of the missing data.

Node 2

Node 2 separates the group consisting of Hex. iravaticus and Hex.
garyam form the other 10 taxa of Hexaprotodon. These two groups can be
separated distinctly by the 12 synapomorphic features: post-canine
constriction of the muzzle (character 1, state 1); proportion of the largest
width of the muzzle relative to the narrowest width of the post canine
constriction of the muzzle (character 12, state 1); general skull size
(character 13, state 1); Symphysis length-width index (character 15, state
3); ramus length-height index (character 17, state 1); outline of ramus
(character 19, state 1); occlusal area of P* and P* (character 21, state 1); P*
morphology (character 22, state 1); occlusal outline of the cusp of upper
molars (character 23, state 1); Size of the I; relative to the I, (character 24,
state 1); P4 morphology(character 25, state 1); the upper margin of the lower
canine (character 27, state 1).

Hex. iravaticus and Hex. harvardi are the most primitive taxa
within Hexaprotodon, and can be taken as the sister taxa of the remaining
Hexaprotodon. Only one synapomorphy unifies Hex. iravaticus and Hex.
garyam: lateral outline of the mandible (character 8). Hex. garyam show
more derived in character state (state 2, mesially higher mandible) than the
Hex. iravaticus. Boisserieet al. (2005) emphasized this character as a
diagnosis of this species to differentiate from the Asian primitive type
Hexaprotodon, Hex. sivalensis. Hex. iravaticus Falconer &Cautley, 1847, is
firstly identified under the diagnosis of small size (character 13) and narrow
and long mandibular symphysis (character 15) and has been suggested as
the most primitive form of Hexaprotodon in Asia (Lydekker, 1884). The
additional distinct "characters between Hex.iravaticus and other Asian
species strongly support the valid taxonomic status Hex. iravaticus among
Asian hippos.

Node 3

Node 3 separates Hex. sivalensis (Myanmar) from the group of the
remaining species except for Hex. iravaticusand Hex. garyam. They are
differentiated by the five synapomorphic features: position of the anterior
border of the orbit (character 2, state 1); general skull size (character 13,
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state 2); lateral outline of the mandible (character 18, state 1); p*
morphology (character 22, state 2); P4 morphology (character 25, state 2).
However, some character states changes which are used to separate Hex.
sivalensis (Myanmar) from others in node 3 are appeared again as the
homoplasic character states (reversion and convergence) in Hex.
sivalensis(Siwalik), Hex. s.sivajavanicus and Hex. s. koenigswaldi of node 3.
As a result, this clade is only weakly supported (51% bootstrap result).

Node 3 associates two groups, Node 4 group (the association of the
African Pliocene Hex. bruneti and five palacindicus type taxa (Hex. s.
soloensis, Hex. palaeindicus (Myanmar, small), Hex. s. duboisi, Hex.
palaeindicusand Hex. namadicus) and the group of sivalensis type taxa
(Hex. sivalensis, Hex. s.sivajavanicus and Hex. s. koenigswaldi). Among the
three species of thegroup of sivalensis type taxa, it can be seen that they are
supported separately by the different homoplasic characters states: Hex. s.
sivajavanicus by character 11 (state 0), character 13 (state 1) and character
18 (state 0); Hex. s. koenigswaldi by character 15 (state 2); Hex. sivalensis
by character 7 (state 0), character 15 (state 1), character 16 (state 0) and
character 22 (state 1).

Node 4

Node 4 is strongly supported (92% bootstrap result). It separates
two groups of node 3 (node 4 group and group of sivalensis type taxa).
There are 12 synapomorphic features which separate these two groups (see
Figure 40). Within the node 4 group, the African Pliocene
Hex.brunetiBoisserie& White, 2004, and Hex. palaeindicus (a species of
palaeindicus type taxa) has been suggested as the sister taxa, both of which
are evolved from Hex. sivalensis of Siwalik (Boisserie, 2005). It is not
surprising that this node 4 is strongly supported to separate the sivalensis
type taxa and palaeindicus type taxa.

Hex. bruneti is unified by the 4 synapomorphic features: proportion
of the largest width of the muzzle relative to the narrowest width of the post
canine constriction (character 12, state 2), size of the Iy relative to the I;
(character 24, state 3), the upper margin of the lower canine (character 27,
state 2), arrangement of the alveolus of the lower incisors (character 28,
state 3). These features are taken as the diagnosis of this species, and that is

why Hex. bruneti is separated from the remaining species by well supported
node 5.
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Node 5

Node 5 is well supported by the 73% bootstrap result. It associates
the Asian species which possesses the dental and skull features of Hex.
palaeindicus. 1t consistsHex. palaeindicus, Hex. namadicus, Hex.
palaeindicus (Myanmar, small) Hex. sivalensisduboisi, and Hex. s.
soloensis.

Hex. sivalensissoloensis of Java and Hex. s. duboisiof India are
unified by the same states of synapomorphic character, height of the orbit
(character 3, state 3); however, the remaining homoplasic features which
support these two species are quite different, character 6 (state 0) and
character 5 (state 0) in Hex. s. duboisi and character 11 (state 1) in Hex. s.
soloensis. These differences have been used to separate these two
subspecies (Hooijer, 1950).

The remaining three species of this node are unified by separate
synapomorphic and homoplasic features. Two synapomorphies unify Hex.
palaeindicus: general skull size (character 13, state 3) and posterior border
of the plate (character 8, state 2). Single homoplasic feature unifies Hex.
namadicus: size of the I; relative to the I, (character 24, statel). Small-sized
Myanmar Hex. palacindicus is unified by three homoplasic features: outline
of the orbit (character 4, statel), frontal height index (character 11, state 0)
and general skull size (character 13, statel).

Discussion

The result of the parsimony analysis indicates a distinct
monophyletic tree including all species of Hexaprotodon. High RI and CI
values for this most parsimonious tree indicate the high reliability of this
phylogenetic tree. The taxonomic statuses of two African species, Hex.
garyam and Hex. bruneti are same as the results of previous works, where
Hex. garyam is situated at the base of the clade, and Hex. bruneti and Hex.
palaeindicus are sister taxa (Boisserie and White, 2004; Boisserie, 2005;
Boisserieer al., 2005). The character states of Hex. garyam and Hex.
iravaticus are very similar to each other, with only one character separating
them in this analysis. The progressive stage for the lateral outline of the
mandible in Hex.garyam suggests this species might be a close relative of
Hex. iravaticus rather than an ancestor.

The relatively low bootstrap value between Hex.sivalensis of
Myanmar and others suggests that Myanmar specimen may not represent a
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new species. Within the parsimonious tree, three subspecies of
Hex.sivalensis from Java are clearly separated by the two phylogenetic steps,
Hex. sivalensis and Hex. palaeindicus. Hex. sivajavanicus and Hex.
koenigswaldi lie within the morphology stage of Hex. sivalensis, whereas
Hex. s. soloensis falls within the morphology stage of Hex. palaeindicus,
suggesting that taxonomic status of Hex. 5. soloensismay be close to Hex.
palaeindicus rather than to Hex. sivalensis.

Hooijer (1950) insisted the elevation of the orbit above the frontal
bone is an evolutional trend of Hexaprotodon. Three convergence
homoplasic character states of relatively low elevation of orbit, smaller
sized and lower in frontal height index for the small-sized Hex.
palaeindicusof Myanmar suggests that it is more primitive than other taxa
of Hex. palacindicus lineage. The phylogenetic position of Hex.namadicus
is still uncertain, because most of the characters of this species is missing,
and the most of known materials of Hex. namadicus and Hex. palaeindicus
(Myanmar, small) are mostly different parts of the skull. However, the two
separated localities of them, Narbada of India and central Myanmar, suggest
the different subspecies or species status for them.

Phylogenetic context and evolutionary trends in Asian hippopofamuses

The result of the present parsimony analysis for the phylogenetic
relationships within Hexaprotodon lineage is mostly similar to the result of
previous works (Boisserie& White, 2004; Boisserie, 2005; Boisserieet al.,
2005). The origin of Hexaprotodon might be Africa. At present, Hex.
garyam is considered the oldest taxa (ca 7.0 Ma), and its first appearance is
very close to the oldest Late Miocene taxa of Hippopotaminae, such as
Archaeopotamusharvadi (ca. 5.0 — 7.44 Ma). The poorly differentiated
hexaprotodont incisors, uninterrupted cingulum on upper molars and strong
accessory cusps and bicuspidate P* of Hex. garyam has been suggested
clear primitive features of Hippopotaminae clade (Boisserieet al., 2005).
Hex. garyam would be the first representative of the “Asian”
hippopotamuses which were recovered after 6 Ma (Boisserieer al., 2005).

In Asia, on the other hand the oldest well known species is
Hex.sivalensis of Siwalik in northern Pakistan (5.9 Ma for first occurrence
and 6.1 Ma for inferred first appearance: Barry ef al., 2002). However, Hex.
garyam is similar to Hex. iravaticus rather than to Hex. sivalensis. The
significant size and morphological differences between Hex.garyam and
Hex. iravaticus are very small, the latter also shows primitive characters of
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hippopotamuses (poorly differentiated hexaprotodont incisors, uninterrupted
cingulum on upper molar, strong accessory cusps and bicuspidate P*). These
two small-sized Hexaprotodon are described based on the partial cranial and
mandibular fragments. There may be some unknown distinct characters
differentiating these two species. At presert, they can be differentiated only
by the overall morphology of the mandibular corpus, which may be related
with substantial difference of their diets. Anteriorly tapering mandible of
Hex.iravaticus is considered the most primitive state seen in the oldest
hippopotamuses, such as Archacopotamusharvadi, so that Hex. garyammay
be the sister taxon of Hex. iravaiicus rather than an ancestor.

According to the recent publications, Hex. sivalensissivalensis, a
large-sized Hexaprotodon, is the well-dated oldest species of Asia. It was
recorded as the Pleistocene Upper Siwalik fauna in old literatures (e.g.,
Colbert, 1935). Barry et al. (1995) revised the first appearance date of Hex.
sivalensis to 5.7 Ma based upon the radiometric and paleomagnetic data,
and he furthermore inferred first appearance of Hex. sivalensis to 6.1 Ma
(Barry et al.; 2002), without giving any reason for his identification (Gentry,
1999).

On the other hand, there are some records for the discoveries of
Hex. iravaticus-sized hippo remains from the Middle Siwalik, DhokPathan
equivalent sediments (Lydekker, 1884; Pilgrim, 1910). The latest Miocene
and the Pliocene Hexaprotodon in Asia may be a small-sized species,
became Hex. iravaticus and small-sized Hex. sivalensissubsp. nov.has been
discovered from the Early Pliocene in Myanmar. It suggested a small-sized
Hexaprotodon have arrived in Asia during the latest Miocene, and later,
some forms such as the Siwalik Hex. sivalensis(Hex. s. sivalensis) became
larger in size.

In Myanmar, both Pliocene Hex.sivalensis (Hex. sivalensissubsp.
nov.) and Hex. iravaticus do not show large body size variations, whereas in
Java, Hex. sivalensiskoenigswaldi is quite smaller than Hex.
sivalensissivajavanicus. The first appearance of the former is younger than
the latter (Koenigswald, 1933, 1934) and there can be seen the reverse
progressive trend compare to Siwalik species which progress small to
large-sized taxa. The late Pliocene and Pleistocene Hex.palacindicus in
Siwalik shows large size variation, Hex. palaeindicusnamadicus, Hex. p.
duboisi and Hex. p. palaeindicus. In Southeast Asia, Middle Pleistocene
Javanese form (Flex. p. soloensis) is only slightly larger than the Late
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Pliocene Myanmar form (Hex. palaeindicussubsp. nov.) and smaller than
the Early Pleistocene Myanmar form (Hex. p. cf. palacindicus). It suggests
that large size variation among Hexaprotodon species is the intraspecies
geographical variation rather than evolutionary trends.

Compared to size variations, the gradual elevation of the orbits can
be seen in younger species, without any relation of body size enlargement.
The position of the orbits in the latest Miocene to the Late Pliocene
large-sized Hexaprotodonsivalensissivalensis is distinctly lower than that of
the latest Pliocene or Early Pleistocene Javanese Hex. s. sivajavanicusand
Hex. s. koenigswaldi. The position of the orbits in the Early Pleistocene
large-sized Hex.palaeindicuspalaeindicusis much lower than that of Middle
to Late Pleistocene Javanese Hex. p. soloensis (Figure 6). Thus, the
elevation of the orbits can be seen as the evolutionary trend in the
Hexaprotodon lineages. Hooijer (1950) described that Middle to Late
Pleistocene forms have high positioned orbits, shorter and higher in
mandibular symphysis, shorter in post-dental portion and higher in the
height of mandibular corpus than those of the Early Pleistocene forms. He
also suggested that these transformations have certainly been accomplished
in several collateral lines of the Hippopotamidae.

Boisserie (2005) also described the evolutionary trends of
Hexaprotodon as follows: increase in diameter of the I3 diameter relative to
that of the -other incisors; the increasing elevation of the orbits; and
increasing height of the molar crown.

The present analysis, demonstrate some evolutionary changes
within Hexaprotodon lineages: reduction of protocone in P!, reduction of
distolingual heel in P, reduction of metaconid and linguo-distal cusplets in
Py; gradually expanded cusps in upper molars, gradual change from poor
tri-foliate outline with wide grooves to sometimes tetra-foliate outline with
narrow grooves in cusps of the upper molars, backward shift in the position
of the posterior border of the palate; and dorsally shifted I,.

As discuss in above Javanese Hex. sivalensissubspp. probably
evolved from small-sized Hex. sivalensissubsp. nov of Myanmar. However,
the morphological feature and result of parsimony analysis indicate that Hex.
s. soloensis) might be closely related to Hex. palaeindicus and likely
evolved from Hex. palaeindicus subsp. nov.of Myanmar rather than directly
from Javanese Hex. sivalensis.
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Figure 7. Probable new phylogeny for Hexaprotodon: geographical distri
-bution.

According to the results of parsimony analysis, the revised
phylogeny and evolutional trend for the Hexaprotodon is newly described
(Figure 7). Most of Hexaprotodon species are highly diversify in South and
Southeast Asia after they migrated from Africa. Only Hex. bruneti is the
exceptional which constitutes a presumptive migrant of the lineage into
Africa during Pliocene (Boisserie& White, 2004). In Asian hippopotamuses,
the morphology and size of the skull and dentition of Hex.iravaticusdo not
exhibit significant variation. In Hex.sivalensis and Hex. palaeindicus, there
are several changes in evolutionary and geographical. Compared to
Hex.sivalensis, the phylogenetic relationship among Hex. palaeindicus
subspecies is quite problematic. The data contained in the present study do
not permit to identify more precisely on the phylogenetic relationship
among Hexaprotodon spp. However, the discovery of intermediate forms in
Myanmar, together with well informative skull and dental fragments,
greatly supports to reconstruct the phylogeny of the Asian hippos.



Universities Research Journal, 2015,Vol.8,No.5 187

Conclusion

Three distinct species of Hexaprotodonare recoveredfromthe central
Myanmar. The cladistic analysis of Asian hippos suggested that Hex.
iravaticus is a primitive in Asian hippos and the sister taxon of others. Hex.
sivalensis of Myanmar represent a new subspecies, and shows primitive in
character than the other species offHex. sivalensis. A small-sized Hex
palaeindicus from Myanmar is placed to new subspecies, and it is primitive
than others Hex. palaeindicus. The analyses suggest thatHexaprotodon
species are highly diversified in South and Southeast Asia after they
migrated from Africa. The discovery of intermediate forms in Myanmar,
together with well informative skull and dental fragments, greatly supports
to reconstruct the phylogeny of the Asian hippos, and the size variation seen
in south Asian and Southern Asian taxa is interpreted as an interspecies
variation rather than interspecific difference.
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Table 1. List of the hippo specimens of Myanmar which have been studied in this work

NMMP-KU NMM

Subfamily Taxa Locality Material
number number

Hippopotaminae Hexaprotodon sp., IR 0006 Gbn1 canine fragment

Hippopotaminae Hexaprotodon sp. IR 0015 Gbn2 canine fragment

Hippopolaminae Hexaprolodon sp. IR 0023 Gbn1 molar fragment

Hippopotaminae Hexaprofodon sivalensis. IR 0046 Gbn2 partial skull fragment with right upper P3-M3 and left upper P4-M3

Hippopolaminae Hexaprolodon sivalensis IR 0067 Gbn2 right upper P4

Hippopotaminae Hexaprofodon sp. IR 0070 Gbn2 molar fragment

Hippopotaminae Hexaprotodon iravaticus IR 0080 Gbn1 right upper P1

Hippopolami Hexaprotoden iravaticus IR 0124 near Chaingzauk Village, Pauk TS., Magway Div. right upper M1 or M2

Hippop Hexaprolodon iravaticus IR 0125 near Chaingzauk Village, Pauk TS., Magway Div. right lower canine

Hippopolaminae Hexaprolodon iravaticus IR0177 near Chaingzauk Village, Pauk TS., Magway Div. fragment of mandibular symphysis with roots of right i1-c, and alveolus

of p1-p2; roots of left i1-c and alveolus of p1-p2

Hippopolaminae Hexaprotodon sp. IR 0184 CHZ14 rool of upper P3 or P4

Hippopolaminae Hexaprotodon iravaticus IR 0191 CHZ20 right mandibular fragment with p4-m3 and root of p3

Hippopotaminae Hexaprofodon sp. IR 0210 CHZ15 mandibular fragment with root of a molar

Hippopotaminae Hexaprofodon sp. IR 0229 Gbn1 molar fragment

Hippopolaminae Hexaprofodon sp. IR 0281 near Chaingzauk Village, Pauk TS., Magway Div. right astragulus

Hippopotaminae Hexaprotodon iravaticus IR 0302 near Chaingzauk Village, Pauk TS., Magway Div. right mandibular fragment with mesial half of m2 and roots of p4-m1

Hippopolaminae Hexaprotodon iravaticus IR 0326 near Chaingzauk Village, Pauk TS., Magway Div. right mandibular fragment m3

Hippopolaminae Hexaprofodon sivalensis IR 04236 HBG-19 near Tabingyaung Village, Scikpyu TS, Magway Div.  right mandibular fragement with m2

Hippopolaminae Hexaprofondon palaeindicus subsp. IR 0437 HBG-20 near Tabingyaung Village, Seikpyu TS, Magway Div.  left mandubualr fragement with m2-m3

Hippopolaminae Hexaprofodon iravaticus IR 0438 IAH-1 ‘Yebyu-Letma area, Yaw Chaung, Magway Div. maxillary fragement with right P4-M3, and rools of P2-P3; left P3-M3,
= and rools of P2

Hippopolaminae Hexaprolodon iravaticus IR 0449 Yebyu-Letma area, Yaw Chaung, Magway Div. mandibular fragement with right m1-m3, roots of i3, ¢, p2-p4, and

alveolus of i1-2, p1; left roots of ¢, p2-p3, and alveolus of i1-i3, p1

Hippopotaminae Hexaprotodon sivalensis IR 0458 GPN 55 near Gwebin Viillage, Seikphyu TS., Magwe Div. Ieft upper canine fragment

Hippopolaminae Hexaproledon iravaticus IR 0459 GPN 56 near Gwebin Village, Seikphyu TS., Magwe Div. right upper m3

Hippopotaminae Hexaprolodon sivalensis IR 0460 GPN 54 near Gwebin Village, Seikphyu TS., Magwe Div. left upper canine fragment

Hippopotaminae Hexaprotodon iravalicus IR 0481 GPN 53 near Gwebin Village, Seikphyu TS., Magwe Div. lent lower canine fragment

Hippopotaminae Hexaprotondon sp. IR 0487 CHZ (157) premolar fragement

Hippopolaminae Hexaprotondon sp. IR 0492 CHZ (163) premolar fragement

Hippopolaminae Hexaprotondon sp. IR 0519 SLG4 canine fragment

Hippopolaminae Hexaprofodon iravaticus IR 0520 CHZ 172 right upper M2

061

S'ON'‘S "IOA S10T [PUINOf 2183SY SONISIAAIUN



191

Universities Research Journal, 2015,Vol.8,No.5

(kemBew 9
u2Y0Iq S |BJUCY ZW \fw-Zw Y JuowBes) JejnqipuBw Yoy ynew)eN uoomioq) ‘AlQ Aembepy ‘obejip okdehey Jeau €004 - sisuajeals vopojaxdexaly ooujwejododdiy
(loamin ‘AOU .
CN-LN UM WwowDey Asyicew Wbu  neojold woy) ‘AQ Buiebes "obeiA eBewuaysseou  Zool - ‘dsqns snapuioejed uopojaxdexo ouuweiododdiy
‘MO ADU
u¥0)q St In¥s jo Wed [ewpcod ‘g 146U Y JuawbBey inys jmped Kepuep 'Ayd uoxyiowes Jeary Apesmsekody jo yueq 3 1004 - _'dsqns snaipuseejed vopojaxdexay doddiy
Jsqunu Jaqunu

220 e, Anwegn
[LTET) Aywaon AOONW NFJWWN L nweqns
Jewuekyy ‘Kejepuepy Aejepuepy jo Apsioaiun 'A80j0as jo dag ‘wnoasnpy A00jooD :uoiea0] abeso)s
8)mqappA-ABoj0aD jo juawpedaq Axsioaun Aejepusiy = A-OONW
(A-2anwW) "ou vawidads wnasnyy AGojosg-Avjepuri Jo ANSIaAILN WM (B1aEpOIIY "Bl W) oEp|ng jo 1517

2-11 401 1§11 WBW yim siskydwis Jeinaipusw jo jsweosd ‘M0 AemBeyy “Ayjeacy umowyun ] ) geaes vopojoxdexop dodd
£Ww 'gd jo SNJOAIR puB ‘Zw-pd YIM JUawBes) Jenqipuew Yo 'AIQ AemBey “s 1 ¥nexekjy) "abega vespkdng Jeou 1 - ! pojaxtexop ddiH

Jequinu  Jaquinu

Lele) e, Ajwejqn
LU Ayreaon ANOW. TrovdNAN L lwejqng

W ‘KemBey ‘Apsianun AemBeyy 'AB0j009 jo wewpedag W ABoj099 :uoneac) abeso)
Aussonun Aombep = MOW
(mow) ‘ou uawised W ABojosgrAyssnaiun AemBeiy Y (EIX198pOILY 'IIRWWERY) ORPING JO 1S
Wwawabey) sejow 081 ZHO ¥L80 HI “ds vopuojaxdexoly ovulwecdoddiy
Zd Jaddn Yoy ‘M@ Aembey 'S 1 3ned 'abeipp ynezbuieyd Jeau 0460 ¥I snoyeArs uopojaxdexayy avujwelododdiy
£ Jamoy JyBu 581 ZHD 1950 ¥ snayears uopojaxiexoy evviweiododdiH
#dp Jo wowbey) jeysaw Wby 5aL ZHD 9950 ¥I pojordexa doddin
(s0001d om)) sjuowoley) Jejow S8L ZHO S50 ¥i ‘ds vopuojaxdexaly oeujwejedoddiH
wowbes suwed 2L ZHO 0050 I eARN wloxoH | ddiH
W Jamoq yoi ‘N Aembow 'S L ¥ned ‘ebeiia ynezbuieyd seau 2550 ¥l neARH e xoH IwwjedoddiH
ZW Joddn Jubu jo wowbes) jenbuy ‘N Aembuyy 'S ned ‘obepA ynezbuieyg Jeou 9550 ¥l i xdexap doddiH
vdQ saddn Jybu ‘Mg Aembeyy 'S aned “abeyiiA ynezbureys seau §550 ¥l ] dexap iweiododdiH
€W Jomo] Ya| jo juawbey) Bisow £81 ZHO 24550 I weAey vopojoxtexey  ooulwejododdiy
¥ Joddn yay €81 ZHD 11550 ¥l weaes vopojoxdexo  eeupweiododdiy
L Joddn by ‘nQ AemBopy “S1 yned ‘abeiiA ynezBuieyo seou 0550 ¥l X uopojasde doddi
W Joddn 1ybu jo Juowbey) jersoW ‘nQ Aembey s wned "aBeinA Anezbuieyd seou £-A¥50 ¥l BARN UOPOjosdexaH doddiH
£d Jomoy 1ylu ag kembey sl yned "obepa-ynezbueyd seau Z-9¥S0 HI snayeAex vopojaxdexop ovunueiododdiH
wd Jomo| oy ‘A Aumbey s L yned ‘aejiA ynezbuieyd sjeou L-9¥50 I snogeAes vopojaxdaxoy oeujweiodeddiy
Zw Jomo] Bu jo juawbey jeisip ‘Mg Aumbop SL 3ned "obeiiA xnezbuieyd seau LyS0 Hl snoyeAen uopojaxduxo)y  buvIWBlododdiH
wowbey dujued 681 ZHD S¥50 Ml ‘ds vopuojaxdexayy  oeuwelododdiy
Juawabey) Jejow Z81 ZHO £rSo Hl *ds vopuojasdexay oeujwejododdiy
uswobey sejow L ZHD 0£50 ¥l “ds vopuojaxdexely ouujwejododdiH

jIoM ST} UI PAIPIYS U JARY [OIYM IewrueAJA Jo suaurnoads oddiy arp Jo isr] “(enunuod) [ d[qel



Universities Research Journal 2015 Vol. 8, No.5

192

H L9z - E] L0 HIT NN INSALN XOH
6 - - N - - = - - E] 5 QIS0 UM SAWN SOeARE X0
. gz < - 8 e = T VOO NN NN £5 Nt WHN saieans %o
L0z et - s e : 5240 HI TN snoosny X3
<+ - - om g e 00T 1 5500 MOW isamiial
N e - 424 021 6L 92 EOZ ¥OZ M 5500 MOW snjeses 1o
- =+ - TOLEELWOE - I TS0 M SAN sroyeses w05
s e e - szesgoc - - - - 1 18750 MM cIN snveses 304
BIZZIEBLG - = 2 Bl A= c L0 HITH AN srvesns xop
£ . © LOE 0BZSiR. - 1 __uh:sw.._ux,n!!z oneARE o4
i way,

- 19LZELE LN 1 By o smmaos 3
- TO0E G6Z ST - 2 u 95 96HOANA sormARy X0
1% B 15. £6Z Z6Z EZF SZ. 5P SE. LOZ BELLIE. - i 1000 MOW SASOARN KO
© RR SR OIS = % oINS e ] u 2950 MDA SN snoesRN Xak
TOSLZAIEGIS 0T 0D i S ZSZLUE GOZOMS0E - - o - - SOk - ¥ 1OLO HINH AN sngeaen %5t
SRR e R T A G- ST 66C CVZ 681 6L 881 L0Z LT 1 2410 MDA NN snqeaen %ok
= = B0 0EZ 0¥ 162 644 101 98L 561 2T N 2410 U snenen xot
.. = H © 60LECL.A0LEGI.0ELE62. - = bBL.26L.Z61.28L.60Z.LT2. O¥F0 HIMA-aWAN EAEARH XOH
© P P06 005,962 L92. 6565 5. _,lem.‘H b Lbe b Ok Nan..ﬂ:.u_n-qd— r.ﬂ— man- mvw —ﬂvnﬂﬂtwoﬂvﬂw«\nv—.—gnmr ] B¥Y0 HITUA NN ANEASE XS]
S02 TIE 0SS 1T OC Eh - 1 £001 A-DANN sruopAT ToH
= = a“ ooz oﬂn = H >. LTOHDANA STNRAT XOH
90C GZE L5, OZi- B1E o7 7 : - 1 LEROUITHANN 02 DH WAN 40y deans snopuoeed oy
= . oiczoes. g - - & ¥ GEVOHITIA-NAN BLOBHIWAN 400 dsans suoeas xor

_.a_.ﬁsli..EE..E.;..«:.:._S,:._E.;..Ba;,.;.___s._E :
ST o B ] _ L YR L B sy s i
X R o s o = bt = ] VFOOZ FINY peend p 3o
- 62y 9Ty 657 BEY GEV.L LN, LA AR RO ] 2004 ADONW 4w Gons soxpussend o
- TEEESW - - - - - - d 4 100k ADONN #ou dsans snupucod X
SRR I Tiv CEE W OO UINACANN V6 NJD WAN srsuBONT X0
i@ = O e M 85K MINNEANN 55 N WAN sravoEn Xo
g S @ ¥ 2 W e 96z 152 - - - ¥ D L1900 YINHdANN SR X0H
- TUE 6LE BT TUE SOE LI¥ VDL . §5C. L VI - 1 9700 MIMA AN siuaENs XM
80C 06C Oy L6C 5LE 91Y TVE VIC B THZ I SN OSC - ] 0700 BN AN SIUHRIS XOH
86e - . - - B - -] €-0V50 HI-NH SN SROeARE XOH
§ w w siv - o 9550 BT NNN SEARS X0H
TIE 662 6% - € & e im B oA 4 3 c ¥ 5550 HITRCHNN roqeany 334
= % o= 3o ® o2 s 8 SIS 5 & o2 & S ¥ 0550 BN CWAN smoqgeses XeH
= = ox 7 EROBEN = = o+ e e = = a e e = = Ll 6250 BENH-CNAN sEARE X0
= = = - £SC. Pt GIY - . - . - . TEL b'] YZLO HITIN-SNNN TABABN XTH
e AR R R B B = u . ST O8H 0anA seaen xeit
182 Z2E S0E - N i g N - - - - o - - o 6570 HITH NN 05 NJD WNN SNBARE XOH
PIZ TICEGE BPE GHE EUY . ©OLBE IS B LTS0S FE. Ol EL i) BEPD HITHSNAN b HVI NN VAL TOH
T OSEVRESILOW BN VI o 5 ¢ PR eRrinaR s i, Y BEROHITICANN b HVI VAN sngenes XoH
* = 2 3 s = 2 J A 7 . 6L1 L. L) ¥ 0300 MI-Mi-ehir BANIARS XOH
2 n—n Eec - 2 0250 HITA NN SRy Zol
_ _ C_BOZ 9% - > _ 3 L1550 MITIA NN snagerss xoy

?: [ .__wz. w0 a1 M M .,_: .._2 Tl e -

,da M M K] by ] o o 5 mm i mien i

"QJRWINSA = .. “sSUANN0AdS uopojotdvxapy retrueKJA 21 JO (W) SJUIWAMSLIUL [BIUA(] “T 2[qRL



Universities Research Journal, 2015,Vol.8,No.5

Table 3.Measurements (mm) of the skulls of Myanmar Hexaprotodon.

Cranial dimension of adult Hexaprotodon of Myanmar

Specimen NMM IAH 1 NMMP-KU-IR 0046 MUDG-V 1001
Taxa Hex. iravaticus Hex. sivalensis Hex. palaeindicus
(Myanmar) (Myanmar, small)
Zygomalic width >250 mm 308 mm
Width of the brain case 82 mm 102.8 mm
Maximum horizontal diameter of the orbit - 52 58 mm 64.78 mm
Maximum vertical diameter of the orbit - 59.14 mm >70 mm
Height of the orbit above the frontal bone - 12 mm *30 mm
Index of the height of the orbit 20 43
Length of the sagittal crest - 122 mm 66 mm
Smallest width of sagittal crest - 17 mm 5mm
Height of the occiput - >163 mm >150 mm
Width of the occiput - »210 mm 227 mm
Occiput height- width index 772 66
Height of the frontal to M3 - 126 mm 115mm
Width of the plate at M1 41.4 mm 44.4 mm *55 mm
Frontal height index - 35 48 mm
Largest width of the muzzle 187 mm - -
Narrowest width of the post canine constriction 101 mm - -

Mandible dimension of adult Hexaprotodon of Myanmar

Specimen NMMP-KU-IR 0449
Taxa Hex. iravaticus
Degree of the inclination of the symphysis 46
Length of symphysis 147 mm
Height of the symphysis 88 mm
Symphysis height-length index 59.8
Interval between lower canines 140 mm
Symphysis length-width index 105
Length from front to M3 307 mm
Height of ramus at M2 86.6 mm
Ramus length-height index 354.5
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Table 4.The examined and studied Hexaprotodon spp. in this work and their

geographical distribution.

Taxa Occurences References
Hex, iravaticus Myanmar (Plio.) Falconer & Cautley, 1847, Colbert,
1938; Hooijer, 1950; present work
Hex. sivalensis (Myanmar) Myanmar (M. Plio.) Colbert, 1938; Chit-Sein, 2008;
present work

Hex. palaeindicus (Myamar, small)  Myanmar (U. Plio.) present work

Hex. palaeindicus (Myanmar, large) Myanmar (L. Pleisto.) Colbert, 1938; Hoaijer, 1950

Hex. garyam Dijurab, Chad (U. Mio.) Boisserie et al., 2005a

Hex. sivalensis (Stwalik) Siwalik, India, Pakistan, Nepal Falconer & Cautley, 1828; Colbert,
(U. Mio. - L. Pleisto.) 1935b; Hooijer, 1950

Hex. palaeindicus Narbada Valley, central India Falconer & Cautley, 1847; Hooijer,
(Pleisto.) 1950

Hex. namadicus Narbada Valley, central India Falconer & Cautley, 1847; Hooijer,
(Pleisto.) 1950

Hex. sinhaleyus Ratnapura, Sri Lanka (L. Pleisto.) Deraniyagala, 1936; Hooljer, 1950

Hex. bruneli Bouri, Ethiopia (U. Plio.) Boisserie & White, 2004

Hex. sivalensis sivajavanicus Western and central Java, Hooijer, 1950
Indonesia (L. Pleisto.)

Hex. sivalensis koenigswaldi Java, Indonesia (L. Pleisto.) Hooljer, 1950

Hex. sivalensis duboisi Punjab, India (Pleisto.) Hooijer, 1950

Hex. sivalensis solosnsis Central and eastern Java, Hooijer, 1950

Indonesia (M. - U, Pleisto.)
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Table 5.Character matrix of Hexaprotodon. Missing data are indicated by ?

Characters
Taxa

Archaeopotamus harvardi
Hex. iravalicus

Hex. sivalensis (Stwalik)
Hex. sivalensis (Myanmar)
Hex. s. sivajavanicus

Hex. s. koenigswaldi

Hex. palagindicus

Hex. namadicus

Hex. palaeindicus (Myanmar, smalf)
Hex. s. soloensis

Hex. s. duboisi

Hex. bruneli

Hex. garyam
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Appendix
The characters: description and comments
Skull (cranium)

1. Post-canine constriction of the muzzle: (0) weak constriction in comparison to the lateral
extension of the skull canine apophyses; (1)-deep constriction in comparison to the lateral
extension of the skull canine apophyses.

2. qPos:‘rion of the anterior border of the orbit (in lateral view): (0) anterior to the middle of
M?; (1) posterior to the middle of M2

3. Height of the orbits (100 x elevation of the orbit above the frontal / vertical diameter of
the arbit): (0) orbital summit at the level of the cranial roof; (1) orbital summit poorly
elevated above the cranial roof (<40); (2) orbital summit elevated well above the cranial
roof (40~65); (3) orbital summit strongly elevated above the cranial roof (>70).

4. Outline of the orbits (lateral view): (0) maximum horizontal diameter is larger than
maximum vertical diameter; (1) vertical diameter is quite larger than horizontal diameter;
(2) vertical diameter is distinctly larger than horizontal diameter.

5. Sagittal crest: (0) strong; (1) weak.
6. Brain case morphology (dorsal view): (0) elongated; (1) short.

7. Outline of the glenoidarticular area (in ventral view): (0) an elongated shape with
laterally convergent anterior and posterior borders; (1) laterally divergent anterior and
posterior borders.

8. Posterior border of the plate: (0) more backward than the distal end of M (1)
sub-parallel with the distal end of M?; (2) M® extends more backward.

9. Anterior border of the palato-maxillary suture: (0) anterior (or) same level to the mesial
border of M?; (1) posterior to the middle of M?,

10. Occiput height-width index (100 x height of the occiput / width of the occiput); (0) high
(>70); (1) low (<70).

11. Frontal height index (100 x width of the palate at M'/ height of the frontal to M’
alveolus): (0) low (>45); (1) high (45~40); (2) very high (<40).

12. Proportion of the largest width of the muzzle relative to the narrowest width of the post
canine constriction of the muzzle: (0) small (<200%); (1) medium (200~250%); (2) large
(>250%).

13. General skull size: (0) small; (1) medium; (2) large; (3) very large.
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Mandible

14. Degree of the inclination of symphysis: (0) low angle (<45%*); (1) moderate angle
(45*~65%); (2) high angle (>65*).

15.8Symphysis length-width index (100 x length of symphysis / interval between canines):
(0) > 100; (1) 95~85; (2) 80~70; (3) <70.

16. Symphysis height-length index (100 x height of symphysis / length of symphysis): (0)
<50; (1)50~60; (2)>60.

17. Ramus length-height index (100 x length from front to M; / height of the ramus at M,):
(0) high (>300); (1) moderate (300~250); (2) low (<250).

18. Lateral outline of the mandible: (0) anteriorly tapered; (1) sub-parallel; (2) anteriorly
higher.

19. Qutline of ramus: (0) low and nearly upright ramus; (1) ramus become higher and
robust; (2) ramus extremely high and distinctly inclined toward the medial.

Dentition
20. Distolingual heel for P and P*: (0) weakly present; (1) strong at least on P*; (2) lost.
21. Occlusal area of P’ and P*: (0) nearly same; (1) P*>> P*; (2) P*> P°.

22. P morphology: (0) bicuspidate: protocone is smaller than paracone; (1) bicuspidate,
protocone is nearly same size with paracone, and minor cusplets are mostly present at the
mesial of protocone; (2) single-cuspidated tooth (protocone confluent with paracone).

23. Occlusal outline of the cusp of upper molars: (0) weak trifoliate outline with wide
grooves; (1) trifoliate outline with moderately wide grooves; (2) tetrafoliate outline in
paracone with narrow grooves, posterior lobe of the paracone extends buccally beyond the
anterior lobe of the metacone.

24, Size of the I; relative to the I;: (0) nearly same; (1) small; (2) large; (3) very large.

25. P, morphology: (0) presence of a large metaconid in the centrolingual, with one or
several minor cusplets in linguo-distal; (1) relatively longer in length with no minor cusplet
in linguo-distal; (2) metaconid distally shifted, low and reduced.

26. Molar hyposdonty: (0) low-crowned teeth with hypsodonty index (100 x crown height /
width) inferior or equal to 125 (lower molars) or 100 (upper molars); (1) high-crowned
teeth with hypsodonty index superior to 125 (lower molars) or 100 (upper molars).

27. The upper margin of the lower canine: (0) distinctly higher than that of I5; (1) around
the upper half of I5; (2) lower than the middle of I;.

28. Arrangement of the alveolus of the lower incisors: (0) all are nearly same size and
nearly straight alignment; (1) I, is quite smaller than others and shifted dorsally; (2) I is
distinctly smaller than others and shifted more dorsally, the lower margin of I, lies within
the upper half of I, and I3; (3) [, is tiny and lies above the upper margin of I; and I5.
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