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ABSTRACT

Current zooarchaeological research in Southeast Asia is hindered by the inability
to distinguish between four species of bovid that occur in the region despite the fact that
large numbers of their bones are recovered from excavations. Analysis of bovid remains
contributes to interpretations of human subsistence practices, paleoenvironment,
domestication, and long-distance trade. This research utilizes statistical analyses to help
identify which teeth and traits are most diagnostic, when concerned with differences
between Bubalus bubalis (water buffalo), Bos javanicis (banteng), Bos gaurus (gaur), and
Bos indicus (zebu). The results are applied to a site in Cambodia (Angkor Borei) as a case

study in order to begin to shed light on these questions in a Southeast Asian context.
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CHAPTER 1: STATEMENT OF PROBLEM AND
THEORETICAL BACKGROUND

Introduction

Cattle are an unlikely subject for examination, especially in Southeast Asian
archaeology. In publications and reports they frequently get anonymously clumped under
their general family name Bovidae without species recognition. Bovid remains are
commonly excavated but cannot be identified. They get listed in reports by number, but
not by name. It is assumed that genus classification is enough and that species-level
identification is unnecessary for site interpretations. Yet if this information were
available, what difference would it make? Does species matter? Would it really add
anything to our interpretation of an archaeological site? As it turns out, yes, it makes a
tremendous difference. For example, if an archaeologist could know whether or not they
had water buffalo or gaur (two of the species examined here) at their site, they would be
able to say something about the past environment because these two species prefer
different habitats. If the species they found changed over time they could surmise that the
environment had changed too, or that the people’s preference had changed. Or if an
archaeologist were able to see that suddenly zebu cattle show up midway through a site’s
occupation, they would know that the people had begun trading with the Indian
subcontinent. Therefore knowledge about these animals is centrally related to key
archaeological concerns in the region, and is uniquely poised to contribute to our

understanding of prehistory.



Statement of Research

The purpose of this thesis is to explore the morphological landmarks of teeth from
four species of Bovidae in Southeast Asia: Bubalus bubalis (water buffalo), Bos javanicis
(banteng), Bos gaurus (gaur), and Bos indicus (zebu). The goal of this research is to
determine key regions of the dentition that would aid in the identification and
differentiation of these bovid species as they are recovered from archaeological sites in
the region. Currently Bovidae elements recovered from sites are frequently assigned to
their broader genus classification, with species identification more problematic as they
are all morphologically very similar (Mudar and Anderson 2007: 311, McCaw 2007a).
By identifying landmarks in the teeth that may be used to identify a specific species from
a single recovered tooth, it is hoped that this problem may be partially alleviated, and
specific identifications made possible, by archaeologists in the future. Knowing which
specific bovid species are present at a site has theoretical implications for Southeast
Asian prehistory.

In order to help identify Bubalus bubalis, Bos javanicis, Bos gaurus, and Bos
indicus at archaeological sites, | examined the differences between species based on the
molars and premolars. The goal was to identify diagnostic landmarks and/or metric traits
that would aid in the creation of a new methodology or statistical technique for Bovidae
identification. Measurements were taken at the Field Museum in Chicago, Illinois, which
houses all four species in their Zoology Department comparative collections. This data
was analyzed through a variety of statistical procedures to clarify differences between the
species dentitions. Information gained through this research was then applied to Bovidae

dental remains from the Cambodian site of Angkor Borei. The fauna from this site have



been previously identified to genus, and where possible species, by a graduate student
from the University of Hawai'i at Manoa. In addition, identifications are currently
underway on faunal remains excavated in more recent field seasons. The Bovidae teeth
from these latest excavations are examined here using the procedures found most
diagnostic to determine species. Site interpretations are then given based on the results in
order to shed light on major archaeological questions in a Southeast Asia.
Theoretical Considerations

Faunal analysts in Southeast Asia are not distinguishing between bovid species,
even though this information would be very valuable both to the specific site and the
region. The problems underlying identification efforts include a lack of zooarchaeologists
working in the region, a lack of available comparative reference collections, and a lack of
these species of cattle in the existing comparative reference collections. This has led to a
lack of specific species designations for Bovidae remains recovered at archaeological
sites. Water buffalo has been the most examined and has been distinguished from cattle
bones based on overall size (Kijngam 1979). Several reports discuss domestication,
differentiating between smaller domesticated animals and their larger wild counterparts,
and presumably these size differences would also apply to the teeth (Higham and
Kijngam 1984, Higham 20044, Kijngam 1979, Liu et al. 2004, Meadow 1996, 1984).
There is a complete lack of research into distinguishing between species of cattle. This is
why when their bones are recovered they are grouped into a general genus-level
taxonomic category. This is unfortunate because identification to species level would
contribute to many broader theoretical questions besides simply recording

zooarchaeological information about species presence and abundance.



Major research themes in faunal analysis include paleoenvironment
reconstructions based on presence or absence of species in the assemblage and their
known habitat ranges, domestication trends, human subsistence practices, and use of
some species as trade items. For Southeast Asia, the environment at the end of the
Pleistocene was ever-changing. By the Holocene, temperatures warmed and water levels
rose along the coastline submerging land that was once connected to the mainland
(Higham 2002). These changes forced both people and animals inland and dramatically
altered the ecosystem. This had drastic effects on animal exploitation practices as habitats
changed and animals migrated accordingly. Looking at deposits from a series of cultural
levels at a site, these changes are evident. Known habitats for the identified animals can
be compiled to give the investigator a look into the past environment. Each of the species
of Bovidae in question inhabits a slightly different habitat, such as swamp versus
uplands, although habitats may be overlapping. By knowing the animal’s feeding
preferences, vegetational regimes can be reconstructed. Being able to identify exactly
which species are present would provide clues about paleoenvironment and facilitate
research about regional climatic changes, both natural and human-induced.

Another major question posed by archaeologists in the region concerns places of
domestication. There has been an abundance of research about plant cultivation,
specifically rice, as it pertains to the timing of the beginning of agriculture in early
Neolithic. Bovids are commonly used as rice paddy traction animals. The water buffalo is
specifically suited to this task and has historically been selected for this activity. The
domestication of these species of Bovidae in Southeast Asia closely coincides with the

beginning of agriculture. While there is more known about the origins of the



domestication of Bubalus bubalis and Bos indicus, there is little known about the timing
and location of the domestication of Bos javanicus and Bos gaurus. It is currently thought
that they were both locally domesticated but there are no specific archaeological sites in
mainland Southeast Asia that have been identified as centers of domestication. This is
largely because the animals themselves are not identified and therefore their relevance to
questions of domestication cannot be studied through time.

The most common interpretation of animal use in the past is what percentage of
the diet they comprise. Looking for signs of butchering in cut marks, marrow extraction
breaks, and boiling for bone grease are all related to subsistence practices (Reitz and
Wing 1999: 239-278). In addition, determining which elements are present might show
human preference. For example, the presence of limb bones and an absence of foot and
cranial bones is evidence that humans were retaining only portions of the animal that had
higher meat-bearing content. This can help distinguish whether or not carcasses were
butchered on-site or at a processing area further away.

Another interesting theoretical concern regards patterns of trade within Southeast
Asia and with South Asia. It is typically difficult to document specific patterns of trade
simply through assessment of the faunal record. However, in the case of the zebu this can
indeed be examined. The center of the domestication of Bos indicus is known to be on the
Indian subcontinent. Therefore, as zebu show up in mainland Southeast Asia during the
Iron Age and early historic period as domesticated stock, patterns of trade relationships
with South Asia can be established and studied as they correlate with other artifactual
changes such as the presence of glass beads. Yet, again, this can only be undertaken if the

bones can be correctly distinguished from other local species of cattle.



Practical Considerations

There are bovid species that are almost certainly present at sites in Southeast Asia,
but due to lack of identification are underutilized in understanding the past. This is
unfortunate because there are many Bovidae remains recovered at sites in mainland
Southeast Asia. In assemblages with a large proportion of mammals, the majority of the
mammals are Artiodactyla, (either Bovidae or Cervidae), with pig comprising another
large majority. Their larger percentage in the assemblage may be to differentiation in
preservation and recovery, due to their large bones. Larger bones would take longer to
decompose, unless highly fragmented. Many sites in Southeast Asia are along river
systems that could speed the decomposition process even further. Recovery of smaller
animals, such as fish and amphibians, is generally only possible when using screens with
a smaller mesh size. Large mammal elements can often be recovered by sight and thus
may make up a disproportional percentage of an assemblage depending on recovery
strategy. Whatever the reason, it is unfortunate not to be able to identify this large
percentage of many assemblages to species level.

In addition, teeth are a practical element to examine because they preserve better
than other skeletal material. Tooth enamel is comprised of more inorganic crystals than
organic matrix allowing it preserves better and over a longer period of time than other
bones of the skeleton (Zazzo et al. 2002: 146). This leads to their frequent recovery at
sites. Although other diagnostic elements are recovered, such as the third phalanx, their
presence is far more infrequent and inconsistent than that of teeth. Of the 38 sites
examined in this study (see Table 1.1), nine reported (at least partially) which bovid

portions were recovered (Lang Rongrien, Khok Phanom Di, Noen U-Loke, Ban Lum



Khao, Ban Na Di, Angkor Borei, Ban Chiang Hian, Ban Tamyae, and Phum Snay). At
six of the nine sites teeth were recovered. At two of the other sites one bovid element was
recovered, a gaur cuneiform (Ban Chiang Hian) and a water buffalo third phalanx (Ban
Tamyae). At Phum Snay teeth a high number of limb bones were recovered rather than
teeth. Thus, the high incidence of teeth in Southeast Asian faunal assemblages makes
them an ideal element for study.
Previous Research

It is important to consider whether or not it is possible to distinguish between
these four species of Bovidae based on their teeth. Previous research has focused on
identifying the water buffalo from all others by looking at the postcranial skeleton
(Higham et al. 1981, Kijngam 1979), and characterizing the zebu cranium by landmarks
other than teeth (Grigson 1980). No study has been done on all four of the commonly
found bovid species. Many zooarchaeology reports propose that there are several species
of cattle in Southeast Asia: the gaur, zebu, banteng, and kouprey (Bos) as well as the
water buffalo (Bubalus). Yet few identifications have been completed allowing for
confirmation of this hypothesis. Figure 1.1 shows a map of mainland Southeast Asia with

the approximate locations of the sites referenced in this paper.
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Figure 1.1. The approximate locations of the sites in mainland Southeast Asia
explored in the text.

Table 1.1 lists the sites examined for this research and which species were stated

as recovered at the excavations. Only reports and articles written in English were

considered (unless referenced in another article that was written in English). With this in

mind, the zooarchaeological literature for Thailand is much more abundant than for other

regions, and specifically Northern Thailand. There are obvious gaps in the English

published literature, such as information about sites in Laos and Myanmar.



Table 1.1. Mainland Southeast Asia sites that list Bovidae as comprising part of their
faunal assemblage.

Site Name Location Tlme Bovidae Bubalgs . B.OS Bos . BO.S Source
Period bubalis | indicus | gaurus | javanicus
Angkor Southern | 400BP- X Eyre 2000
Borei Cambodia | AD600
Ban Chiang | Northeast | 3600-250 X X Higham and
Thailand BC Kijngam
1979,
Higham and
Kijngam
1984,
White 1990
Ban Chiang | Northeast | 1300 BP- X X ? Higham and
Hian Thailand AD 500 Kijngam
1984
Ban Kao Inland 2300- X Gorman
Thailand 1500BC 1971,
Higham
2002
Ban Lum Central 1500 BC X X Higham
Khao Thailand 20044,
2004b,
Higham
2002
Ban Na Di Northeast | 1500 BP- X X Grant and
Thailand | AD 200 Higham
1991,
Higham and
Kijngam
1984,
White 1990
Ban Phak Northeast | 2500 BP X Higham and
Top Thailand Kijngam
1979
Ban Northeast | 200 BP- X X Welch and
Tamyae Thailand AD 300 McNeill
1990
Ban Tong Northeast | 3100 BP X X Higham and
Thailand Kijngam
1979
Banyan Northwest | 3500BC- X X Pookajorn
Valley Cave | Thailand AD900 1990,
Higham
2002
Bukit Coastal X Gorman
Chuping Malaysia 1971
Con Co Northern | 3500 BC X Oxenham
Ngua Vietnam 2006
Con Moong | Northern | 15,000 BP X X Higham
Vietnam 2002
Don Khlang | Northeast | late 3000- X Higham and
Thailand 500 BP Kijngam
1979
Go Thap South 1000 BP- X X Lien 2006
Vietnam AD 300
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Gua Kerbau | Inland Gorman
Malaysia 1971
Gua Madu Inland Gorman
Malaysia 1971
Hemudu Lower 7000- X Higham
Yangzi 5900 BP 1995
Khao Talu West 10,000- Pookajorn
Thailand | 4500 BP 1990
Khok Southern | 2000- X Maloney
Phanom Di | Thailand 1500BC and Brown
1990, Grant
and Higham
1991,
Higham
2002
Laang Western 9000 BP- Higham
Spean Cambodia | AD1000 2002
Lang Southern | 43,000- ? Mudar and
Rongrien Thailand 27,000 BP (arnee) Anderson
2007
Ment Cave West 10,000- Pookajorn
Thailand | 4500 BP 1990
Mon Khiew | Southern | 26000BP- X Chitkament
Rockshelter | Thailand 4200BP 2007
Noen U- Central Iron Age X McCaw
Loke Thailand 2007b
Non Ban Northeast | AD 300- X Welch and
Kham Thailand present McNeill
1990
Non Chai Northeast | 300 BP- X Bayard et al.
Thailand | AD 100 1982-1983
Non Muang | Central 500 BC O'Reilly
Kao Thailand
Non Nok Northeast | 1500 BC Higham and
Tha Thailand Kijngam
1984,
Higham and
Leach 1971
Non Pa Wai | Central 2300-500 X Pigott,et al.
Thailand BP 2006,
Higham
2002
Pha Chang Northwest | Mesolithic Santoni et
Rockshelter, | Thailand /Hoabinhi al. 1990
Obluang an
Phum Snay | Northeast | c. 500 O’Reilly et
Cambodia | BC- AD al. 2006
500
Sai Yok Western AD 1100- Pookajorn
Thailand 1200 1990
Spirit Cave | Northwest | 9000- Gorman
Thailand 5500BC 1971
Steep CIiff Northwest | 5500- X Higham
Cave Thailand 3500BC 2002
Tham Lod Northwest | 24,000- Shoocongdej
Rockshelter | Thailand 12,000 BP 2006
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Tin-Ain Inland X Gorman
Myanmar 1971

To Long Inland X Gorman
Malaysia 1971

Looking at this compilation of identifications made and reported in the region, one can
see that the most documented species are Bubalus bubalis (at 18 of 38 sites) and the
general Bovidae (reported variously as Bos, Bovidae, cattle, cow, and bovid). Banteng
and/or gaur have been identified at roughly a fourth of the sites reviewed here (10 of 38
sites - gaur at possibly 6 and banteng at 4). Zebu is hardly represented, being identified at
one site (Non Pa Wai) and possibly identified at two more (Non Nok Tha and Phum
Snay). Kouprey are identified at none, although this may be due to a lack of modern
comparative skeletons for this species. As stated earlier, identification is hindered by a
lack of zooarchaeologists in the region, a lack of available comparative collections, and a
lack of these species of cattle in the existing comparative collections.

Appendix A lists the interpretations given in the reports for these findings. There
are many places where cattle elements are recovered but no further interpretation is given
besides a list of identified taxa. There are many current dominant interpretations of cattle
at sites in mainland Southeast Asia. Generally there is discussion about overall size of
recovered bovid elements and how this might indicate the presence of domestic or wild
forms (there are domestic forms of each, to be discussed in detail the next chapter). Many
publications note that the presence of domesticated species, particularly water buffalo,
increases over time (Eyre 2000, Grant and Higham 1991, Higham and Kijngam 1984,
Higham and Kijngam 1979, Higham 2002). Bovids are also used as an aid for
determining paleoenvironment, whether forest, grasslands, or swamps (Gorman 1971,

Higham 1995, Higham and Kijngam 1979, Mudar and Anderson 2007, Pigott et al. 2006,
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White 1990). In some cases, authors speculate that changes in the environment are
brought on by changes in agricultural techniques. A shift to wet rice agriculture is argued
based on the presence of water buffalo and agricultural implements. These factors
combine to change the surrounding environment as human changed their farming habits
(Bayard et al. 1982, Higham and Kijngam 1984, Higham and Kijngam 1979, White 1990,
Welch and McNeill 1990). Bovids are also frequently recovered in burial contexts
(McCaw 2007b, Higham and Kijngam 1984, Higham and Leach 1971, O’Reilly et al.
2006). Specific portions or specific species are sometimes preferred over others,
indicating different local burial practices.
Outline of Chapters

In Chapter 2 I will discuss the four species in more detail, showing both their
relatedness and distinguishing aspects physically, geographically, and historically.
Chapter 3 details the methodology and materials used at the Field Museum in Chicago to
take measurements and make observations on the bovid teeth. Statistical analyses and
results are given in Chapter 4. I then turn to discussing which teeth are the most valuable
in distinguishing to the species level and the analyses used to arrive at these conclusions.
| offer a case study in Chapter 5 based on the bovid teeth recovered in the 2000 field
season at Angkor Borei, Cambodia. | apply the research from previous chapters to
determine which species are present and offer preliminary interpretations based therein.
In Chapter 6, I conclude with a discussion of the research, list potential challenges to this

kind of study, and offer directions for future research.
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CHAPTER 2: THE BOVIDS

Taxonomic Ordering

It is important to first set up the taxonomic position of the cattle in question.
Cattle are all part of the order Artiodactyla, suborder Ruminantia, family Bovidae, tribe
Bovini. There is debate about how to divide the genera in this tribe. Some scholars
specify three genera under Bovini, Bos (common cattle), Bison (American and European
bison) and Poephagus (yak). Some divide the family into two genera: Bos and Bison.
Others group them all into Bos (Felius 1995:12-13). Still others add Bubalus and
Syncerus (Asian and African buffalo, respectively) (Kierstein et al. 2004). In this paper,
all five genera will be assumed, as this seems to correspond to the data presented here.
Within Bos there is also variation in the literature, either recognizing both Bos (common
cattle) and Bibos (bibovine cattle such as banteng, gaur, and kou-prey) or grouping all
into Bos. In this paper, the three cattle species discussed will be assumed under the single
genus Bos. These are Bos gaurus (gaur), Bos indicus (zebu), and Bos javanicus (banteng).
Additionally, this paper is concerned with the Asian water buffalo, Bubalus bubalis
alongside the four species of Bos.

Table 2.1 Taxonomic position of bovids in this study.

Order Suborder Family Tribe Genus Species
Artiodactyla | Ruminantia | Bovidae Bovini Bos gaurus
indicus
javanicus
Bubalus bubalis




Figure 2.1. The four species of bovid in mainland Southeast Asia. (A) Banteng, (B)
Gaur, (C) Zebu, and (D) Water buffalo.
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Table 2.2. Distinguishing characteristics of the four species of bovid (Felius 1995).

Species Cow Cow Bull Bull Distinguishing

Height | Weight | Height Weight Characteristics
Bos 140 cm | 400 kg 160 cm 600-800 | Have a distinctive white
javanicus kg rump and “‘stocking” on
(Banteng) their legs
Bos gaurus 150 cm | 450-750 | 170-190 | 600-900 Have a heavy ridge
(Gaur) kg cm kg between their horns,

white “stockings” on
their legs, and are
generally very muscular

and massive
Bos indicus | 100-125 | 200-300 | 130 cm 200-450 | Have a characteristic
(Zebu) cm kg kg hump at their shoulders
and dewlap hanging at
their neck
Bubalus 150cm 700 kg 180 cm 800 kg Massive build. Have
bubalis large sickle-shaped horns
(Water and a long, narrow face.

Buffalo)

Relatedness

A study of microsatellite variation in cattle DNA has shown the relatedness of
banteng, gaur, and zebu to older species, such as the extinct western Eurasian aurochs
(Bos primigenius) (MacHugh 1996). Both Bos indicus (zebu in Southern Asia and Africa)
and Bos taurus (the common cattle of Europe, West Africa, and Northern Asia) are
descended from the extinct Bos primigenius. There are three subspecies of Bos
primigenius; the one of concern for Southeast Asia is Bos primigenius namadicus which,
in the Upper Pleistocene around 12,000 BP, had a geographical range that extended
across South Asia and Southern China into mainland Southeast Asia. It is highly likely
that zebu come from this progenitor while taurine cattle come from the other B.
primigenius subspecies that spread through Africa, Europe, and Northern Asia (Felius

1995: 16, MacHugh 1996). Bos javanicus seems to have evolved in the early Pleistocene
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and spread across mainland Southeast Asia and into Indonesia, namely Borneo and Java.
The timing of the evolution of Bos gaurus is unknown, but early on it had a range across
the Indo-China peninsula and the Indian subcontinent, although never spread into
Indonesia (Felius 1995: 489). Phylogenically, the gaur is close to the banteng, based on
rDNA and mitochondrial sequences (Lenstra and Bradley 1999).

Bubalus bubalis separated from the other bovines in the Pliocene and by the
Pleistocene were distributed across Southern Asia into Europe. However when
temperatures changed and became increasingly drier, the buffalo became confined to
Southeast Asia, the Indian subcontinent, and Indonesia. It is thought that the wild water
buffalo in India were the founders of the modern Asian water buffalo (Kierstein et al.
2004), and that domesticated versions were also originally from this region (Yang et al.
2008).

There is some debate about the divergence of Bos indicus and Bos taurus. One
side argues for the initial domestication of taurus with a subpopulation chosen out with
large humps, and these became indicus (Figure 2.2a). The other side argues that Bos
taurus resembles Bos primigenius primigenius of Europe more and was likely
domesticated from this progenitor, while Bos indicus resembles Bos primigenius
namadicus of Asia more closely and was domesticated separately (Figure 2.2b). This
argument is backed by archaeological, biological, and genetic data (Bradley and Magee
2006). For example, Grigson (1980) compared the craniology of Bos indicus and Bos
taurus. She argues for a separate ancestry for indicus than taurus that involves descent
through Bos primigenius namadicus based on shared cranial morphology. While this

research examined absolute size, proportions, sagittal profiles, cranial angles, and other
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non-measureable cranial traits, it did not discuss any differences in the teeth. Recent
mitochondrial DNA and microsatellite analysis also show a distinct divergence between
Indian indicus and European taurus, with Near East and African taurus showing a
blending of the two (Bradley and Magee 2006). Taurine cattle moved from West Asia
into China around 2500 BC. Zebu are thought to have been introduced later from India

(Felius 1995:17).

A

Bos taurus
Bos primigenins = Bos taurus

Bos indicus

B

Bos primigenius <

Figure 2.2. The two dominant hypotheses for the
divergence of B. taurus and B. indicus.

Bos primigenius primigenius = Bos taurus

Bos primigenius nomadicus — Bos indicus

Paleoenvironment

There are also many theoretical reasons to examine Bovidae remains in the
archaeological record. Each of these four species inhabits a slightly different environment
and has different grazing preferences (Figure 2.3 and Table 2.3). Knowing which species
are found at a site can give insight into the specific surrounding paleoenvironment at the

time of a site’s occupation and can potentially highlight any environmental transitions if
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different species are represented in different cultural layers. This background will aid in

the interpretation of the species obtained from archaeological sites.
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Figure 2.3. Ranges of the four species of Bovidae.

(A) Bubalus bubalis range (based on Hedges et al. 2008 and archaeological information
from the region), (B) Bos javanicus range (Corbet and Hill 1992)
(C) Bos gaurus range (Corbet and Hill 1992)
(D) Bos indicus range (redrawn from Cunningham and Syrstad 1987)
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WATER BUFFALO (Bubalus bubalis)

Water buffalo remains are recovered frequently from sites in Southeast Asia.
Knowing habitat preferences is vital to reconstructing paleoenvironment (Figure 2.3a).
Water buffalo prefer open forests or grass jungles near swamps, and even running
streams. They enjoy taking mud baths so swamp and stream environments are ideal. They
are grazers and feed primarily on grass. (Lekagul and McNeely 1977: 702) but their diet
is more flexible than the other cattle species, so when grass is unavailable a hungry water
buffalo will eat the less desirable leaves, shrubs, vines, aquatic weeds, bark, and twigs
that cattle leave behind (Advisory Committee on Technological Innovation 1981: 62,
Mudar and Anderson 2007: 314). Their more flexible diet also lends itself to
domestication because humans can feed them a more varied diet yet retain the same level
of traction abilities. Finally, water buffalo have a large herd size, which means they
maintain a social hierarchy. However this does not distinguish them from cattle, which
also have a single male presiding over a herd of females and their young.

BANTENG (Bos javanicus)

Banteng (Bos javanicus) prefer open grassy clearings near the shade of deciduous
forests (Figure 2.3b). In more populated areas banteng may stay in the forest and graze at
night. They will feed on a large number of plants, but these plants occupy mainly
secondary growth areas rather than dense forests. They are considered grazers and not
browsers (Lekagul and McNeely 1977: 705). Their skull is less massive than a gaur, and
banteng are less aggressive as well. Their herd size varies between 2-25 with one adult

male per herd. Other males are solitary.
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GAUR (Bos gaurus)

The gaur (Bos gaurus) is known more for browsing than grazing so can be found
further from grassy areas and in higher elevations. This means it is commonly found in
deciduous forests or at forest edge at all elevations (Figure 2.3c). It browses and eats at
night so requires adequate shade for daytime sleeping. The gaur will eat a number of
leaves, grasses, and young bamboo shoots. They also frequent salt licks (Lekagul and
McNeely 1977: 708-709). It is also generally larger and fiercer than the other species,
making them difficult to hunt (Pookajorn 1990: 18). This aggression leads them to attack
hunters at times, and even fight for social position and breeding rights within the herd
(Lekagul and McNeely 1977: 708-709). Banteng and gaur have been observed together in
a single herd (Mudar and Anderson 2007: 314). Typically male and female gaur live in
separate herds except during mating time, and then up to 30 gaur may be present when
joined (Felius 1995: 493).

ZEBU (Bos indicus)

Zebu are relatively heat tolerant and can bear an arid environment. They tend to
browse in marginal range vegetation (Figure 2.3d). They prefer alluvial areas with year-
round water, such as riverbanks, although sometimes can be found in swampy areas
(Marshall 1989, Meadow 1984). They also have a lower basal metabolic rate, lower water
requirements, larger and more active sweat glands and are generally more resistant to
ticks and intestinal parasites than Bos taurus. They will remain in a herd even in open
spaces (MacHugh 1996). This strong herd preference may be one factor that was utilized

in their initial domestication.
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Therefore, you would expect to find gaur in forested and possibly elevated
environments, banteng and water buffalo in open areas such as grassy fields or open
forests, with zebu possibly overlapping arid portions of banteng and water buffalo
habitats. Banteng and water buffalo are both grazers, so prefer to feed on grass in these
open spaces. Zebu and gaur are browsers so have a more flexible diet, which may
contribute to their range being less confined (gaur being found at all elevations and zebu
in arid environments). Distinguishing between the species becomes important for
examining questions of paleoenvironment because the nuances in habitat and feeding
preference indicate different vegetal regimes.

Herd size is important for determining social hierarchy, which may be an
important factor for the process of domestication because humans would intentionally
assume the top position to gain control of the animals. In addition, knowing the herd size
is important for understanding human hunting patterns, such as hunting a solitary bull in
the forest or hunting a herd in the open field. These differences in herd size might be
indicated in the archaeological record by MNI (minimum number of individuals)
recovered. For example, one might recover fewer males than females because for many
of these species females and young form larger herds while in many cases males roam in

solitude. Therefore the large herd would be easier to find and prey upon.
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Table 2.3. Comparative habitat and domestication information for the four species.

Species Habitat Food Domestication | Wild/Domesticated
Preference Origin Names
Bubalus Open forests or | Grazer: Swamp buffalo | Bubalus arnee/
bubalis grass jungles Grass in China and Bubalus bubalis
near swamps Flexible river buffalo in
India
interbreeding
with local wild
water buffalo
species in
Southeast Asia,
ca. 1000 B.C.
Bos gaurus | Deciduous Browser: Domesticated Bos gaurus/
forests or Leaves, grass, | B. frontalis is Bos frontalis
forest edge, at | bamboo probably a
all elevations mixture of
species,
domesticated
ca. 500 B.C.
Bos indicus | Alluvial areas | Browser: The Indus Bos indicus/
with year- Marginal Valley by 6000 | Bos indicus
round water, range B.C.
tolerate arid vegetation
environments
Bos Open grassy Grazer: Indonesia Bos javanicus/
javanicus clearings near | Grass and and/or mainland | Bos javanicus
the shade of secondary Southeast Asia
deciduous growth around 3500
forests B.C.

Domestication

Another broad theoretical question concerns domestication. To prove that an

animal was domesticated at a specific site requires understanding of a number of

variables. Bokonyi (1969) discussed potential proxies of domestication including

evidence for animal-keeping in a prehistoric settlement and evidence for local

domestication at a site. In the first case of animal-keeping, evidence includes looking at

the proportions of age groups and sexes compared to those found in the wild population.

The proportions should be different because human selection is involved. Further




23

evidence is when domesticated species appear at a site which have no wild ancestors in
that particular region, at least since the Pleistocene. This may occur when an animal is
traded in to the region that has been domesticated elsewhere, as in the case of the zebu in
Southeast Asia. In addition, morphological changes appear in domesticated animals, such
as size diminution. There may be artistic representations of the animals in the culture,
such as figurines or rock art. Also, objects of animal husbandry may be found, such as
plowing instruments.

Evidence for local domestication in faunal remains at a site is slightly different. In
this case, both wild and domesticated forms of the animal are found at the site and there
exist transitional forms between the two. Over time it should be visible that there are
changes in the proportions of age and sex groups from the wild form. There may also be
artistic representations of scenes of capture, although this is not always the case.

Of these guidelines, all except the artistic representations may be most useful to
archaeologists looking for supportive evidence of domestication (Meadow 1989: 82).
Even then, cattle figurines are found at sites in Southeast Asia, mostly in burial contexts,
suggesting a close link with the animals. In general, cattle were likely domesticated in
several places independently rather than in a single location followed by global
geographical radiation of a domesticated form (see discussion below). These original
hubs are found in western and central Asia, northeast India, the Levant, and central
Europe. The earliest documented evidence of domestication comes from Catal Hiylk, a
large Neolithic site located in present-day Turkey. The lowest levels (approximately
8,400 BP) show some evidence for domestication but the first size diminution occurs

closer to 7,800 BP (MacHugh 1996).
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WATER BUFFALO

Domesticated water buffalo species are smaller than their wild counterparts. This
distinction has been applied to making identifications in the archaeological record with
the postcranial skeleton (mostly limb, hand and feet bones) and has been done most often
with the water buffalo. At sites with an older time depth, such as Pleistocene rockshelters,
wild water buffalo may be a part of the faunal assemblage. In this case zooarchaeological
reports have sometimes designated the water buffalo as Bubalus arnee to distinguish
them from their domesticated counterparts Bubalus bubalis (see Liu et al. 2004: 119 and
Mudar and Anderson 2007). Yet wild water buffalo continue to be part of assemblages
from later sites, and may appear alongside domesticated animals in a cultural layer. This
may point to local domestication, although a large sample size would be needed to
confirm this. Confusingly, in more recent contexts, wild water buffalo are often just
labeled Bubalus bubalis, not arnee, with a note in the text that the size conform more to a
wild animal than domesticate. The reason for the confusion is that in the 19" and early
20™ centuries it became popular to distinguish between wild and domestic versions of a
species by giving them separate taxonomic names. This led to an abundance of names
with confusion and inconsistency following. Regarding this dilemma, in recent years it
has been petitioned and adopted by the Executive Committee of the International Council
of Archaeozoology and International Commission on Zoological Nomenclature (ICZN)
to use both forms as they correspond to wild and domestic animals (Gentry et al. 2004).
Therefore, in the future it is hoped that zooarchaeological reports will conform to this

standard for clarity.
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It is thought that water buffalo were domesticated independently in several areas
including India and the Tigris/Euphrates regions and in China. River and swamp buffalo
are subspecies of the water buffalo that diverged 10,000 to 1.3 million years ago, long
before domestication. River water buffalo were domesticated in India around the third
millennium BC and swamp buffalo were likely domesticated in China around the fifth
millennium BC (Kierstein et al. 2004, Lei et al. 2007, Michelizzi et al. 2010). Analysis of
the mitochondrial DNA D-loop region in water buffalo has shown that Southeast Asia
was not an independent domestication center. Rather there are three dominant scenarios:
domestication in India followed by introduction to Southeast Asia, domestication in
southern China and spread to Southeast Asia, and the scenario that the modern Bubalus
bubalis is a result of the interbreeding of Indian, Chinese, and wild B. arnee (Kierstein et
al. 2004, Yang et al. 2008, Lei et al. 2007). Domestication in China is thought to have
occurred first in the Lower Yangzi Valley. Domesticated water buffalo begin appearing
with the first signs of agriculture, such as at the sites of Hemudu and Luojiajiao (Higham
1995: 136-137). Hemudu had lakeside rice cultivation by 7000 BP (Higham 2002: 85).
Liu et al. examined water buffalo from the Yangzi region at the Kuahugiao, Hemudu,
Luojiajiao sites (c. 6000-3400 B.C.). Both rice and buffalo bones were abundant. The
researchers assigned the bones to the domesticated early local species Bubalus
mephistopheles with the initial speculation that it might have been the ancestor of the
modern domesticated Chinese Xiawei (Bubalus bubalis) in southern China and mainland
Southeast Asia (Liu et al. 2004). In fact, interbreeding is more likely. More recent studies
utilizing ancient DNA and mitochondrial DNA analyses illustrate that the indigenous

Bubalus mephistopheles was related but not ancestral to Southeast Asian water buffalo.
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Thus, the wild Bubalus of Southeast Asia may represent a hybrid of South Asian,
Chinese, and local wild water buffalo (Lei et al. 2007, Yang et al. 2008). Thus, through
tracing the expansion of agriculture and agricultural communities progressively south
into mainland Southeast Asia, one may also trace the adoption of the water buffalo as a
wet rice paddy traction animal, but not necessarily the spread of domestication itself. This
research confirms the scenario of the domesticated river water buffalo coming from the
Indian subcontinent and interbreeding with local wild buffalo (B. arnee) and
domesticated swamp buffalo from China (Lei et al. 2007, Yang et al. 2008). The Yangzi
Valley would have been an ideal place for cultural transmission because it is linked to
several major rivers, along which many communities were already settled, namely the
Red, Mekong, and Chao Phraya systems. Exchange relationships were formed, rice
agriculture spread, and the use of water buffalo in the paddies became more widespread.
Thus Southeast Asia may have served as the hybrid zone with ancestral B. arnee
interbreeding with Indian and Chinese buffalo, eventually leading to the Asian water
buffalo form (Lei et al. 2007).
BANTENG

Banteng and “Bali cattle” are the same species but are given a different title based
on whether they are wild or domesticated, although the taxonomic name Bos javanicus
remains the same for both. When the Indonesian archipelago was connected to the
mainland during the last Ice Age, they traveled over and became isolated, following
warmer temperatures and a rise in ocean water. They were first domesticated in Java
and/or mainland Southeast Asia around 3500 BC (Felius 1995: 491, Lenstra and Bradley

1999). The domesticated banteng are smaller and less sexually dimorphic than wild
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banteng. Wild subspecies include the tsine or Burmese banteng (Bos javanicus
birmanicus) found in Burma, Thailand, Cambodia, and Laos, the temadau or Borneo
banteng (Bos javanicus lowi) on Malaysian islands, and the Java banteng (Bos javanicus
javanicus) in Indonesia.
GAUR

The gaur is in the same position as the water buffalo in that the wild and domestic
versions are given different Linnaean classifications. For the gaur two taxonomic names
are used: Bos gaurus indicates the wild version and Bos frontalis for the domesticated
gaur (gayal, mithun, or selembu locally). Bos frontalis is probably not purely
domesticated gaur but rather a cross between gaur and banteng, and in modern times
crossed with B. taurus. Crossbreeding between the gaur and gayal is entirely possible and
encouraged in some cultures. It is thought that domestication of Bos frontalis occurred
around 500 BC (Felius 1995: 493).
ZEBU

Zebu were first domesticated in the Indus Valley region. More is known about the
spread of Bos indicus into the Arabian Peninsula and Africa than its introduction to
Southeast Asia. They were introduced to North Africa by the middle of the sixth
millennium B.C., then East Africa by 2,000 years B.P. Zebu were likely brought with
later migrations of the Bantu people into the rest of Sub-Saharan Africa after the first
millennium A.D. This Bos indicus exchange may have occurred directly with the Indian
subcontinent by sea, but it is more likely that the Arabian Peninsula played the larger role
in its introduction to Africa (Marshall 1989: 238). In India, it has been shown that Bos

indicus was domesticated in the aceramic Neolithic period of Mehrgarh (which is
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recognized from 7000-5500 B.C.) in the Indus Valley, in present day Pakistan. This is the
oldest settlement site in the valley. Evidence points to zebu domestication occurring by
the beginning of the sixth millennium B.C. at this site (Meadow 1984). Cranial
morphology of zebu in early levels documents similarities to Bos primigenius, with size
diminution over time as well as an increase in species abundance. These factors at one
site conform to the above guidelines for determining site level domestication.

The importance of cattle in Hinduism may be the causal factor for the rapid
spread of Bos indicus into Southeast Asia after it was already domesticated. This likely
occurred after 2500 BC (Felius 1995: 477). Yet this is speculation and may not be the
true causal factor for the introduction of zebu in the region by 1500 BC (at Non Nok
Tha). Documenting the presence and timing of zebu in Southeast Asia will be important
in determining if this is conclusive or if there was a separate center of zebu domestication
in Southeast Asia as well as South Asia.

Thus the timing and origin of domestication for these species in Southeast Asia
can be examined by recovering and identifying them at sites in the region. It is crucial to
distinguish between them to determine the introduction of new species, the growth or
decline in their numbers in a given area, and morphological changes each species may
undergo as a result of domestication and the timing of these changes.

Animal Use

Hunting wild animals and butchering domestic animals was an important part of
the diet of prehistoric peoples and bones recovered from a site can shed light on such
subsistence patterns. One way to distinguish between wild or domestic species, other than

size, is to observe age at death. Wild and domesticated cattle were often killed based on
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different demographics. Younger and old individuals in an archaeological assemblage
may indicate hunting wild animals. These would have been easier to hunt due to their
vulnerability and less likely to return an attack on the hunter. Assemblages with a broader
range of adult cattle are more likely to come from domesticated stock (Liu et al. 2004:
117-118). Several skeletal landmarks help determine age at death. These are epiphyseal
fusion (young animals still have separate epiphysis on long bones because they are still
growing), cranial sutures (young animals have open sutures and in very old animals the
suture line may be obliterated), tooth eruption (the timing of the loss of deciduous teeth
and the eruption of permanent teeth is well documented in cattle), tooth wear (although
this also depends also on diet, significant tooth attrition indicates an older animal), and
degenerative processes (arthritis and other bone diseases may indicate old age or long-
term labor, such as plowing).

Large cattle from the surrounding environment would have been an obvious
choice for the amount of meat and marrow that could be obtained. Reitz and Wing
(1999:224) discuss body mass as a good indicator of the amount of food potential in a
given animal. Body mass is the measurement given to a set of animal remains, based on
their taxa, that is non-biased for what proportions are considered edible or useable.
Rather than solely considering meat weight, which may exclude hide and viscera,
allometry (the relationship between shape and size) and archaeological specimen weight
are used to obtain this measurement. This gives more lenience to differing cultural
perceptions of useable/edible animal portions and does not assume that an animal did not
change in size or weight through time and space. The result is a clearer idea of the mass

potential of a given animal, based on portions recovered from a site. For water buffalo
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and cattle, the general “mammal” allometric constant values are used (Reitz and Wing
1999: 224-228). This means that when determining body mass for cattle and water
buffalo, they do not have their own mathematical formula but rather use the “mammal”
formula applicable to the entire taxa.

The ability to convert plants to meat and fat storage would also be a great asset to
prehistoric people as a coping strategy (Lenstra and Bradley 1999). Humans cannot
process grass and other shrubbery, but domesticated animals could be used for this
purpose, and later slaughtered to augment the diet. In addition, cattle can be utilized for
milk, blood, horn, hides, bones for tools, and dung as a flammable agent or fertilizer.
Omnivorous animals, such as pigs and dogs, are optimal candidates for this type of
coping strategy because their dietary range is more diverse, but cattle would also have
performed this function (Mudar and Pigott 2002: 155, Reitz and Wing 1999: 285-291).
Therefore utilizing animals as storage is another important use of domesticates in
Southeast Asian prehistory.

Cattle are also specifically suited to load-bearing activities like plowing, hauling,
and transport (Figure 2.4). Domesticated species, specifically the water buffalo, were
utilized as traction animals in plowing rice fields (Glover and Higham 1996). Higham et
al. (1981) have shown how plowing activities leave marks in the skeletal record. The
third phalanx is an ideal area for determining this particular function because the fore
limbs bear more of the load in draught activities. Looking at the deep digital flexor
muscle and superficial flexor tendon insertion areas are particularly key as these areas of

the bone build up considerably with exertion. Wild bovids are generally larger so when
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this area is built up in a smaller domesticated animal, plowing activities are a likely

reason.

mer uses a water buffalo as a traction animal for plowing a field.
(Photo by Carl Mydans)

757 o

Figure 2.4. A far

While I have discussed utilitarian usages of the water buffalo and cattle, cattle are
also part of sacred activities. Cattle limb bones are often recovered from burial contexts.
In fact, at Non Nok Tha in Northeast Thailand, when considering common versus unique
burial goods as a way to determine an individual’s status, bovid bones fall in the common
category (Bacus 2004). This shows how often they are recovered in this context. While
the presence of bovid bones in a burial may not indicate the high status of the individual,
it does speak about the high status of the bovid in that community. Another indication of
their importance to people is the specific animal portions recovered from burial contexts.
At Ban Na Di and Phum Snay, only the left forelimbs were recovered from burial
contexts (Higham and Kijngam 1984, O’Reilly et al. 2006), indicating specific
community-wide burial practices. At Phum Snay, there was sexual differentiation as well.

Female individuals were buried with cattle species, while males were buried with buffalo.
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The presence of bovid bones in burials might indicate community or family feasting
events, with portions of the slaughtered animal placed as offerings in the grave (Miriam
Stark, personal communication 2010). Cattle figurines are also frequently recovered
(Higham and Kijngam 1984, Higham 2002). These ceramic statues are shaped to look
like cattle and are found in mortuary contexts (Figure 2.5). At Phum Snay, iron replicas
of buffalo horns were identified from a burial context. Representations in ceramic and
iron modeling are further indicators of their importance. Their multiple roles as work
animal, subsistence provider, and partaker in special domains place cattle at the heart of

many activities pertaining to prehistoric populations.

Figure 2.5. Cattle figurine from Burial 47 at the Ban Na Di site in Thailand.
(Cat. 1389, Higham and Kijngam 1984)

Examining subsistence practices is a way to examine the broader dynamic
interactions of people with their environment. In addition to knowing what was eaten,
one can observe seasonal and annual patterns of exploitation, which animal bones were
preferred for making tools or weaponry, which tools were used for slaughtering and
butchering, which animals are associated with elite burials and habitation areas and thus
can be considered status markers, and how animals are incorporated into a culture’s belief

system.
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In summary, the importance of cattle to prehistoric people cannot be understated.
Distinguishing which species are utilized in burial feasts and rituals, as traction animals,
in the diet, and as raw material for tools would aid archaeologists in understanding the
cultural practices of prehistoric people. These cultural practices are all encompassing,
ranging from the mundane to the sacred. It is important to determine whether or not all
cattle were used in these ways or if certain species were preferred. There is a precedent
for the allocation of different species to different purposes, as seen in the Phum Snay
burials mentioned above. Distinguishing between the species is vital to teasing out these
distinctions in future research.

Agriculture, Trade, and Industry

Southeast Asia is in close proximity to the lower Yangzi River region of China,
known as an early center for the development of agricultural practices (Higham 2002:
84). It is a key area for understanding the spread of domestication and agriculture south
into mainland Southeast Asia. As mentioned earlier, early rice cultivation was practiced
by 7000 BC at Hemudu in the Yangzi Valley. This practice gradually spread south,
knowledge likely transmitted via river routes, primarily the Red, Mekong, and Chao
Phraya. Within the agricultural system, the water buffalo is an important traction animal
for wet paddy agriculture. It was likely domesticated around the time that this form of
agriculture was adopted in the region, around the first millennium A.D. in mainland
Southeast Asia (Higham and Leach 1971, Bayard et al. 1982-1983). Therefore studying
the trend of domestication at sites across Southeast Asia has the potential to illuminate

the broader transition to agriculture in the Old World.
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There were several changes that occurred with the intensification of agriculture
and the increased use of the water buffalo as a traction animal. The plow, systems of
water control, and transplanting were ways that local people intensified their agricultural
production. These mechanisms would have altered the seasonal water tables thus making
water and a fluctuating climate more controllable. This control would have altered the
environment in such a way that is reflected in the faunal record. A change in the types of
animals being recovered over time shows the fluctuation in the surrounding habitat
(Welch and McNeill 1990: 118-119, Higham and Kijngam 1979). This is a human-
induced environmental change. If this change includes a sudden increase in the number of
bovid bones recovered, then speculation about the introduction of intensive agricultural
practices can be examined.

Iron production and use became more widespread as people manufactured
plowing implements and other tools. Iron ores were widely available in the region and
this localization may have decreased the need for long-distance trade. Yet there is
evidence for the opposite trend occurring, with deeper trade relationships being created
and maintained. Long-distance exchange, in addition to intensive agriculture, would also
have provided stability by providing products that were not available locally (Welch and
McNeill 1990: 119-120). In addition, cultivation of rice fields impacts an individual’s or
family’s status as an abundance of food is produced. Producing more than what was
needed immediately and building permanent facilities for storage and habitation directly
affects social ranking (Goody 1976).

In addition, the presence of certain species, such as Bos indicus, points to long-

term interaction in the region, in this case with the Indian subcontinent. The presence of
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zebu at Southeast Asian sites indicates interaction with South Asia, where it was first
domesticated. In fact Pigott et al. state that B. indicus appeared in Africa and Southeast
Asia at roughly the same time, possibly being transported by sea as part of trade with
South Asia (Pigott et al. 2006: 159). This is further support for the “Indianization” that
occurred in Southeast Asia as seen in the many statues, iconography, and abundance of
glass beads at archaeological sites (Bronson 1990, Glover 1990). Casting of ornaments
and the range of semi-precious metals and gemstones attests to a far-flung exchange
network. The adoption of Sanskrit and Indic names, such as Jayavarman and
Rudravarman, points to influence from the Indian subcontinent. This new system brought
in rapid social change, an exotic religion, and adopted symbols of status (Higham
2001:147). Thus it is not unthinkable that zebu would have been part of this exchange
process, as they were the dominant type of cattle used in India at the time.
Archaeological research in Southeast Asia has not even begun to examine long-
distance trade relationships as it pertains to the movement of animals. Both water buffalo
from China and zebu from the Indian subcontinent are excellent proxy indicators of these
interactions when viewed over time. Distinguishing between the four species of bovid is

the beginning to a fuller understanding of these exchange relationships.
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CHAPTER 3: METHODS AND RESEARCH SAMPLE

Methods and Materials

Research was conducted in March 2010 using the mammal collection in the
Zoology Department of the Field Museum in Chicago, Illinois. This comparative
collection was chosen because all four species of interest were available for examination.
In addition, the Field Museum collection was catalogued online so the number of
specimens could be determined beforehand. Equally important was the availability of
skulls for all specimens.

Specimens in the Field Museum collection were organized by species and labeled
with collection dates, collector names, sex when known, and basic provenience. In two
cases the ages were listed. A complete list of the specimens used can be found in
Appendix B. Of their specimens, eighteen individuals were chosen for measurement.
These were the adults, and included six Bos gaurus, six Bos javanicus, one Bos indicus,
and five Bubalus bubalis. Both the gaur and banteng were divided into three male and
three female, and the zebu was a female. The water buffalo sex designations were more
problematic. There were two known males, one probable male, and two unknown skulls.

Measurements on the teeth were recorded as maximum values in millimeters and
were taken on each tooth with digital sliding calipers. Length was recorded for the entire
tooth row, premolar row, and molar row following standards outlined by von den Dreisch
(1976). The non-metric traits are based on runimant research by Archer and Sanson
(2002) and several landmarks on the teeth were chosen for analysis here. Metric and non-
metric traits were recorded in Microsoft Excel alongside respective information regarding

species, specimen number, sex, age, and side (right or left). As only two specimens had
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known ages, the ages of the other individuals were established as either adult or juvenile,
based on tooth eruption and tooth wear sequences, as outlined in Silver (1969). Only
adult individuals were used in the present analysis.

Each cranium was photographed inferiorly with a centimeter scale, and when
present the right mandible was also photographed. In addition, each tooth was
photographed up close from the occlusal, buccal, and lingual sides (occlusal refers to the
chewing surface, buccal to the outside of the tooth, and lingual to the tongue side of the

tooth).
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Figure 3.1. Examples of each bovid cranium, as viewed inferiorly. A: Bos gaurus,
specimen 44338, B: Bos javanicus, specimen 34012, C: Bos indicus, specimen 122621,
D: Bubalus bubalis, specimen
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Cattle and water buffalo have selenodont teeth. Selenodont is a term describing a
type of tooth structure found in some grazing herbivores, such as deer and cattle. The
characterizing trait is elongated cusps, forming hard ridges running in an anterior-
posterior direction (‘front-to-back’). Selenodont teeth are often cheek teeth (molars rather
than premolars), used for grinding up tough grasses (Archer and Sanson 2002). In
addition, selenodont teeth consist of an anterior and posterior moiety. In the middle of
each moiety is a central ridge, roughly resembling a butterfly-shape (see Figure 8 for
diagram).

Metric traits examined:

Tooth Length- Maximum measurement anterior-posterior

Tooth Width- Maximum measurement buccal-lingual

Crown Height- Measured from buccal side of tooth, from the lowest point of the

enamel to the top of the tooth.

Center Ridge Width- Maximum measurement of length (anterior-posterior) of

the center ridge in the anterior moiety only.

Center Ridge Length- Maximum measurement of width (buccal-lingual) of the

center ridge in the anterior moiety only.
Non-metric traits examined:

Accessory Cavity- Within the selenodont teeth (molars), additional ‘cavities’ of

circular enamel are sometimes present, most often in the central trough between

moieties. These accessory cavities were counted for each tooth when present.

Entostyle- An entostyle is a projection of enamel at the central trough between

moieties on the lingual side of the tooth. The entostyle was scored as not present
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(0), singular (1), forked (2), or clover-shaped (3).

Center Ridge Fold- Several commonly occuring center ridge shapes were noted
during analysis, expanding on those listed in Archer and Sanson (2002). Each
center ridge, anterior and posterior, was given a letter representing the shape it
most closely resembled.

Table 3.1. Summary of traits examined and how they were measured.

Trait Abbreviation How Measured

Tooth length L Anterior-posterior

Tooth width W Buccal-lingual

Center ridge length CR-L In anterior moiety only,
anterior-posterior

Center ridge width CR-W In anterior moiety only,
buccal-lingual

Crown height CH From buccal side, lowest
point of enamel to top of
tooth

Accessory cavities AC Counted

Entostyle ENT Scored as not present (0),
singular (1), forked (2), or
clover-shaped (3)

Center ridge fold Fold Assigned a letter a-g for
which shape it most
resembled.

The crown height measurement proved to be problematic because nearly all teeth
were still in the alvealor or maxillary bone which covered the lower portion of the crown
for most teeth. The resulting lack of data has made this metric trait unuseful for the

present study, especially given the already low specimen count.
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Figure 3.2. Features of the bovid selenodont teeth.

Research Sample

For all skulls, age was determined as either ‘adult’ or ‘juvenile.’” Juvenile
individuals were given a more specific age range, using Silver’s (1969) age estimation
categories based on tooth eruption sequences. Unfortunately, due to the various stages of
tooth eruption and formation, juvenile skulls were not used in this analysis. Some
measurements from these skulls could not be used for comparative purposes, as ages
were too widely varying. Certain teeth, such as the upper M1, could still be used if the
individual was slightly older, as this tooth erupts early and is comparable in size to adult
values. Because of the early age of some specimens, two Bos gaurus, four Bos javanicus,
one Bos indicus, and two Bubalus bubalis specimens were not included. This is

unfortunate especially in the case of the one Bos indicus specimen, which was also
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preserved in alcohol and not skeletonized, because that left one specimen remaining for
analysis. One specimen is not enough to look at comparisons with the other species
because the degree of individual variation and sexual dimorphism is unknown.
Measurements were taken on this skull and are included in the list of primary data
(Appendix C) for future research purposes, however these measurements are not included
in the discussion and analysis presented in this paper.

In total, eighteen individuals were measured, six Bos gaurus, six Bos javanicus,
one Bos indicus, and five Bubalus bubalis. Five of the gaur were collected in the late
1920s/early 1930s in Vietnam, and one was collected in Malaysia in 1935. Three Bos
javanicus were collected in Vietnam in 1929 or 1930, and three were received from the
Chicago Zoo in the 1980s and 1990s. The Bos indicus specimen was collected in 1978
from a ranch in Texas. Two Bubalus bubalis specimens have unknown provienience, two
were collected from Vietnam in 1929, and one was collected from Iran in 1960. Teddy
Roosevelt supplied at least one of each species (excluding the zebu) from a summer
hunting excursion in 1929. Full provienience information is listed in Appendix B.

Some specimens were represented solely by the cranium and were missing the
mandible. This means that comparisons between species using the upper dentition are
slightly better because of the larger sample size for these teeth. In graphs and tables, each
specimen contributes two teeth per tooth category (one from the right side and one from
the left) except where a tooth is missing or damaged, expanding the total element count

beyond simply specimen count.
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CHAPTER 4: STATISTICAL ANALYSES
Statistics

The statistical analyses utilized here are mean, standard deviation, principal
components analysis. Mean and standard deviation were calculated with the purpose of
seeing broad relationships between the species in the Museum collection. Principal
components analysis is a more sophisticated statistic, and was used because it is able to
examine multiple variables at one time and pull out important relationships for further
examination.

Analyses were performed on the teeth of 18 adult specimens from the Field
Museum collection. This is admitedly a low sample number. Results would benefit from
the inclusion of additional specimens in future research, but due to time and budgetary
restraints only those from the Field Museum Zoology collection were considered, and
only the adults therein.

Mean and standard deviation were calculated for each species and separately for
male and females within a given species. The mean is an average of the measurements
obtained, and the standard deviation is a number that shows the typical deviation from
the mean and can be more than or less than the value of the mean. These basic statistics
were calculated using Microsoft Excel, while principal components analysis (PCA) was
then run on the measurements using the statistical program PAST (Paleontological
Statistics, Hammer et al. 2001).

PCA is a type of exploratory multivariate statistic that examines the significant
relationships between variables. It is helpful when multiple variables need to be

considered alongside one another. A univariate statistical formula can only look at one
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variable, say tooth length, across the species. By utilizing a multivariate statistic, many
variables can be analyzed simultaneously and in relationship to each other. In the present
case, the variables examined include four metric traits: tooth length, tooth width, center
ridge length, and center ridge width. The data were set up so that the variables were
organized as columns and each specimen had its own row, labeled by species name. Each
tooth was examined separately because the research question concerns whether or not a
single, unassociated tooth can be identified to species from an archaeological assemblage.
Therefore it was necessary to only examine the measurements of the tooth itself and not
its relationship to the other teeth in the row.
Mean and Standard Deviation

Mean and standard deviation were calculated for each molar, by species and by
male and female within each species. The results are given in Table 4.1 and additional
means and standard deviations by sex within each species is available in Appendix D.
Table 4.1 includes the MNI (minimum number of individuals, in this case the number of
specimens used of each species) and the total number of teeth (N) represented by those
specimens. The water buffalo was the only species of which there are no identified
females. Therefore the table shows only two categories for this species: all water buffalo
specimens (which includes identified male and unknown sex) and known males. Some
measurements could not be taken due to the preservation of the teeth. That is, some teeth
were missing from the specimens in the reference collection, having fallen out and gone
missing. The issue of preservation will always be a factor for archaeologists, however,

teeth are more likely than other bones to be preserved.



Table 4.1. Means and standard deviations, by tooth measurement and species.
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Tooth and Water | Tooth and Water

Measurement Gaur Banteng Buffalo | Measurement Gaur Banteng Buffalo

M? Length M? Length

Mean 27.435 22.132 31.862 | Mean 32.945 31.012 33.922

SD (+/-) 2.145 3.357 2.655 | SD (+/-) 1.804 2.087 3.63

M* Width M3 Width

Mean 26.34 22.56 25.464 | Mean 26.525 24.515 2491

SD (+/-) 2.024 1.721 1.672 | SD (+/-) 3.654 2.599 2.148

M'CR M3CR

Length Length

Mean 11.442 9.251 11.871 | Mean 13.097 11.381 13.085

SD (+/-) 1.111 1.443 0.934 | SD (+/-) 1.323 3.45 1.444

M' CR M3CR

Width Width

Mean 10.38 8.062 9.579 | Mean 11.994 9.86 8.951

SD (+/-) 2.138 2.48 0.981 | SD (+/-) 2.854 2.126 1.946

MNI 6 6 5| MNI 6 6 4

N 10 12 10 | N 11 12 8

Water Water

Gaur Banteng Buffalo Gaur Banteng Buffalo

M? Length M, Length

Mean 30.123 27.42 33.531 | Mean 25.406 22.757 28.38

SD (+/-) 2.921 2.085 1.336 | SD (+/-) 1.948 2.06 1.711

M? Width M, Width

Mean 27.338 24.513 25.742 | Mean 18.669 15.46 17.585

SD (+/-) 2.2 2.702 1.663 | SD (+/-) 0.901 0.874 1.266

M?CR M; CR

Length Length

Mean 12.853 11.505 13.006 | Mean 9.194 7.951 10.377

SD (+/-) 1.469 0.857 0.969 | SD (+/-) 0.803 1.885 0.33

M?CR M; CR

Width Width

Mean 11.291 10.058 9.948 | Mean 6.109 4.374 6.11

SD (+/-) 2.366 2.542 0.962 | SD (+/-) 1.057 1.528 0.493

MNI 6 6 5| MNI 5 6 2

N 11 12 10 | N 10 12* 4
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Tooth and Water | Tooth and Water

Measurement Gaur Banteng Buffalo | Measurement Gaur Banteng Buffalo

M, Length P2L

Mean 29.613 26.257 30.887 | Mean 22.74 19.809 20.028

SD (+/-) 1.391 1.85 2.628 | SD (+/-) 2.649 2.336 0.783

M, Width PZW

Mean 19.771 16.965 18.13 | Mean 17.197 15.837 16.388

SD (+/-) 0.482 1.217 2.212 | SD (+/-) 1.422 0.713 0.872

M,CR

Length P2 CRL

Mean 10.71 9.38 11.83 | Mean 7.53 8.968 12.357

SD (+/-) 0.846 1.229 0.298 | SD (+/-) 2.078 3.718 0.537

M,CR

Width P> CRW

Mean 7.129 5.367 6.595 | Mean 5.71 3.507 6.307

SD (+/-) 1.006 0.918 0.372 | SD (+/-) 1.357 0.819 0.95

MNI 5 6 2 | MNI 3 6 3

N 10 11 4| N 4* 11* 6%

Water Water

Gaur Banteng Buffalo Gaur Banteng Buffalo

Mj; Length P3L

Mean 43.706 40.25 40.88 | Mean 21.648 18.892 21.841

SD (+/-) 1.837 2.929 3.923 | SD (+/-) 2.909 1.796 2.739

M; Width PEwW

Mean 19.954 17.211 17.467 | Mean 20.331 18.629 19.85

SD (+/-) 1.055 0.878 1.796 | SD (+/-) 0.969 1.94 1.199

M;CR

Length P CRL

Mean 11.842 10.083 10.995 | Mean 14.794 13.48 13.96

SD (+/-) 1.166 0.945 1.036 | SD (+/-) 2.903 1.903 1.755

M;CR

Width P® CRW

Mean 7.621 6.157 5.9625 | Mean 6.88 5.723 7.762

SD (+/-) 2.143 1.105 0.69 | SD (+/-) 1.214 1.704 0.631

MNI 5 6 2 | MNI 4 6 4

N 10* 11 4 | N Tl 11* 7
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Tooth and Water | Tooth and Water
Measurement Gaur Banteng Buffalo | Measurement Gaur Banteng Buffalo
PYL P, L
Mean 20.794 16.641 21.152 | Mean 21.49 19.707 20.84
SD (+/-) 3.39 1.988 2.431 | SD (+/-) 1.519 1.675 1.334
P*W Ps W
Mean 23.364 20.713 21.16 | Mean 13.273 12.179 11.983
SD (+/-) 0.614 1.763 1.884 | SD (+/-) 0.857 1.183 1.515
P* CRL MNI 5 6 2
Mean 12.821 12.562 14275 | N 10 11 3
SD (+/-) 2.542 1.624 1.851
P* CRW
Mean 8.847 8.234 7.931
SD (+/-) 1.554 1.63 0.312
MNI 5 5 4
N 9 9= 8*
Water Water

Gaur Banteng Buffalo Gaur Banteng Buffalo
P, L PsL
Mean 14.378 13.129 Mean 22.445 22.46 22.67
SD (+/-) 1.022 1.658 SD (+/-) 1.332 1.303 1.57
P, W P, W
Mean 10.588 9.651 Mean 15.32 13.852 14.335
SD (+/-) 0.772 0.917 SD (+/-) 1.245 1.267 1.986
MNI 4 6 MNI 5 6 2
N 6 10 N 10 12 4

Not surprisingly, some teeth turned out to have lower standard deviations, and

thus less variability. The teeth with the lowest standard deviations consistently present for

all species are the lower first and second molars (M1 and M,). In many cases,

measurement ranges for the gaur and water buffalo overlap, but the banteng remains

distinct. In most cases, the gaur and water buffalo have bigger teeth and banteng have

smaller. For example, for the lower first molar, the gaur tooth length and width means are

25.406 and 18.669, respectively; water buffalo means are 28.38 and 17.585; and banteng
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are 22.757 and 15.46. The zebu measurements tended to fall more closely in line with
banteng on the small end of the range. Keeping in mind the size of the animals (as
described in Chapter 2), these correlations make sense.

Mean and standard deviation are included because it is fairly standard practice to
note these aspects of a sample when metric traits are analyzed. However because the
nature of my thesis is more exploratory, the next section on principal components
analysis is more central to my research question, interpretations, and conclusions.
Principal Component Analysis (PCA)

Because | am not concerned with the variation in these exact species but actually
want to know whether or not there are interesting distinguishing characteristics,
exploratory analysis is more appropriate than simply looking at means and standard
deviations. I have a known “population” from the Field Museum, but I am really
interested in the unknown bovids from archaeological sites in Southeast Asia. Rather than
just characterizing the teeth 1 measured at the Museum, | want to know if there exist
relationships that are important to understanding specimens to be excavated in the future.
This can be evaluated using PCA.

Cucchi et al. (2009) undertook similar research using pig molars from Island
Southeast Asia. They also used PCA to determine the validity of using modern museum
collections to assign taxonomic attributions and establish species groupings for
discriminant analysis. These are the same concerns of this paper and | have also chosen
PCA as the means by which to elucidate these biological relationships. A summary of the
PCA process can be found in Appendix E. | have used Baxter (1994), Rumsey (2003),

and Smith (2002) as references.
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The methodology that was developed was to include four metric traits as variables
in the PCA analyses, to treat left and right teeth individually as if they were from
different specimens, and to exclude considerations of male and female. Justifications for
each of these are explained in detail below.

For each tooth, | entered four metric measurements in to the statistical program
PAST. Four metric measurements are sufficient for this analysis. The number of variables
considered can affect the outcome of the statistic, so the general idea is to get the best
solution with the fewest variables possible. For small sample sizes, too many variables
can run the risk of overfitting. Overfitting causes the sample group to have a good fit but
does not generalize the population. The aim here is to do exactly that; to generalize the
population. In addition, the fifth metric measurement, crown height, is not included
because of the problems encountered when attempting to measure it on the reference
collection specimens. Crown height is also problematic because it varies depending on
tooth wear from age and diet so is less reliable than other measurements. Therefore
having only four variables is sufficient.

Measurements were taken on both right and left teeth. These teeth are considered
as individual teeth in this analysis, therefore both are used for comparison. Even for the
three teeth that cluster in PCA by species, left and right teeth were variable therein and
overlapped in numeric value. Below, in Figures 4.1 — 4.6, each tooth is shown in scatter
plots by left and right groupings within species. For example, in Figure 4.1A, the lower
first molar clusters by species, but left and right values are random therein. These figures
are included to show that grouping by side does not matter for the analysis. The left and

right measurements of a single animal are not wildly different nor are they exactly the
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same. Therefore, instead of treating left and right teeth as separate groups or populations,

they are considered only by species name. This also increases the sample size.
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Figure 4.1. The (A) lower first molars, and (B) the upper fourth premolars,
showing tooth side, by species (L- Left, R-Right).
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Figure 4.3. The (A) lower second premolars, and (B) the lower third premolars,
showing tooth side, by species (L- Left, R-Right).
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Figure 4.4. The (A) lower fourth premolars, and (B) the upper first molars,
showing tooth side, by species (L- Left, R-Right).
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Figure 4.5. The (A) upper second molars, and (B) the upper third molars,

showing tooth side, by species (L- Left, R-Right).
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Figure 4.6. The (A) upper second premolars, and (B) the upper third premolars,
showing tooth side, by species (L- Left, R-Right).
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The above figures show that tooth side does not make a difference within species
or between species clusters. In addition, male and female individuals were considered
together under species name only. As it was for left and right teeth, it was also found that
grouping male and females separately was unnecessary. Separating the species by sex did
not help clarify the picture (Figure 4.7 — 4.11). Male and female measurements did not
show remarkable difference from one another, so lumping them together under species

designation alone is sufficient.
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Figure 4.7. The lower third premolar (A) and upper third molar (B),
grouped by sex within species

S7



4.8

3.6

Banteng

Barfteng
N
e T T T T
2 3 6 15
g anteng
£
8 Banteng

aur
Gaur Banteng
Component 1
e
Gaur

o~ Banteng
% Banten
e Ba lo]
a r T T
I -6 -4.8 4.8
S
]

Bubalus
Anteng

) Banteng

Banteng
9

Component 1

Figure 4.8. The upper first molars (A) and upper second premolars (B),

grouped by sex within species
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Figure 4.9. The upper third premolars (A) and upper fourth premolars (B),
grouped by sex within species
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While remarkable differences were not noted between the sexes’ tooth
measurements, when grouping by sex two teeth indicated group differentiation for one
singular grouping (Figure 4.12). For each of these two teeth, one group only stood out
from all the rest. For the upper second molar (Figure 4.12a), female banteng grouped into
the upper left quadrant slightly away from the others. For the lower third molar (Figure
4.12b), male gaur clustered a little further away from the rest of the groupings, being
almost the only specimens in the lower left quadrant. For this tooth especially it may be
possible to distinguish male gaur if the measurement range of an unknown specimen falls

within this cluster, away from the others.
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Except for the two teeth mentioned above, sex does not play a major role. Even
for these teeth, in each case only one group was slightly distinguished from the other
clusters. Therefore, because sex and side do not make a significant difference, male and
female specimens as well as left and right teeth are all considered individually. They are
labeled by species name only, with no further designation.

The statistics software calculated eigenvalues (number assigned to an
eigenvector/principal component/important relationship) based on the species’ data. The
highest eigenvalue indicates the strongest relationship, and is therefore considered the
first principal component. The program also created a scatter plot based on the
eigenvectors (of components 1 and 2, representing the top two most significant
relationships). By examining the biplot (where each of the four metric traits fall on the
axes), it can be determined which metric traits contribute most to a component, and are
therefore important for understanding the shape of the tooth. Figure 9 shows one of these

€6,

scatter plots. The “x” axis is the spread of plotted points as pertaining to the principal
component. The “y” axis is the spread of points related to the second component.
Therefore, the scatter plot represents the relationships of the species determined to be
most statistically important. The biplot shows the four metric traits that influenced the
PCA plot: L (tooth length), W (tooth width), CR-L (center ridge length), and CR-W
(center ridge width). These four traits represent all of the metric data available for each
tooth.

Results

The My, M5, and M* (lower first and second molars, and upper first molar)

produced the clearest clusters in the scatter plot and had strong eigenvalues associated
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with their components. Interestingly, the M; and M, were also the teeth that produced the
most consistent or least variable values for mean and standard deviation. When viewing
the PCA scatter plot for these teeth, each species’ points clustered together in certain
areas indicating distinct divisions between species. It indicates that each species’
measurements are more closely related to one another within species than between
species. In other words, in the scatter plots the gaur measurements are clustered together,
the banteng measurements are clustered, and the water buffalo measurements are
clustered. The relationship of the measurements allows for species distinction. It should
also be noted that the zebu measurements, when plotted, hover near the banteng. This
should be kept in mind when making interpretations, as my data suggests that it will be
more difficult to differentiate zebu from banteng because of their smaller body size. Thus
when using this research for differentiation purposes, a caveat must be added that zebu
could potentially have similar measurements to banteng and cannot be ruled out. Because
of the PCA cluster distinctions, these teeth (M, My, and M*) are more suited to analysis
for determining species from an unknown archaeological sample based solely on
measurements from teeth recovered from the excavation.

Below are the scatter plots for all the teeth, with the M1, M2, and M* following
afterwards. By showing the scatter plots for all teeth it should be evident that these three

teeth, at the end, exhibit the clearest clustering by species.



Component 2

Component 2

anteng

aur Banteng

o
Banteng

Component 1

Banteng 3

o
Banteng

Banteng

o
Banteng

>AUBanteng

Component 1

Figure 4.13. Scatter plots of (A) the lower second premolars, P, and
(B) lower third premolars, P3, by species.
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Figure 4.16. Scatter plots of (A) the upper fourth premolars, P* and

(B) the upper second molars, M?, by species.
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Figure 4.17. Scatter plot of the upper third molars, M*, by species.

It should be evident that there is a great deal of overlap of species groups in the
teeth above. In contrast, below are the scatter plots for the My, M, and M* (Figures 4.18
—4.20). The lower second molar is the clearest case of species clustering, while for the
other two teeth there is a bit more overlap. Underneath each scatter plot is a table with the
associated eigenvalues of the Principal Components and the amount of variance that each
component encompasses. If most the variance is accounted for by the first or first and
second components, then the analysis is a success. If the variance is fairly equally spread
among the components, then the analysis is less successful. In the cases of M1, M5, and
M, about 75% of the variance is accounted for in the first component alone,

documenting that all three teeth are highly useful for identification.



Gaur

71

Banteng

B¥HAkhg

Banten

Component 2

Component 1

Banteng

Figure 4.18. PCA scatter plot of the lower first molar (M1).

PCA values in the table below.

For clarification, two Banteng and one Bubalus label overlap in the lower left quadrant.

Principal Component Eigenvalue % Variance
1 11.6916 77.246
2 1.77602 11.734
3 1.26902 8.3843
4 0.398955 2.6359

The first component for M; has an eigenvalue of 11.6916 and accounts for 77.246% of
the variance. Tooth length contributes most to the first principal component.
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Figure 4.19. PCA scatter plot of the lower second molar (M).

PCA values are in the table below.

Principal Component Eigenvalue % Variance
1 9.80876 75.421
2 1.95846 15.059
3 0.702692 5.4031
4 0.53545 41172

The first component for M, has an eigenvalue of 9.80876 and accounts for 75.421% of
the variance. Tooth length contributes most to the first principal component.
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Figure 4.20. PCA scatter plot of the upper first molar (M*).

PCA values are in the table below.
For clarification, two Bubalus labels overlap in the top left quadrant.

Principal Component Eigenvalue % Variance
1 28.0536 74.498
2 6.6197 17.579
3 2.46119 6.5358
4 0.522374 1.3872

The first component for M, has an eigenvalue of 28.0536 and accounts for 74.498% of
the variance. Tooth length contributes the most to the first principal component.

For the upper first molar (Figure 4.20) banteng separate out in a cluster away

from the other two species, which overlap slightly. In this case, the closest distinction that
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might be made would be to narrow down an unknown specimen to banteng or gaur/water
buffalo.

Interestingly, tooth length stands out as the variable that contributed most to the
first principal component for all three teeth. This is evident when looking at the loadings
(the amount each variable contributes) (Figure 4.21). In addition, while both the first and
second components are shown as axes on the scatter plots above only the first component
is truly significant. The other components fall within the normal range for a random
sample. A Scree plot visualizes this distinction. A Scree plot is a simple plot of
eigenvalues which indicates the number of significant components. For the four
components considered here, only the first falls outside the normal range of expected

eigenvalues for a random sample (Figure 4.22).
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lower second molar- M., and (C) upper first molar- M*.

Tooth length contributes the most to the first principal component.
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random model. Only the first component falls outside of normal range.
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To summarize, there are only three teeth (M1, M,, M%) that produce clear clusters
by species when analyzed with principal components analysis. For all three teeth, only
the first component is clearly significant and explains about 74-77% of the variance. For
each first component, tooth length is the primary contributor to the variance. This
suggests that tooth length as measured for M1, M2, and M1 will be the most useful

variables when determining bovid identifications of archaeological assemblages.
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CHAPTER 5: CASE STUDY FROM CAMBODIA

In order to test the significance of the groupings determined through principal
components analysis (PCA) in Chapter 4, bovid teeth were selected from the Angkor
Borei site in southern Cambodia as a case study. The purpose of this case study is to
apply the findings of the statistical analysis to bovid teeth of unknown species from an
archaeological site.

Angkor Borei, Cambodia

Angkor Borei is located at the western edge of the Mekong Delta in southern
Cambodia (Figure 5.1). It is at the southwestern edge of a section of elevated land,
ranging from 2-10 m above sea level. The site is surrounded by low-lying delta and
Phnom Angkor Borei (Angkor Borei Mountains) and Phnom Da (hill with 11" century
temple on top) to the south. The modern town of Angkor Borei sits atop the site (Stark et
al. 1999: 10). The Mekong Delta is known for being the center of one of the earliest
civilizations in Southeast Asia, named “Funan” by visiting Chinese dignitaries. The
Funan polity had multiple urban centers between the 1% and 6™ centuries A.D., two of
which were Oc Eo in Vietnam, and Angkor Borei in Cambodia. Funan cultures existed
during the early historic period of Southeast Asia (ca. 500 B.C. - A.D. 500), noted for (1)
the presence of moated, fortified settlements with water control features, (2) settlement
patterns with a primary center and satellite communities, and (3) exotic goods such as
ceramic, glass, and metal which point to an Indic influence (Stark and Bong 2001, Stark
et al 2001, Stark et al. 1999).

Excavations at Angkor Borei were undertaken in 1996, 1999, and 2000 by the

Lower Mekong Archaeological Project (LOMAP), under the co-direction of Dr. Miriam
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Stark of the University of Hawai'i at Manoa and H.E. Chuch Phoeurn of the Ministry of
Culture and Fine Arts in the Kingdom of Cambodia. From the modern town of Angkor
Borei have come some of the earliest Khmer inscriptions, pre-Angkorian brick
architecture, and statuary (Jacob 1979; Jenner 1980; Pelliot 1903; Stark et al., 1999).
LOMAP goals are to study the growth and development of Angkor Borei as a regional

center during the first millennium A.D.
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Figure 5.1. The Mekong Delta, with the location of Angkor Borei and other major sites
in Cambodia. Inset image of the location of Cambodia in Southeast Asia
(from Bishop et al. 2003).
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Previous Research at Angkor Borei
Excavations have been undertaken almost every year since the project began and
have centered in and around the village of Angkor Borei (Figure 5.2). Test units were
labeled with the prefix “AB”. During the 1995 field season, two units were placed at the
village center (AB1 and AB2). In 1996, project members completed systematic
excavations at AB3 and AB4, stripped a collapsed brick structure (AB5), and cut an east-
west trench into the eastern wall of the site (AB6). In 1999, excavations concentrated on

the Vat Komnou cemetery (AB7) and tested a cut in the eastern wall (AB8).
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Figure 5.2. The Angkor Borei site map, showing placement of excavations units.

Excavations revealed deeply stratified natural and cultural levels in AB3 and AB4

that have been radiocarbon dated to ca. 400 B.C. at their earliest deposits. This reflects
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initial settlement in the area (Stark et al. 2001). Ash lenses and Fine Orange ware suggest
periods of residential and/or industrial use. The general parameters of a brick structure
(AB5) were recovered in the 1996 excavations, although the majority of the brick had
been repurposed by more recent villagers for modern projects. Efforts have been made to
establish a cultural chronology based on the ceramic assemblage. It appears that early
phases of occupation coincided with burnished and incised, cord-marked, and some
smoothed ceramics, moving later into more forms of outer marking around the 1% century
B.C. Some of these ceramics also showed signs of wheel use in their manufacture. The
latest ceramic phase (post-A.D. 300) showed a change in technique to use of new raw
materials, vessel forms, and surface treatments (Stark et al. 2001). The 1999 and 2000
excavations at Vat Komnou mound and cemetery (AB7) is the source of the faunal
material of concern here, and is discussed in detail below.
Vat Komnou Mound

The Vat Komnou mound is centrally located in the walled city of Angkor Borei,
at the highest elevation in the town. It is named after the Buddhist temple that sits atop.
Part of the mound was removed by villagers, exposing human burials, before their efforts
were halted by local authorities. At a higher elevation from this damage to the mound, a 2
x 3 meter unit (AB7) was placed and excavated to a depth of ca. 3.65 meters below the
present mound surface. Ceramics were the most recovered artifact type (as sherds, whole
vessels, and unfired pellets). Other artifact types were recovered during screening and
included metal wire, slag, gold leaf, animal bone, shell, beads, brick fragments, mineral
samples, and lithics. Nineteen human skeletons and associated grave goods were

removed in the 1999 season before time constraints prevented further excavation. The
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2000 field season expanded the AB7 unit size by another 2 x 2 meters in an east-west
direction. The original unit was assigned Block 1-3 labels (each block was a 1 x 2 meter
section). The new excavation added two 1 x 2 blocks to the east (Blocks 4 and 5, west to
east respectively) of the original AB7. Block 1 (the westernmost block) was taken down
to sterile soil to ca. 6.9 meters to reveal a complete mound profile. The eastern-most
blocks were taken down to just past the burial layer. Stratigraphy matched that identified
in the 1996 excavations of AB3 and AB4. This showed that the cemetery belongs to the
early historic period. Charcoal samples were removed for radiocarbon dating to delineate
the time frame and site construction sequence. Calibrated results show that the cemetery
was likely in use from the 2" century B.C. to the 4™ century A.D. These dates correspond
to the Funan period in Southeast Asia, making AB7 the only excavated Funan period
cemetery in Cambodia (Stark 2001, Stark et al. 2001).
Materials

All bovid teeth were obtained from the AB7 excavations, courtesy of Dr. Miriam
Stark and Dr. Bill Belcher. Belcher is the lab manager and forensic anthropologist at the
Joint POW/MIA Accounting Command (JPAC), at Hickam Air Force Base in Honolulu
and is the faunal analyst for the 1999-2000 Angkor Borei field season. These teeth were
washed and identified to determine if there were any that would be of use in the present
research, namely lower first molars (M), lower second molars (M), or upper first molars
(M%) from adult bovids. The assemblage was small to begin with, and only three teeth
met these criteria. Size discrepancies may account for the smaller number as very small
teeth were excluded from the analysis. It is not known whether these very small teeth are

from domesticated individuals or a different species entirely. It was decided that only the
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larger teeth that were comparable to those measured at the Field Museum and comprise
the comparative sample would be used.

The teeth available for analysis were two lower first molars (M), a right and a
left, and one lower second molar (M;). These three teeth were all from the same context:
AB7, Block 4, Layer 3, Level 6. They also likely came from a single animal. The reason |
say they were probably all from the same animal is that there were four teeth recovered
from that context- lower first through third right molars and a left lower first molar. The
three right teeth all fit together, and all four teeth had the same occlusal tooth wear
amount, the same taphonomic properties (soil stains, amount of preservation, absence of
weathering). In addition, the right and left first molars appeared to be mirror images of
each other in terms of tooth shape, size, and wear. These features indicate to me that they
are from the same animal.

Examining the known and dated stratigraphy of Block 1 for comparison, Layer 3
is the most recent construction layer. Radiocarbon sample Wk-8914 was used in this
layer and returned a date of 1740 +/- 60 BP, or a calibrated 26 range of A.D. 131 - A.D.
425 (Stark et al 2001). For the mound as a whole, charcoal samples were taken from
either the top or bottom of a stratigraphic layer in order to have meaningful dates. Layer 3
represented the bottom of the 1.5 meters from the construction layer and was the only
place where a big enough charcoal sample could be obtained. The top mainly consisted of
fill with foundational stones and bricks for brick structures. This being the case, the first

mound level had quite mixed deposits and little depositional integrity (Stark et al. 2001).
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Methods

These three teeth were analyzed against the comparative sample from the Field
Museum using discriminant analysis. Discriminant analysis is a type of statistical analysis
performed when trying to determine group membership. In this case, three species are
known and therefore there are three possible groups. The unknown samples are from
AB7 and are plugged in to determine at what confidence they can be assumed to be one
species over another. In other words, with discriminant analysis (DA) it is possible to
predict group membership. In general, the small sample size should not affect the
outcome of this multivariate analysis. It is important that there are fewer variables than
observations (Baxter 1994: 200-201). In this case there were two variables (tooth width
and tooth length) and about 30 observations (the Angkor Borei sample plus the reference
specimens).

With three species (groups) it is necessary to have two discriminant functions, and
plots of scores on these functions to show group separation (Baxter 1994: 187). The
independent variables are the predictors and the dependant variables are the groups.
Discriminant analysis automatically determines some optimal combination of variables
so that the first function provides the most overall discrimination between groups, the
second provides second most, etc. When plotted the functions will be independent, that
is, their contributions to the discrimination between groups will not overlap. The first
function picks up the most variation, the second function picks up the greatest part of the
unexplained variation (Poulsen and French 2003). This plotting of functions is similar to
the plotting of principal components in PCA. However the variables analyzed with PCA

have no assumed structure. With DA known and distinct groups exist in the data and
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linear combinations of variables are made to display the differences the most clearly
(Baxter 1994: 185-186).

In order to predict group membership, the AB7 teeth were measured using the
same criteria as the control sample from the Field Museum. These measurements were
tooth length, tooth width, center ridge length, and center ridge width. In addition to
determining discriminant analysis function scores, classification functions were utilized
for determining group membership. Classification functions can be used to determine in
which group each tooth most likely belongs. There are as many classification functions as
there are groups. Each function computes a classification score for each case for each
group, by applying the formula:

Si = Ci + Wir™ 1 + Wig™X2 + ... + Wim™Xm
In this formula, the subscript i denotes the respective group; the subscripts 1, 2, ..., m
denote the m variables; c; is a constant for the i'th group, w;; is the weight for the j'th
variable in the computation of the classification score for the i'th group; ¥ is the observed
value for the respective case for the j'th variable. S; is the resultant classification score
(StatSoft 2010).

Because there are three groups (species) to be considered instead of two, two
rounds of classification had to occur because DA can only look at two groups at a time.
Therefore, in order to extrapolate which species was the most likely, gaur was compared
to a combined banteng/bubalus group, then bubalus was compared to a combined
gaur/banteng group. In all three AB7 teeth, the resulting classification was banteng

(Tables 5.1 and 5.2).
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Table 5.1. Discriminant analysis scores for each lower first molar (M;) including two
from AB7, group number, and resulting classification.

Gaur vs. others

Bubalus vs. others

Score Group | Classif. Score Group | Classif.
Gaur 5.3899 1 1 Gaur -0.39852 1 2
Gaur 4.0621 1 1 Gaur -0.63157 1 2
Gaur 4.7709 1 1 Gaur 2.5209 1 1
Gaur 3.6801 1 1 Gaur 2.6138 1 1
Gaur 7.6745 1 1 Gaur 1.7927 1 1
Gaur 3.8665 1 1 Gaur 0.74947 1 1
Gaur -0.31086 1 2 Gaur 0.3634 1 1
Gaur 9.8452 1 1 Gaur 2.1918 1 1
Gaur 3.7523 1 1 Gaur 1.3816 1 1
Gaur 3.3445 1 1 Gaur 1.1738 1 1
Banteng -4.3011 2 2 Banteng | -0.74105 1 2
Banteng -4.5951 2 2 Banteng -1.0276 1 2
Banteng -9.2506 2 2 Banteng 0.79553 1 1
Banteng -4.6893 2 2 Banteng 1.9275 1 1
Banteng -9.1779 2 2 Banteng -0.6081 1 2
Banteng -10.022 2 2 Banteng -1.3666 1 2
Banteng -1.8922 2 2 Banteng 1.8937 1 1
Banteng | 0.010015 2 1 Banteng 2.8246 1 1
Banteng -3.0693 2 2 Banteng 1.6441 1 1
Banteng -3.5639 2 2 Banteng 1.2654 1 1
Banteng -8.4978 2 2 Banteng 1.0557 1 1
Bubalus -6.8824 2 2 Bubalus -1.8079 2 2
Bubalus -4.9722 2 2 Bubalus -1.3681 2 2
Bubalus 0.82186 2 1 Bubalus -1.9358 2 2
Bubalus -2.4227 2 2 Bubalus -2.6319 2 2
AB7 1 -2.5821 2 2 AB7 1 1.4071 2 1
AB7 2 -3.2413 2 2 AB7 2 0.78775 2 1
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Table 5.2. Discriminant analysis scores for each lower second molar (M,) including one
from AB7, group number, and resulting classification.

Gaur vs. others

Bubalus vs. others

Score Group | Classif. Score Group | Classif.
Gaur 0.031281 1 1 Gaur -1.0308 1 2
Gaur 0.73382 1 1 Gaur -0.61149 1 2
Gaur 2.6573 1 1 Gaur 2.3215 1 1
Gaur 1.7436 1 1 Gaur 2112 1 1
Gaur 2.9059 1 1 Gaur 2.0001 1 1
Gaur 4.3436 1 1 Gaur 2.4467 1 1
Gaur 3.8595 1 1 Gaur 2.6919 1 1
Gaur 5.454 1 1 Gaur 3.2132 1 1
Gaur 2.5833 1 1 Gaur -0.28846 1 2
Gaur 1.1852 1 1 Gaur -0.92645 1 2
Banteng -0.68122 2 2 Banteng 0.41587 1 1
Banteng -0.5925 2 2 Banteng 1.3223 1 1
Banteng -4.505 2 2 Banteng 1.7138 1 1
Banteng -3.3629 2 2 Banteng 2.1766 1 1
Banteng -5.6691 2 2 Banteng -1.4712 1 2
Banteng -5.7079 2 2 Banteng -1.621 1 2
Banteng | -0.86197 2 2 Banteng 1.8666 1 1
Banteng -1.971 2 2 Banteng | 0.074288 1 1
Banteng -1.4675 2 2 Banteng 2.6443 1 1
Banteng -0.97312 2 2 Banteng 2.8851 1 1
Banteng -6.3168 2 2 Banteng 1.0542 1 1
Bubalus -3.5932 2 2 Bubalus | -0.89808 2 2
Bubalus -3.0948 2 2 Bubalus | -0.92838 2 2
Bubalus 1.8701 2 1 Bubalus -1.7603 2 2
Bubalus 1.4201 2 1 Bubalus -2.1816 2 2
AB7 -5.2893 2 2 AB7 0.29491 2 1

These tables can be interpreted in the following manner: In both tables, the AB7

samples were grouped with banteng and bubalus first (group 2). The resulting

classification said that they belonged in this group and not with gaur. In order to

determine which species (whether or banteng or bubalus), they were secondly grouped in

with gaur and banteng (group 1). The resulting classification showed that they did belong

in group 1. Therefore, since they were already excluded from gaur in the first round they
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must belong with banteng. The plots of their discriminant function scores represent this
visually (Figures 5.3 and 5.4).
Discussion

The results of the analysis are that banteng may have been present at the Angkor
Borei site by the end of the mound building phase of Vat Komnou (A.D. 131 — 425). If
this is the case, it is the first known banteng recovered in Cambodia. Four other sites in
Southeast Asia have published literature mentioning the recovery of banteng remains.
These sites are Non Pa Wai in central Thailand, Sai Yok in western Thailand, Ment Cave
in west Thailand, and the Tham Lod Rockshelter in northwest Thailand. The dates for
these sites are: Sai Yok (A.D. 1100-1200); Non Pa Wai (2300-500 BP); Ment Cave
(10,000-4500 BP); and Tham Lod Rockshelter (24,000-12,000 BP). According to these
site dates, banteng at Angkor Borei (specifically, AB 7) show up between occupations of
the Non Pa Wai and Sai Yok sites.

The presence of the species at Angkor Borei adds to the body of knowledge
concerning the species in Southeast Asia. It suggests an extensive range of banteng in the
centuries surrounding the beginning of the new millennium A.D. At the Tham Rod
Rockshelter, wild banteng were recovered from a food preparation area of the site. At
Non Pa Wai, the banteng were domesticated cattle. This is the only archaeological
information concerning banteng in the region. The previous zooarchaeological research
on Angkor Borei includes some species-specific identifications. The faunal assemblage
of unit AB3 was examined in 2000 (Eyre 2000). Phase 3 (A.D. 200/300 — 600) reflects a
comparative time frame and contained cattle (n=12), fish (n=13), turtle (n=73), medium

bird (n=4), dog (n=1), and general medium — large mammal (n=85). Examination of the
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Bubalus arnee and Bos gaurus in addition to general Bos (Table 5.3). They make up only

about 5% of the identified taxa from this unit (VVoeun 2010). There are no other taxa

identified from the same Layer/Level as the teeth studied here (Layer 3, Level 6),

possibly because the AB7 faunal assemblage has been divided among researchers still in

the process of making identifications.

Table 5.3. Identified taxa from AB 7 (from Voeun 2010).

N°: Family Species English name Khmer name | TNSP
1 PELECANIDAE Pelecanus onocrotalus Great white Pelican E:lﬂ 4
2 ARDEIDAE Ardea alba Great egret fifi 23
3 ARDEIDAE Ardecla bacchus Chinesis pond heron i [Fif 52
4 PHASIANIDAE Gallus gallus Red Junglefowl e ?T!‘ 56
=1 RALLIDAE Amauromis phoenicurus white breasted waterhen Faee 4
& PHASIAMIDAE Pavo muticus Green Peafowl (peacock) THR 2
7 WESPERTILIONIDAE | Corynorhinus cf Bat o) 227
B BOVIDAE Bos sp. Catile iRl 130
g BOVIDAE Bubalus armes Wild Water Buffalo i 53
10 BOVIDAE Bos gaurus Gaur E“ 7
1 BOVIDAE Nemorhaedus sumatraensis Serow "Eﬁ: 1
12 CERVIDAE Cervus unicolor Sambar 1oy 30
13 CERVIDAE Axis porcinus Hog dear A 81
14 CERVIDAE Tragulus napu Mouse deer m&{njh 2
15 CERVIDAE Muntiacus muntjsk Muntjac ngad 83
16 SUIDAE Sus scrofa Pig and wild boar [ 3018
17 CANIDAE Canis aureus Asiatic Jackal i 20
18 FELIDAE Panthera tigris Bengal Tiger €N 2
19 FELIDAE Prionailurus viverinus Fishing Cat g-llﬁ 4]
20 YIVERRIDAE Paradoxurus hermaphroditus Common Palm civet At G 64
21 SCIURIDAE Menettes berdmorei Berdmorei squimrel Tﬂ'ﬂﬁ 17
22 SCIURIDAE Callosciurus erythragus Pallas's Squirrel ﬁ-[tlm- 24
23 CROCODYLIDAE Crocodylus siamensis Crocodile Hﬂﬁ 2
24 COLUBRIDAE Ptyas cf. Black interscale-snacke I.'Iﬁ'J‘IU'I 4
25 HOMO Sapiens sp.. Human HHA]) 1217
26 GEOMYDIDAE Malayyemys subirijuga Ricefieeld Terrapin Turtle Htﬂﬁﬁi’L{u 288
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27 TESTUDINIDAE Hieremys annandalei Yellow headed temple turtle snfaennns 117
28 TESTUDINIDAE Indotestudo enlongata Elongated Tortoise ﬂmﬁ nlgﬁ 10
29 TRIONYCHIDAE Trionyx cartilaginous Asiatic Soft-Shell g 22
30 AMPULLARIIDAE Pila ampullacea Shell of Pila ampullacea 3yt 113
&y CORBICULIDAE Meretrix .sp Hard clam lﬂﬂnlh"il? 3
32 CORBICULIDAE Corbicula fluminea Small freshwater clam Im:]mé'ﬁmm 100
33 TURBINIDAE Turbo petholatus Tapestry turban 1%1 10
34 TURBINIDAE Arca granulosa Cockle ark shell Hi 1
35 UMIONIDAE Alasmidonta cf Freshwater big clam Lﬁ franu 34
36 SOLEIDAE Euryglossa panoides Flat fizh Lﬁ Hl'lﬂ'lﬁf;i 1
37 SYBRANCHIDAE Monopterus albus Swamp Eel Hﬁﬂ g8
38 SILURIDAE COmpok bimaculatus Butter catfish [ﬁ Mimne 8
a9 SILURIDAE wallago atty Wallage Iﬁ g 0
40 SCHILBEIDAE Laides ef. Mo English name LE s 4
4 SCIAENIDAE Boessemania microlepis Smallscal croaker [ﬁ Ltm'i 4
42 PANGASIDAE Pangasianodon hypophthalmus Iridecent Shark-catfish Lﬁ (m 33
43 NOTOPTERIDAE Notoplerus notopterus Bronze featherback [ﬁ fl-ﬂ fi 4
44 NOTOPTERIDAE Chatila ornata Clown featherback Lﬁ [ 3
45 NAMNDIDAE Pristoepis fasciata Malayan leaffish '[ﬁ ﬁ[ﬁ U 8
46 CYPRINDAE Cyclocheilichthys enoplos Soldier river barb Lﬁ [ﬁ‘m 13
47 CYPRINIDAE Funtioplites proctozysron Cyprenus Lﬁ Lﬁ fﬁ{] Q9
48 CLARIIDAE Clarias meladerma Blackskin catfish I:ﬁ angh 405
49 ANABANTIDAE Anabas testudineus Climbing perch Tfﬁ mm 1652
50 CHAMNIDAE Channa micropeltes Gain Snackehead Lﬁ g 752
&1 CHAMNIDAE Channa micropeltes Snakehead murrel Lﬁ '}m 3022
52 CENTROPOMIDAE | Lates calcarifer Baramundi (i rgh 3
53 CARCHARHIMIDAE Rhizoprionodon acutus Milk shark Lﬁ E]H Q9
54 BALONTIDAE Trichogaster pecforalis Three Spot gourami Lﬁ ﬁ‘.’i” m 17
55 BALONTIDAE Trichogaster trichoperus Snakeskin gourami [ﬁ figl 13
56 BAGRIDAE Mystus sp. of wolffi Mo English name [ﬁ fn): 43
57 BAGRIDAE Mystus nemurus Asian redtail catfish Lﬁ g?Hj Q6
Total : 57 species 12187

The jumbled association of the bovid teeth with mound-top construction fill might

mean that the bones were taken from a trash area and utilized for additional fill. This

would mean that banteng were part of the inhabitants’ diet, and at least the skull portions

were not used for sacred purposes. Conversely, the bones could technically have been
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introduced from another location, transported to the site solely to use as construction fill.
While this is less likely as it would indicate an unnecessary transport of materials, stable
isotope analysis could be performed to determine if the banteng was from the area of
Angkor Borei, based on its diet.

Although comparison with the other animals in the faunal assemblage is
necessary, based on the banteng remains, the environment surrounding Angkor Borei at
the end of the mound building phase would have had open grassy areas, since bantengs
are grazers. Patches of forest may have also existed, providing shade by day, with grassy
areas for grazing nearby. This is in agreement with paleoenviromental interpretations
based on sediment cores recovered from a reservoir (baray) at Angkor Borei (Bishop et
al. 2003). Bishop and colleagues describe a relatively abrupt sedimentological and
microfossil change at about 137 cm depth. The transition is dated to the late 5™ —late 6"
centuries A.D. Prior to the transition, the sedimentological and microfossil data show the
dominance of regularly burned, extensive grasslands in addition to turbid, nutrient-rich
standing water. After the transition there was a dramatic reduction in grasslands, the
expansion of secondary forest, and the colonization of swamp forest plants. This change
may indicate a shift in agricultural strategies from rice grown in burned fields to wet-rice
agriculture. The banteng teeth were recovered from layer in the mound dated to A.D. 131
— 425 which is prior to this transition. The presence of extensive grasslands around
Angkor Borei with patches of standing water was an ideal environment for banteng
habitation. Therefore the identification of this single banteng at Angkor Borei, both in the

time period it is found and in the specific paleoenvironment, is not unusual.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

Summary

Examination of tooth morphology is clearly important for distinguishing between
bovid species in Southeast Asia. Three teeth (M, M2, M*) were found to be strong
candidates for elucidating species identification using measurements and statistical
analyses of both Museum reference collections and a small sample from an
archaeological site.

While the sample size for this study was small, results from principal components
analysis and discriminant analysis clearly show that, at least for some teeth,
morphological differences exist that can help determine species. The teeth with the
lowest standard deviations that also produced clear clusters when examined with
principal components analysis were the lower first and second molars. Additionally, the
upper first molar produced clusters using PCA and is considered to be equally important
when attempting to predict species from an unknown sample.

Using these teeth as benchmarks for species identification, the archaeological
faunal assemblage from Angkor Borei was examined. Due to the small assemblage size
(bovid teeth from the unit AB 7), only three teeth could be used, two lower first molars
and one lower second molar. All teeth appear to be from one individual animal. Using
discriminant analysis, each tooth was shown to be most similar to the banteng grouping.
Interpretations can now begin based on the identification of banteng at Angkor Borei.
Continued excavations at this site and further recovery of bovid teeth from the other units
at the mound will provide a broader basis for determining if there was change through

time in species abundance and how they were used at this site. Comparing the banteng
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habitat preferences with zooarchaeological identification of other species in the
assemblage should also provide a clear picture of the site environment at the end of the
mound building phase and beginning of temple construction.
Research Challenges

One problem inherent in research about closely related species is that of
interbreeding. Mudar and Anderson (2007:314) note that gaur and banteng have been
observed in the same herd. This commingling is not likely to be a recent phenomenon.
Cross breeding is both biologically possible and sometimes encouraged by humans.
Modern crossbreeding efforts of banteng and zebu have been undertaken in Timor,
Sulawesi, Sumatra, Australia, and Texas. Crossbreedings of zebu and Bos taurus have
been done in the USA. These breedings have been successful both naturally and through
artificial insemination (Felius 1995). However, in these experiments only female
offspring were fertile. Admixture of modern taurine and zebu cattle is known, and in the
Near East taurine populations have up to of 30 percent zebu genetic introgression
(Bradley and Magee 2006: 324-325) Many of the major breeds of modern cattle are
regional hybrids, bred with the intent to maximize meat, dairy, or labor outputs.
Therefore it is important to bear in mind that interbreeding of species may have occurred
in the past. Any morphological changes that occur as the result of hybridization could
affect dental measurements and other morphometric traits, thus complicating efforts to
distinguish species.

Another problem is the reality of size diminution in domesticated species and how
these size differences contribute to key morphological variation between species. The

control sample from the Field Museum in Chicago did not have domestication
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information as part of the provenience for each specimen. Therefore comparisons in size
between the Field Museum specimens could only be done on the basis of sex, which did
not prove to be a matter of concern for PCA analysis. However, if the all the banteng
specimens at the museum were wild, and the species examined from Angkor Borei were
domesticated, then size diminution might mean that a domesticated water buffalo could
get confused with a wild banteng based solely on size.
Future Research

While interbreeding and size diminution are real problems, the present research
contributes towards an understanding of the relationship between bovid species in
Southeast Asia. According to the present analyses the teeth that are the most likely to
elucidate this information are the My, M5, and M. However because of the small sample
size, ideally future research would continue to examine all of the premolars and molars.
However, the small sample size, both of comparative specimens and the archaeological
assemblage, must be noted. While it does not diminish the results of the present study,
future research with a larger sample size would aid greatly in clarifying bovid
relationships and strengthening the applicability of the results. This is especially true for
the zebu in this study. Only having one specimen’s measurements ultimately led to the
exclusion of zebu from the present study. Therefore the addition of zebu measurements
would not only help clarify the results above, it would also help identify a fourth bovid
species in Southeast Asia. Ideally measurements taken on wild, domestic, modern, and
prehistoric bovids from several regions of Southeast Asia would be most beneficial to
shedding light on the differences that might be present both spatially and temporally.

After additional reference specimens are added to the study, it would be beneficial to
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reanalyze the bovid teeth from the 38 archaeological sites listed in Chapter 1 (Table 1.1)
primarily because most of the cattle species are identified solely as Bovidae, Bos, or
cattle. Sites that overlap the possible timing of domestication for each species (Table 2.3)
could focus on seeing the introduction of these species and changes in their morphology.
This is especially true for the water buffalo and banteng, who very likely were
domesticated in Southeast Asia but the origin and exact timing are unknown. Key sites
for examining the transition to wet rice agriculture would be those that existed around the
first millennium A.D. The increased presence of water buffalo at these sites might
indicate their use as traction animals. Key sites for examining trade relationships with the
Indian subcontinent would be those that were part of the formation of states, such as the
delta state of Funan in Cambodia (A.D. 150-550). The presence of zebu at these sites at
this time period would indicate long-distance exchange.

This is one of multiple techniques that could be chosen for bovid identification.
The best scenario would be the use of multiple methods with cross-evaluation. Another
technique that has been used to distinguish pig species in Island Southeast Asia and the
Pacific is geometric morphometric analysis (Cucchi et al. 2009, Dobney et al. 2008). This
research looks at the shape of the occlusal surface of pig molars to distinguish to species.
In a region where the human-mediated dispersal of this animal has led to the development
of several species scattered across the Pacific, researchers are able to tease out
relationships based solely on the shape of the molars. Another technique is using ancient
DNA to identify cattle phylogeny (Edwards et al. 2004). This research has used
archaeological materials from Europe, the Near East, and Africa to sample mitochondrial

DNA. This type of study is useful for determining relatedness, genetic diversity, and
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amount of regional continuity in the genes of prehistoric and modern species of a given
region. Finally, Hu et al. (2008) have attempted to distinguish between wild boar and
domestic pigs at sites in China through stable isotope analysis. This research uses
isotopes to examine the differences between the diet of a wild boar and that of a domestic
pig, with the assumption that a domesticated animal’s diet is more influenced by human
feeding activities and would therefore produce different results than a wild boar. This
technique could be very useful for examining the timing of bovid domestication in
Southeast Asia, especially if size diminution is not particularly apparent. Researchers
could examine domestication at a micro-scale instead of waiting for full morphological
changes in the skeleton to develop.
Conclusions

When research began on the teeth of these four bovids, it was a real possibility
that after taking measurements of every tooth and looking at their relationships through
statistical analyses the conclusion would be that you simply could not differentiate one
species from the other. It is both satisfying and significant that the opposite is true. There
are differences between these four species that can be discovered simply by looking at
their teeth, notably measuring the length of My, My, and M*. Principal components
analysis proved to be an effective tool for examining the morphological relationships and
discriminant analysis for classifying unknown archaeological samples into these
groupings. Not only is this significant biologically, but also archaeologically. Because
species can be determined from these teeth, zooarchaeological identification of specific
bovids at a site becomes possible. Teeth are recovered frequently due to their better

preservation, which means that researchers might be able to make more identifications
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than if the study was based on a different element. Research questions concerning bovid
appearance and domestication can be explored for each animal, as well as questions
examining the secular and sacred uses of bovids in prehistory. Further study and
application will prove useful for the illumination and clarification of these bovids’ roles

in Southeast Asia.
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APPENDIX A: INTERPRETATIONS OF BOVID REMAINS

IN SOUTHEAST ASIA

Site Name

Interpretations

Angkor Borei

There was an increase in bovid remains over time.

Ban Chiang

cattle gradually more important, shift to wet rice
agriculture/iron tech., helped bring on change of environment.
Grave goods from domes. Species.

Ban Chiang Hian

Domestic water buffalo are a later appearance (after 800 BP
only), not abundant at site. Same time as appearance of iron.
Similar to other Chi and Upper Songkhram valley sites in date
and associated material culture. Possible gaur (1300-900 BP).

Ban Kao

No data available

Ban Lum Khao

Water buffalo appeared in earliest lower layers then stopped.
Very large bones therefore wild. Other cattle present
throughout site occupation. Dentition and limb bones
identified from pits (Pit 1: 2 young, 1 adult, 1 old adult; layer
3.3: adult and juvenile; Feat.1 pit: adult, juvenile, very young
indiv.) All wild species, but in pit 1 bovid femur in domestic
range and layer 3.1 phalanx in wild range. Tool making:
possibly from bovid femur, scapula, and metapodial bones.
Cattle figurines recovered.

Ban Na Di

Probably domesticated bovids. Frequently used as burial
goods (preferred left forelimb). Domesticated water buffalo
present later (500-100 BP). Cattle figurines also found.

Ban Phak Top

Pig and cattle predominate assemblage

Ban Tamyae Water buffalo used in traction/plowing

Ban Tong Cattle gradually more important over time, shift to wet rice
agriculture

Banyan Valley Cave | Wild cattle

Bukit Chuping

No data available

Con Co Ngua Found with stone hoes

Con Moong Wild species. Food remains.

Don Khlang Pig and cattle predominate assemblage

Go Thap Possibly domestic.

Gua Kerbau No data available

Gua Madu No data available

Hemudu Swampy habitat, warmer by several degrees than at present.
Khao Talu No data available

Khok Phanom Di

All adult cattle, likely wild species, First water buffalo in layer
9 when subsistence strategies changed (indicated by different
fishing techniques and new animal appearances). Increase in
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number closer to present.
Mosaic of dry evergreen forest and swamp woodland with
swampy grasslands

Laang Spean Part of wide spectrum of food resources, no agriculture
Lang Rongrien Open forest and grassy areas

Ment Cave No data available

Mon Khiew Water buffalo found in level 1 (26000BP) and 5 (4200BP),
Rockshelter Bos in 2 (24000) and 4 (6000BP).

Noen U-Loke Few water buffalo, burial good, small domestic cattle,

probably did cattle breeding

Non Ban Kham

Domesticates make up largest percentage of assemblage,
domesticated cattle and water buffalo

Non Chai

Large numbers, domestic cattle and water buffalo.
Likely used for plowing in rice agriculture

Non Muang Kao

Probably domestic

Non Nok Tha Grave goods from domesticated species
Bronze Age domestication is early date for this region.

Non Pa Wai All domesticated species. Low laying and swampy habitat.

Pha Chang Possibly from subsistence activities.

Rockshelter,

Obluang

Phum Snay In burial contexts, only the left forelimbs were used and were
mostly buried to the left of individuals. All species were
domestic and adult. In the 2003 excavation area, females were
buried with female cattle, males were buried with both sexes
of buffalo.

Sai Yok No data available

Spirit Cave No data available

Steep CIiff Cave

MNI: 3 wild cattle, MNI: 2 buffalo. Exploited large mammals.
Butchering and processing site.

Tham Lod Wild cattle, recovered from food processing/food preparation
Rockshelter area of site
Tin-Ain No data available

To Long

Highland hunting (750-1800 m)
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APPENDIX B: LIST OF SPECIMENS ANALYZED FROM
THE COLLECTIONS OF THE DEPARTMENT OF
ZOOLOGY, FIELD MUSEUM, CHICAGO

Species Specimen# | Provenience Collector
Bos gaurus 34011 | Saigon, Cochin China Collected 1930 by

province, Vietnam (Lat F.J. DeFosse

10.75, Long 106.6666)
Bos gaurus 31704 | Cochin, China, Vietnam Collected June 10, 1929 by

T. Roosevelt
Bos gaurus 34009 | Vietnam Collected in 1929 by C. Rydell
Bos gaurus 34010 | Vietnam Collected in 1929 by C. Rydell
Bos gaurus 44338 | Malaysia Collected in 1935 by
R.D. Reeve

Bos gaurus 35907 | Djiring, Annam, Vietnam | Collected July 4, 1931 by

(Lat 11.58333, Long G. Carey

108.06666)
Bos 34012 | Saigon, Cochin China Collected 1930 by
javanicus province, Vietnam (Lat F.J. DeFosse

10.75, Long 106.6666)
Bos 31705 | 2 mi from Annam border, | Collected June 7, 1929 by
javanicus flat rock R, Cochin China, | T. Roosevelt

Vietnam
Bos 31708 | 2 mi from Annam border, | Collected June 23, 1929 by
javanicus near Lagna R, Cochin T. Roosevelt

China, Vietnam (Lat 11.2

Long 107.26666)
Bos 123665 | Zoo Collected March 6,1982 by
javanicus Chicago Zoological Society
Bos 135293 | Zoo Collected Jan. 198 by
javanicus Zoo Catalogue
Bos 163210 | Zoo Collected Oct. 3, 1997 by
javanicus Prep Lab Catalogue
Bos indicus 122621 | Near Bay City, Runnels- Collected Nov. 10, 1978 by

Pierce Ranch, Texas, USA
(Lat 28.982 Long -
101.969)

J. Runnells
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Bubalus 31710 | 2 mi from Annam border, | Collected May 18, 1929 by
bubalis Lagna R, Cochin China, C.S Cutting
Vietnam (Lat 11.2, Long
107.2666)
Bubalus 31711 | 2 mi from Annam border, | Collected June 5, 1929 by
bubalis Lagna R, Cochin China, T. Roosevelt
Vietnam (Lat 11.2, Long
107.2666)
Bubalus 92912 | Ahwaz, Khuzistan Collected March 17, 1960 by
bubalis Province, Iran (Lat C.A. Reed
31.31389, Long 48.68028)
Bubalus No #, Leftin | Unknown
bubalis Cabinet
Bubalus No #, Right | Unknown
bubalis in Cabinet




Tooth Length | Width | CR-L CR-W
Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos gaurus 34010 Female Adult (younger adult) Right | Lower M1 28.51 19.76 | 10.1 5.31
Bos gaurus 34010 Female Adult (younger adult) Left | Lower M1 28.49 19.43 | 10.67 5.64
Bos gaurus 34009 Female Adult Left | Lower M1 23.03 18.02 | 9.12 5.13
Bos gaurus 34009 Female Adult Right | Lower M1 225 17.6 8.6 4.47
Bos gaurus 35907 Male adult Right | Lower M1 25.31 19.39 | 7.73 5.97
Bos gaurus 35907 Male adult Left | Lower M1 25.93 18.64 | 8.89 8.18
Bos gaurus 44338 Male adult Left | Lower M1 25.24 17.42 | 9.06 6.84
Bos gaurus 44338 Male adult Right | Lower M1 25.31 19.92 |96 6.52
Bos gaurus 31704 Male adult Left | Lower M1 24.75 18.27 | 9.03 6.19
Bos gaurus 31704 Male adult Right | Lower M1 24.99 18.24 |9.14 6.84
Bos indicus 122621 Female 15 Right | Lower M1 24.24 1525 | 8.74 5.24
Bos indicus 122621 Female 15 Left | Lower M1 23 1426 | 7.22 3.75
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Lower M1 25.91 16.64 | 10.18 6.85
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Lower M1 26.33 16.69 | 10.27 6.59
Bos javanicus 135293 Female Adult Right | Lower M1 21.49 14.15 |8.22 3.53
Bos javanicus 135293 Female Adult Left | Lower M1 20.96 1511 | 8.94 4.45
Bos javanicus 31708 Female Adult Right | Lower M1 24.05 1491 | 951 5.35
Bos javanicus 31708 Female Adult Left | Lower M1 25.14 15.02 | 9.34 4.83
Bos javanicus 34012 Male Adult Right | Lower M1 21.95 16.08 | 5.84 2.84
Bos javanicus 34012 Male Adult Left | Lower M1 20.9 16.24 | 6.27 3.92
Bos javanicus 123665 Male 17+ Right | Lower M1 22.01 1581 | 6.44 3.96
Bos javanicus 123665 Male 17+ Left | Lower M1 22.53 15.84 | 4.76 1.6
Bos javanicus 163210 Male Adult (older?) Right | Lower M1 21.27 1427 | 7.7 4.2
Bos javanicus 163210 Male Adult (older?) Left | Lower M1 20.55 1476 | 4.82(P) | 1.73 (P)
Bubalus bubalis | 92912 Male Adult Left | Lower M1 26.98 | 16.32 | 10.13 5.82
Bubalus bubalis | 92912 Male Adult Right | Lower M1 26.82 16.74 | 10.36 5.63
Bubalus bubalis | 31711 Unknown | Adult Left | Lower M1 29.77 19.01 | 10.85 6.74
Bubalus bubalis | 31711 Unknown | Adult Right | Lower M1 29.95 18.27 | 10.17 6.25
Bos gaurus 34010 Female Adult (younger adult) Right | Lower M2 30.56 19.1 11.67 5.53
Bos gaurus 34010 Female Adult (younger adult) Left | Lower M2 30.51 19.32 | 11.66 5.9
Bos gaurus 34009 Female Adult Left | Lower M2 28.17 19.78 | 9.89 6.9
Bos gaurus 34009 Female Adult Right | Lower M2 27.81 19.45 | 9.64 6.42
Bos gaurus 35907 Male adult Right | Lower M2 29.1 19.75 | 9.6 7.83
Bos gaurus 35907 Male adult Left | Lower M2 29.52 20.18 | 10.05 8.68
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Tooth Length | Width | CR-L CR-W
Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos gaurus 44338 Male adult Left | Lower M2 28.52 19.86 | 10.86 7.95
Bos gaurus 44338 Male adult Right | Lower M2 28.7 20.72 | 11.26 7.99
Bos gaurus 31704 Male adult Left | Lower M2 31.75 20.14 | 10.87 7.34
Bos gaurus 31704 Male adult Right | Lower M2 31.49 1941 | 116 6.75
Bos indicus 122621 Female 15 Right | Lower M2 26.98 17.02 | 1177 7.36
Bos indicus 122621 Female 15 Left | Lower M2 28.69 17.03 | 10.03 6.43
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Lower M2 28.49 18.05 | 10.71 6.3
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Lower M2 27.87 1795 | 8.75 7.15
Bos javanicus 135293 Female Adult Right | Lower M2 24.29 1565 |9.31 531
Bos javanicus 135293 Female Adult Left | Lower M2 24.02 16.36 | 10.12 4.73
Bos javanicus 31708 Female Adult Right | Lower M2 27.7 1558 | 10.84 5.02
Bos javanicus 31708 Female Adult Left | Lower M2 28.19 1542 | 10.35 5.75
Bos javanicus 34012 Male Adult Right | Lower M2 26.66 17.86 | 8.98 6.34
Bos javanicus 34012 Male Adult Left | Lower M2 27.97 18.11 | 9.52 4.86
Bos javanicus 123665 Male 17+ Right | Lower M2 24.68 1754 ]19.71 5.03
Bos javanicus 123665 Male 17+ Left | Lower M2 24.68 18.43 | 8.34 4.33
Bos javanicus 163210 Male Adult (older?) Right | Lower M2 24.28 15.67 | 6.56 4.22
Bos javanicus 163210 Male Adult (older?) Left | Lower M2
Bubalus bubalis | 92912 Male Adult Left | Lower M2 28.43 15.93 | 12.03 6.65
Bubalus bubalis | 92912 Male Adult Right | Lower M2 28.8 16.52 | 115 6.41
Bubalus bubalis | 31711 Unknown | Adult Left | Lower M2 33.17 20.01 | 11.66 7.09
Bubalus bubalis | 31711 Unknown | Adult Right | Lower M2 33.15 20.06 | 12.13 6.23
Bos gaurus 34010 Female Adult (younger adult) Right | Lower M3 44.48 18.28 | 12.39 3.88
Bos gaurus 34010 Female Adult (younger adult) Left | Lower M3 44.32 19.03 | 12.31 4.97
Bos gaurus 34009 Female Adult Left | Lower M3 42.55 19.26 | 9.66 7.34
Bos gaurus 34009 Female Adult Right | Lower M3 40.09 19.01 | 9.99 6.94
Bos gaurus 35907 Male adult Right | Lower M3 43.94 20.56 | 12.05 10.66
Bos gaurus 35907 Male adult Left | Lower M3 43.03 20.73
Bos gaurus 44338 Male adult Left | Lower M3 42.88 19.9 12.37 8.91
Bos gaurus 44338 Male adult Right | Lower M3 43.24 21.57 | 12.48 7.78
Bos gaurus 31704 Male adult Left | Lower M3 45.77 21.14 | 12.45 9.32
Bos gaurus 31704 Male adult Right | Lower M3 46.76 20.06 | 12.88 8.79
Bos indicus 122621 Female 15 Right | Lower M3 42.17 17.46 | 11.18 7.59
Bos indicus 122621 Female 15 Left | Lower M3 42.34 17.08 | 10.85 6.78
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Tooth Length | Width | CR-L CR-W
Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Lower M3 38.63 17.23 | 10.69 7.2
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Lower M3 38.65 16.46 | 9.94 5.69
Bos javanicus 135293 Female Adult Right | Lower M3 36.56 16.98 | 9.57 5.34
Bos javanicus 135293 Female Adult Left | Lower M3 36.47 16.83 | 10.12 6.46
Bos javanicus 31708 Female Adult Right | Lower M3 43 16.03 | 10.65 4.82
Bos javanicus 31708 Female Adult Left | Lower M3 40.05 16.04 | 10.96 6.29
Bos javanicus 34012 Male Adult Right | Lower M3 43.97 17.5 11 7.32
Bos javanicus 34012 Male Adult Left | Lower M3 43.81 17.93 | 10.65 8.16
Bos javanicus 123665 Male 17+ Right | Lower M3 43.29 18.88 | 10.52 6.98
Bos javanicus 123665 Male 17+ Left | Lower M3 41.04 18.45 | 10.25 5.72
Bos javanicus 163210 Male Adult (older?) Right | Lower M3 17.2 7.81 4.48
Bos javanicus 163210 Male Adult (older?) Left | Lower M3 37.29 17.01 | 8.84 5.43
Bubalus bubalis | 92912 Male Adult Left | Lower M3 38.05 15.22 | 10.23 5.1
Bubalus bubalis | 92912 Male Adult Right | Lower M3 37.02 16.82 | 10.02 6.01
Bubalus bubalis | 31711 Unknown | Adult Left | Lower M3 44.89 19.03 | 11.57 6.79
Bubalus bubalis | 31711 Unknown | Adult Right | Lower M3 43.56 18.8 12.16 5.95
Bos gaurus 34010 Female Adult (younger adult) Right | Lower P2 15.27 11.42
Bos gaurus 34010 Female Adult (younger adult) Left | Lower P2 15.22 10.26
Bos gaurus 34009 Female Adult Left | Lower P2 14.14 9.73
Bos gaurus 34009 Female Adult Right | Lower P2 13.07 9.83
Bos gaurus 44338 Male adult Right | Lower P2 15.27 11.5
Bos gaurus 31704 Male adult Left | Lower P2 13.3 10.79
Bos indicus 122621 Female 15 Right | Lower P2 12.49 8.48
Bos indicus 122621 Female 15 Left | Lower P2 12.46 8.84
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Lower P2 15.6 10.24
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Lower P2 15.45 11.94
Bos javanicus 135293 Female Adult Left | Lower P2 10.95 9.56
Bos javanicus 31708 Female Adult Left | Lower P2 14.28 8.9
Bos javanicus 34012 Male Adult Right | Lower P2 12.46 10.03
Bos javanicus 34012 Male Adult Left | Lower P2 14.42 9.38
Bos javanicus 123665 Male 17+ Right | Lower P2 11.79 9.24
Bos javanicus 123665 Male 17+ Left | Lower P2 12.14 9.14
Bos javanicus 163210 Male Adult (older?) Right | Lower P2 12.41 9.14
Bos javanicus 163210 Male Adult (older?) Left | Lower P2 11.79 8.94
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Tooth Length | Width | CR-L CR-W
Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bubalus bubalis | 92912 Male Adult Left | Lower P2 13.9 10.3
Bubalus bubalis | 92912 Male Adult Right | Lower P2 14.16 9.01
Bos gaurus 34010 Female Adult (younger adult) Right | Lower P3 21.37 13.08
Bos gaurus 34010 Female Adult (younger adult) Left | Lower P3 23.53 13.77
Bos gaurus 34009 Female Adult Left | Lower P3 19.14 12
Bos gaurus 34009 Female Adult Right | Lower P3 21.06 11.72
Bos gaurus 35907 Male adult Right | Lower P3 20.74 13.56
Bos gaurus 35907 Male adult Left | Lower P3 21.59 12.9
Bos gaurus 44338 Male adult Left | Lower P3 21.95 14.03
Bos gaurus 44338 Male adult Right | Lower P3 24.32 13.53
Bos gaurus 31704 Male adult Left | Lower P3 21.11 13.78
Bos gaurus 31704 Male adult Right | Lower P3 20.09 14.36
Bos indicus 122621 Female 15 Right | Lower P3 20.96 10.08
Bos indicus 122621 Female 15 Left | Lower P3 21.28 10.77
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Lower P3 19.79 13.78
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Lower P3 19.72 14.26
Bos javanicus 135293 Female Adult Right | Lower P3 19.36 11.82
Bos javanicus 135293 Female Adult Left | Lower P3 19 11.47
Bos javanicus 31708 Female Adult Left | Lower P3 22.75 10.72
Bos javanicus 34012 Male Adult Right | Lower P3 20.45 13.02
Bos javanicus 34012 Male Adult Left | Lower P3 21.24 13.09
Bos javanicus 123665 Male 17+ Right | Lower P3 19.22 11.05
Bos javanicus 123665 Male 17+ Left | Lower P3 20.51 11.03
Bos javanicus 163210 Male Adult (older?) Right | Lower P3 16.05 11.75
Bos javanicus 163210 Male Adult (older?) Left | Lower P3 18.69 11.98
Bubalus bubalis | 92912 Male Adult Left | Lower P3 19.92 10.4
Bubalus bubalis | 92912 Male Adult Right | Lower P3 20.23 12.13
Bubalus bubalis | 31711 Unknown | Adult Left | Lower P3 22.37 13.42
Bos gaurus 34010 Female Adult (younger adult) Right | Lower P4 22.33 15.87
Bos gaurus 34010 Female Adult (younger adult) Left | Lower P4 21.95 14.59
Bos gaurus 34009 Female Adult Left | Lower P4 20.35 14.14
Bos gaurus 34009 Female Adult Right | Lower P4 20.85 13.79
Bos gaurus 35907 Male adult Right | Lower P4 21.94 15.64
Bos gaurus 35907 Male adult Left | Lower P4 24 14.02
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Tooth Length | Width | CR-L CR-W
Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos gaurus 44338 Male adult Left | Lower P4 23.4 14.78
Bos gaurus 44338 Male adult Right | Lower P4 24.71 17.53
Bos gaurus 31704 Male adult Left | Lower P4 22.64 16.5
Bos gaurus 31704 Male adult Right | Lower P4 22.28 16.34
Bos indicus 122621 Female 15 Right | Lower P4 20.63 13.37
Bos indicus 122621 Female 15 Left | Lower P4 21.2 12.88
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Lower P4 22.28 15.49 | 9.96 5.78
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Lower P4 22.79 1525 |8.91 5.57
Bos javanicus 135293 Female Adult Right | Lower P4 21.52 13.88
Bos javanicus 135293 Female Adult Left | Lower P4 21.66 13.88
Bos javanicus 31708 Female Adult Right | Lower P4 24.81 11.82
Bos javanicus 31708 Female Adult Left | Lower P4 24.78 11.17
Bos javanicus 34012 Male Adult Right | Lower P4 22.01 13.87
Bos javanicus 34012 Male Adult Left | Lower P4 21.89 14.46
Bos javanicus 123665 Male 17+ Right | Lower P4 234 14.14
Bos javanicus 123665 Male 17+ Left | Lower P4 22.27 13.25
Bos javanicus 163210 Male Adult (older?) Right | Lower P4 21.67 14.63
Bos javanicus 163210 Male Adult (older?) Left | Lower P4 20.45 14.39
Bubalus bubalis | 92912 Male Adult Left | Lower P4 20.7 12.29
Bubalus bubalis | 92912 Male Adult Right | Lower P4 22.39 12.99
Bubalus bubalis | 31711 Unknown | Adult Left | Lower P4 24.47 16.25
Bubalus bubalis | 31711 Unknown | Adult Right | Lower P4 23.12 15.81
Bos gaurus 34011 Female subadult (24-30 mo) Right | Upper M1 30.04 2221 | 1231 10.14
Bos gaurus 34011 Female subadult (24-30 mo) Left | Upper M1 30.04 23.28 | 12.18 9.84
Bos gaurus 34010 Female Adult (younger adult) Right | Upper M1 29.74 27.1 11.8 6.76
Bos gaurus 34010 Female Adult (younger adult) Left | Upper M1 29.33 27.03 | 12.44 8.01
Bos gaurus 34009 Female Adult Right | Upper M1 25.43 26.99 | 9.91 10.15
Bos gaurus 34009 Female Adult Left | Upper M1 24.19 27.15 | 9.59 11.16
Bos gaurus 35907 Male adult Left | upper M1 26.48 26.59 | 10.95 9.33
Bos gaurus 44338 Male adult Right | Upper M1 26.54 26.34 | 10.5 11.49
Bos gaurus 31704 Male adult Right | Upper M1 26.39 28.63 | 12.19 13.7
Bos gaurus 31704 Male adult Left | Upper M1 26.17 28.08 | 12.55 13.22
Bos indicus 122621 Female 15 Right | Upper M1 26.77 22.87 | 10.53 6.55
Bos indicus 122621 Female 15 Left | Upper M1 23.36 22.1 8.99 8.62
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Tooth Length | Width | CR-L CR-W

Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Upper M1 26.23 20.72 | 10.55 9.11
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Upper M1 26.23 18.85 | 10.46 8.36
Bos javanicus 135293 Female Adult Right | Upper M1 22.43 22.09 | 10.57 7.04
Bos javanicus 135293 Female Adult Left | Upper M1 22.31 219 10.48 8.81
Bos javanicus 31708 Female Adult Right | Upper M1 25.09 2251 |9.42 8.81
Bos javanicus 31708 Female Adult Left | Upper M1 25.95 22.47 | 10.36 7.51
Bos javanicus 34012 Male Adult Right | Upper M1 22.57 25.15 |8.85 10.44
Bos javanicus 34012 Male Adult Left | Upper M1 22.54 24.85 | 104 13.34
Bos javanicus 123665 Male 17+ Right | Upper M1 18.21 23.69 |6.71 6.85
Bos javanicus 123665 Male 17+ Left | Upper M1 17.75 23.39 | 7.73 7.97
Bos javanicus 163210 Male Adult (older?) Right | Upper M1 17.84 21.89 |7.25 4.42
Bos javanicus 163210 Male Adult (older?) Left | Upper M1 18.44 23.21 | 8.24 4.09
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Right | Upper M1 34.33 26.2 12.34 10.73
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Left | Upper M1 33.94 26.28 | 12.6 9.52
Bubalus bubalis | 92912 Male Adult Right | Upper M1 28.24 23.16 | 10.77 8.88
Bubalus bubalis | 92912 Male Adult Left | Upper M1 28.66 22.79 | 11.02 8.12

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Right | Upper M1 32.58 25.78 | 10.68 10.24

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Left | Upper M1 32.5 26.2 11.95 10.58
Bubalus bubalis | 31711 Unknown | Adult Right | Upper M1 28.99 27.6 11 10.77
Bubalus bubalis | 31711 Unknown | Adult Left | Upper M1 29.89 2759 | 1221 9.69
Bubalus bubalis | No # (Right in

cabinet) Unknown | Subadult (about 24 mo) | Right | Upper M1 34.78 24.44 | 13.07 8.79
Bubalus bubalis | No # (Right in

cabinet) Unknown | Subadult (about 24 mo) | Left | Upper M1 34.71 24.6 13.07 8.47
Bos gaurus 34011 Female subadult (24-30 mo) Right | Upper M2 34.74 25,55 | 14.25 8.98
Bos gaurus 34011 Female subadult (24-30 mo) Left | Upper M2 34.7 22,22 | 14.6 9.65
Bos gaurus 34010 Female Adult (younger adult) Right | Upper M2 32.21 26.3 12.68 8.54
Bos gaurus 34010 Female Adult (younger adult) Left | Upper M2 31.05 26.37 | 12.54 9.66
Bos gaurus 34009 Female Adult Right | Upper M2 25.78 28.62 | 10.12 10.94
Bos gaurus 34009 Female Adult Left | Upper M2 26.45 28.51 | 10.62 11.89
Bos gaurus 35907 Male adult Left | upper M2 28.33 26.78 | 12.61 9.15
Bos gaurus 35907 Male adult Right | upper M2 28.77 28.12 | 12.63 12.28
Bos gaurus 44338 Male adult Right | Upper M2 29.49 29.52 | 12.84 14.1
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Tooth Length | Width | CR-L CR-W

Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos gaurus 31704 Male adult Right | Upper M2 29.86 29.14 | 14.19 13.27
Bos gaurus 31704 Male adult Left | Upper M2 29.98 2959 | 1431 15.75
Bos indicus 122621 Female 15 Right | Upper M2 28.85 25.58 | 11.99 11.54
Bos indicus 122621 Female 15 Left | Upper M2 27.42 25.14 | 1155 11.47
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Upper M2 30.33 2057 | 1171 9.11
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Upper M2 30.26 21.82 | 12.14 9.31
Bos javanicus 135293 Female Adult Right | Upper M2 25.05 2441 | 10.49 8.37
Bos javanicus 135293 Female Adult Left | Upper M2 25 22.6 11.13 9.27
Bos javanicus 31708 Female Adult Right | Upper M2 28.8 2342 | 1142 9.32
Bos javanicus 31708 Female Adult Left | Upper M2 29.54 2283 | 11.14 8.97
Bos javanicus 34012 Male Adult Right | Upper M2 28.74 29.8 13.13 15.08
Bos javanicus 34012 Male Adult Left | Upper M2 28.18 20.12 | 12.94 15.76
Bos javanicus 123665 Male 17+ Right | Upper M2 25.84 2496 | 113 8.27
Bos javanicus 123665 Male 17+ Left | Upper M2 26.31 24.84 | 11.22 9.68
Bos javanicus 163210 Male Adult (older?) Right | Upper M2 25.59 24.72 | 10.35 8.57
Bos javanicus 163210 Male Adult (older?) Left | Upper M2 25.41 25.07 | 11.09 8.99
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Right | Upper M2 33.83 25.08 | 12.42 9.81
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Left | Upper M2 34.19 26.3 12.42 9.28
Bubalus bubalis | 92912 Male Adult Right | Upper M2 30.34 23.69 | 12.14 10.16
Bubalus bubalis | 92912 Male Adult Left | Upper M2 32.17 23.92 | 12.18 9.81

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Right | Upper M2 34.92 25.44 | 11.92 10.18

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Left | Upper M2 34.64 25.8 12.7 10.19
Bubalus bubalis | 31711 Unknown | Adult Right | Upper M2 33.93 28.06 | 14.21 11.72
Bubalus bubalis | 31711 Unknown | Adult Left | Upper M2 33.65 28.92 | 13.48 11.03
Bubalus bubalis | No # (Right in

cabinet) Unknown | Subadult (about 24 mo) | Right | Upper M2 33.93 24,75 | 14.49 8.59
Bubalus bubalis | No # (Right in

cabinet) Unknown | Subadult (about 24 mo) | Left | Upper M2 33.71 25.46 | 14.1 8.71
Bos gaurus 34011 Female subadult (24-30 mo) Right | Upper M3 33.28 21.08
Bos gaurus 34011 Female subadult (24-30 mo) Left | Upper M3 33.43 20.04
Bos gaurus 34010 Female Adult (younger adult) Right | Upper M3 32.08 27.06 | 12.89 7.47
Bos gaurus 34010 Female Adult (younger adult) Left | Upper M3 32.93 27.03 | 12.76 8.51
Bos gaurus 34009 Female Adult Right | Upper M3 29.79 26.51 | 10.93 10.55
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Tooth Length | Width | CR-L CR-W

Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos gaurus 34009 Female Adult Left | Upper M3 29.75 27.37 | 11.16 11.32
Bos gaurus 35907 Male adult Left | upper M3 33.51 25.74 | 13.52 12.88
Bos gaurus 35907 Male adult Right | upper M3 35.6 27.72 | 14.86 13.37
Bos gaurus 44338 Male adult Right | Upper M3 34.45 26.08 | 13.67 12.5
Bos gaurus 31704 Male adult Right | Upper M3 34.13 29.66 | 14.08 15.66
Bos gaurus 31704 Male adult Left | Upper M3 33.45 3349 | 14.01 15.69
Bos indicus 122621 Female 15 Right | Upper M3 34 25 13.03 10.52
Bos indicus 122621 Female 15 Left | Upper M3 32.46 2454 | 12.62 12.33
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Upper M3 30.26 20.1 11.94 6.55
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Upper M3 31.2 20.33 | 12.66 8.43
Bos javanicus 135293 Female Adult Right | Upper M3 28.92 23.73 | 10.9 9.18
Bos javanicus 135293 Female Adult Left | Upper M3 29.26 24.05 | 118 8.8
Bos javanicus 31708 Female Adult Right | Upper M3 31.85 23.44 | 10.46 9.32
Bos javanicus 31708 Female Adult Left | Upper M3 32.78 23.83 | 11.44 10.9
Bos javanicus 34012 Male Adult Right | Upper M3 34.97 27.93 | 15.24 12.59
Bos javanicus 34012 Male Adult Left | Upper M3 3441 28.76 | 14.45 14.42
Bos javanicus 123665 Male 17+ Right | Upper M3 29.88 25.79 | 12.82 10.47
Bos javanicus 123665 Male 17+ Left | Upper M3 30.33 26.28 | 11.66 10.78
Bos javanicus 163210 Male Adult (older?) Right | Upper M3 29.4 2491 | 1.33 8.84
Bos javanicus 163210 Male Adult (older?) Left | Upper M3 28.89 25.04 | 11.88 8.05
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Right | Upper M3 33.93 25.18 | 12.19 6.96
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Left | Upper M3 32.31 24.44 | 13.22 6.69
Bubalus bubalis | 92912 Male Adult Right | Upper M3 29.77 20.86 | 11.12 9.79
Bubalus bubalis | 92912 Male Adult Left | Upper M3 29.69 23.25 | 11.48 9.47

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Right | Upper M3 33.84 25.77 | 13.31 8.21

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Left | Upper M3 33.58 25.07 | 13.44 7.41
Bubalus bubalis | 31711 Unknown | Adult Right | Upper M3 39.39 27.62 | 15.22 11.8
Bubalus bubalis | 31711 Unknown | Adult Left | Upper M3 38.87 27.09 | 147 11.28
Bos gaurus 34010 Female Adult (younger adult) Right | Upper P2 22.65 15.68
Bos gaurus 34010 Female Adult (younger adult) Left | Upper P2 23.54 16.6
Bos gaurus 34009 Female Adult Left | Upper P2 19.21 17.49 | 6.06 4.75
Bos gaurus 44338 Male adult Right | Upper P2 25.56 19.02 |9 6.67
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Tooth Length | Width | CR-L CR-W
Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos indicus 122621 Female 15 Right | Upper P2 18.46 14.84 | 14.19 4.32
Bos indicus 122621 Female 15 Left | Upper P2 19.47 14.99 | 14.68 4.98
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Upper P2 21.49 15.35
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Upper P2 20.48 15.22
Bos javanicus 135293 Female Adult Right | Upper P2 16.35 15.47 | 10.72 3.81
Bos javanicus 135293 Female Adult Left | Upper P2 15.23 154 12.16 3.86
Bos javanicus 31708 Female Adult Right | Upper P2 13.86*
Bos javanicus 31708 Female Adult Left | Upper P2 22.62 16.38 | 16.8 4.23
Bos javanicus 34012 Male Adult Right | Upper P2 20.77 15.77 |8.25 4.29
Bos javanicus 34012 Male Adult Left | Upper P2 21.46 15.7 8.8 4.63
Bos javanicus 123665 Male 17+ Right | Upper P2 20.46 1759 |5.78 2.72
Bos javanicus 123665 Male 17+ Left | Upper P2 21.7 16.03 | 5.77 2.89
Bos javanicus 163210 Male Adult (older?) Right | Upper P2 18.33 16.22 | 6.29 2.63
Bos javanicus 163210 Male Adult (older?) Left | Upper P2 19.01 15.08 | 6.15 2.51
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Right | Upper P2 20.62 17.99
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Left | Upper P2 20.45 15.84
Bubalus bubalis | 92912 Male Adult Right | Upper P2 18.59 15.44 | 11.66 541
Bubalus bubalis | 92912 Male Adult Left | Upper P2 20.29 16.21 | 12.21 5.57
No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Right | Upper P2 19.67 16.38 | 12.77 7.01
No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Left | Upper P2 20.55 16.47 | 12.79 7.24
Bos gaurus 34011 Female subadult (24-30 mo) Right | Upper P3 24.94 20.53
Bos gaurus 34011 Female subadult (24-30 mo) Left | Upper P3 23.9 20.27
Bos gaurus 34010 Female Adult (younger adult) Right | Upper P3 23.48 19.25 | 17.72 7.65
Bos gaurus 34010 Female Adult (younger adult) Left | Upper P3 21.58 19.57 | 16.24 4.75
Bos gaurus 34009 Female Adult Right | Upper P3 18 20.6 11.93 7.37
Bos gaurus 34009 Female Adult Left | Upper P3 17.42 22,22 | 1142 7.04
Bos gaurus 44338 Male adult Right | Upper P3 22.22 19.88 | 16.66 7.59
Bos indicus 122621 Female 15 Right | Upper P3 18.67 20.45 | 14.56 7.11
Bos indicus 122621 Female 15 Left | Upper P3 19.25 19.83 | 14.29 4.98
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Upper P3 20.69 15.69
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Upper P3 20.98 16.68
Bos javanicus 135293 Female Adult Right | Upper P3 18.87 17.57 | 13.92 5.25
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Tooth Length | Width | CR-L CR-W

Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos javanicus 135293 Female Adult Left | Upper P3 16.68 1852 | 12.11 4.97
Bos javanicus 31708 Female Adult Left | Upper P3 20.95 19.78 | 15.29 4.71
Bos javanicus 34012 Male Adult Right | Upper P3 18.63 2041 | 1481 7.95
Bos javanicus 34012 Male Adult Left | Upper P3 20.07 22.62 | 16.03 9.21
Bos javanicus 123665 Male 17+ Right | Upper P3 19.11 19.31 | 13.36 4.88
Bos javanicus 123665 Male 17+ Left | Upper P3 19.32 19.23 | 14.22 5.17
Bos javanicus 163210 Male Adult (older?) Right | Upper P3 16.17 18.07 | 10.39 5.44
Bos javanicus 163210 Male Adult (older?) Left | Upper P3 16.35 17.04 | 11.19 3.93
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Right | Upper P3 23.75 20.67 | 16.06 7.79
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Left | Upper P3 24.43 19.68 | 154 7.27
Bubalus bubalis | 92912 Male Adult Right | Upper P3 18.4 17.83 | 12.2 8.52
Bubalus bubalis | 92912 Male Adult Left | Upper P3 19.75 19.56 | 115 8.24

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Right | Upper P3 23.6 19.76 | 14.35 6.8

No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Left | Upper P3 24.23 19.67 | 15.26 7.41
Bubalus bubalis | 31711 Unknown | Adult Left | Upper P3 18.73 21.78 | 12.95 8.31
Bos gaurus 34011 Female subadult (24-30 mo) Right | Upper P4 24.19 22.9 8.77 9.88
Bos gaurus 34011 Female subadult (24-30 mo) Left | Upper P4 23.33 22.34 | 9.24 8.36
Bos gaurus 34010 Female Adult (younger adult) Right | Upper P4 21.44 24.11 | 1456 8.28
Bos gaurus 34010 Female Adult (younger adult) Left | Upper P4 20.96 23.26 | 14.48 5.72
Bos gaurus 34009 Female Adult Right | Upper P4 18.02 23.72 | 11.78 7.53
Bos gaurus 34009 Female Adult Left | Upper P4 16.47 23.83 | 11.72 9.14
Bos gaurus 44338 Male adult Right | Upper P4 26.49 22.8 15.64 9.95
Bos gaurus 31704 Male adult Right | Upper P4 18.6 23.24 | 1484 10.67
Bos gaurus 31704 Male adult Left | Upper P4 17.65 24.08 | 14.36 10.1
Bos indicus 122621 Female 15 Right | Upper P4 18.31 21.3 14.85 7.5
Bos indicus 122621 Female 15 Left | Upper P4 17.31 21.76 | 145 8.52
Bos javanicus 31705 Female Adult (about 36 mo.) Right | Upper P4 19.45 17.96
Bos javanicus 31705 Female Adult (about 36 mo.) Left | Upper P4 19.86 18.89
Bos javanicus 135293 Female Adult Right | Upper P4 14.87 20.07 | 9.46 7.43
Bos javanicus 135293 Female Adult Left | Upper P4 15.51 20.14 | 12.55 8.09
Bos javanicus 34012 Male Adult Right | Upper P4 17.32 23.35 | 14.11 10.04
Bos javanicus 34012 Male Adult Left | Upper P4 17.48 23.16 | 14.23 10.43
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Tooth Length | Width | CR-L CR-W
Species Specimen # Sex Age Side | Measured (mm) (mm) | (mm) (mm)
Bos javanicus 123665 Male 17+ Right | Upper P4 15.2 21.08 | 13.13 7.92
Bos javanicus 123665 Male 17+ Left | Upper P4 14.5 21.1 12.72 8.16
Bos javanicus 163210 Male Adult (older?) Left | Upper P4 15.58 20.67 | 11.74 5.57
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Right | Upper P4 23.05 20.56
Bubalus bubalis | 31710 Male Subadult (about 18 mo) | Left | Upper P4 24.64 22.76
Bubalus bubalis | 92912 Male Adult Right | Upper P4 18.17 18.03 | 12.59 8.19
Bubalus bubalis | 92912 Male Adult Left | Upper P4 19.28 19.26 | 12.71 8.12
No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Right | Upper P4 22.66 20.9 14.95 7.74
No # (Left, Prob.
Bubalus bubalis | cut horn) Male Adult Left | Upper P4 22.98 21.66 | 174 7.43
Bubalus bubalis | 31711 Unknown | Adult Right | Upper P4 18.97 22.34 | 13.14 8.24
Bubalus bubalis | 31711 Unknown | Adult Left | Upper P4 19.47 23.77 | 14.86 7.87
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APPENDIX D: MEANS AND STANDARD DEVIATIONS OF
TOOTH MEASUREMENTS, BY SPECIES AND SEX

The table includes the MNI (minimum number of individuals, in this case the
number of specimens used of each species) and the total number of teeth (N) represented
by those specimens. The water buffalo was the only species of which there are no
identified females. Therefore the table shows only two categories for this species: all
water buffalo specimens (which includes identified male and unknown sex) and known
males. An asterisk (*) indicates that for one individual at least one measurement could
not be taken. For example, the lower first molar category indicates that 6 banteng
specimens were used and 12* total teeth (right and left). This means that for some
measurements, less than 12 teeth were actually used (in this case, for the center ridge
measurements) due to the preservation of the teeth and therefore the inability to take the
measurement.

In keeping with convention, a superscript indicates upper tooth, and subscript indicates
lower tooth. M = molar, PM = premolar, CR = center ridge.

Water Male
Gaur Male Female | Banteng Male Female Buffalo  (known)
M! Length
Mean 27.435 26.395 28.128 22.132 19.558 24,706 31.862 31.292
SD (+/-) 2.145 0.162 2.613 3.357 2.334 1.858 2.655 3.29
M* Width
Mean 26.34 27.41 25.626 22.56 23.696 21.423 25.464 24.607
SD (+/-) 2.024 1.118 2.258 1.721 1.186 1.418 1.672 1.891
M! CR Length
Mean 11.442 11.547 11.371 9.251 8.196 10.306 11.871 11.682
SD (+/-) 1.111 0.978 1.278 1.443 1.312 0.44 0.934 0.921
M?! CR Width
Mean 10.38 11.935 9.343 8.062 7.851 8.273 9.579 9.312
SD (+/-) 2.138 1.979 1.629 2.48 3.571 0.823 0.981 1.104
MNI 6 3 3 6 3 3 5 2
N 10 4 6 12 6 6 10 4
Water Male
Gaur Male Female | Banteng Male Female Buffalo (known)
M? Length
Mean 30.123 29.286 30.821 27.42 26.678 28.163 33.531 32.632
SD (+/-) 2.921 0.712 3.921 2.085 1.423 2.493 1.336 1.763
M? Width
Mean 27.338 28.63 26.261 24513 26.418 22.608 25.742 24.747
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SD (+/-) 2.2 1.189 2.343 2.702 2.368 1.321 1.663 1.2

MZ2CR Length

Mean 12.853 13.316 12.468 11.505 11.671 11.338 13.006 12.29

SD (+/-) 1.469 0.858 1.827 0.857 1.11 0.563 0.969 0.15

M?CR Width

Mean 11.291 12.91 9.943 10.058 11.058 9.058 9.948 9.765

SD (+/-) 2.366 2.456 1.252 2.542 3.418 0.363 0.962 0.362

MNI 6 3 3 6 3 3 5 2

N 11 5 6 12 6 6 10 4

Water Male

Gaur Male Female | Banteng Male Female Buffalo (known)

M? Length

Mean 32.945 34.228 31.876 31.012 31.313 30.711 33.922 31.425

SD (+/-) 1.804 0.874 1.697 2.087 2.665 1.505 3.63 2.066

M3 Width

Mean 26.525 28.538 24.848 24,515 26.451 22.58 24.91 23.432

SD (+/-) 3.654 3.174 3.349 2.599 1571 1.843 2.148 1.89

M2CR Length

Mean 13.097 14.028 11.935 11.381 11.23 11.533 13.085 12.002

SD (+/-) 1.323 0.519 1.033 3.45 5.051 0.783 1.444 0.925

M3 CR Width

Mean 11.994 14.02 9.462 9.86 10.858 8.863 8.951 8.227

SD (+/-) 2.854 1.541 1.78 2.126 2.358 1.414 1.946 1.628

MNI 6 3 3 6 3 3 4 2

N 11 5 6 12 6 6 8 4

Water Male

Gaur Male Female | Banteng Male Female Buffalo  (known)

M, Length

Mean 25.406 25.255 25.632 22.757 21.535 23.98 28.38 26.9

SD (+/-) 1.948 0.396 3.318 2.06 0.752 2.276 1.711 0.113

M; Width

Mean 18.669 18.646 18.702 15.46 155 15.42 17.585 16.53

SD (+/-) 0.901 0.892 1.053 0.874 0.794 1.022 1.266 0.296

M; CR Length

Mean 9.194 8.908 9.622 7.951 6.202 9.41 10.377 10.245

SD (+/-) 0.803 0.625 0.935 1.885 1.062 0.772 0.33 0.162

M; CR Width

Mean 6.109 6.756 5.137 4.374 3.304 5.266 6.11 5.725
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SD (+/-) 1.057 0.779 0.492 1.528 1.087 1.275 0.493 0.134
MNI 5 3 2 6 3 3 2 1
N 10 6 4 12* 6* 6 4 2
Water Male
Gaur Male Female | Banteng Male Female Buffalo (known)
M, Length
Mean 29.613 29.846 29.262 26.257 25.654 26.76 30.887 28.615
SD (+/-) 1.391 1.418 1.476 1.85 1.593 2.037 2.628 0.261
M, Width
Mean 19.771 20.01 19.412 16.965 17.522 16.501 18.13 16.225
SD (+/-) 0.482 0.447 0.284 1.217 1.085 1.085 2.212 0.417
M, CR Length
Mean 10.71 10.706 10.715 9.38 8.622 10.013 11.83 11.765
SD (+/-) 0.846 0.749 1.101 1.229 1.269 0.822 0.298 0.374
M, CR Width
Mean 7.129 7.756 6.187 5.367 4.956 5.71 6.595 6.53
SD (+/-) 1.006 0.653 0.599 0.918 0.846 0.896 0.372 0.169
MNI 5 3 2 6 3 3 2 1
N 10 6 4 11 5 6 4 2
Water Male
Gaur Male Female | Banteng Male Female Buffalo  (known)
M; Length
Mean 43.706 44.27 42.86 40.25 41.88 38.893 40.88 37.535
SD (+/-) 1.837 1.617 2.043 2.929 2.822 2.435 3.923 0.728
M; Width
Mean 19.954 20.66 18.895 17.211 17.828 16.595 17.467 16.02
SD (+/-) 1.055 0.634 0.425 0.878 0.731 0.5 1.796 1.131
M3 CR Length
Mean 11.842 12.446 11.087 10.083 9.845 10.321 10.995 10.125
SD (+/-) 1.166 0.296 1.464 0.945 1.245 0.529 1.036 0.148
M; CR Width
Mean 7.621 9.092 5.782 6.157 6.348 5.966 5.9625 5.555
SD (+/-) 2.143 1.043 1.637 1.105 1.367 0.854 0.69 0.643
MNI 5 3 2 6 3 3 2 1
N 10* 6* 4 11 5 6 4 2
Water Male
Gaur Male Female | Banteng Male Female Buffalo (known)
Upper P2 L
Mean 22.74 25.56 21.8 19.809 20.288 19.234 20.028 19.987
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SD (+/-) 2.649 2.286 2.336 1.348 3.257 0.783 0.941

Upper P2 W

Mean 17.197 19.02 16.59 15.837 16.065 15.564 16.388 16.37

SD (+/-) 1.422 0.905 0.713 0.841 0.465 0.872 1.124

Upper P2

CRL

Mean 7.53 9 6.06 8.968 6.84 13.226 12.357 11.935

SD (+/-) 2.078 3.718 1.332 3.177 0.537 0.388

Upper P2

CRW

Mean 571 6.67 4.75 3.507 3.278 3.966 6.307 5.49

SD (+/-) 1.357 0.819 0.929 0.229 095 0.113

MNI 3 1 2 6 3 3 3 2

N 4* 1 3* 11* 6 5* 6* 4*

Water Male

Gaur Male Female | Banteng Male Female Buffalo  (known)

Upper P3 L

Mean 21.648 22.22 21.553 18.892 18.275 19.634 21.841 21.582

SD (+/-) 2.909 3.174 1.796 1.629 1.868 2.739 2.96

Upper P3 W

Mean 20.331 19.88 20.406 18.629 19.446 17.648 19.85 19.435

SD (+/-) 0.969 1.038 1.94 1.936 1.587 1.199 1.179

Upper P3

CRL

Mean 14.794 16.66 14.327 13.48 13.333 13.773 13.96 13.79

SD (+/-) 2.903 3.128 1.903 2.167 1.595 1.755 2.274

Upper P3

CRW

Mean 6.88 7.59 6.702 5.723 6.096 4.976 7.762 7.955

SD (+/-) 1.214 1.325 1.704 2.029 0.27 0.631 0.546

MNI 4 3 6 3 3 4 2

N 7* 6* 11* 6 5* 7 4

Water Male

Gaur Male Female | Banteng Male Female Buffalo  (known)

Upper P4 L

Mean 20.794 20.913 20.735 16.641 16.016 17.422 21.152 21.285

SD (+/-) 3.39 4.852 2.992 1.988 1.322 2.596 2431 3.06

Upper P4 W

Mean 23.364 23.373 23.36 20.713 21.872 19.265 21.16 20.152

SD (+/-) 0.614 0.65 0.659 1.763 1.275 1.042 1.884 2.022

Upper P4

CRL
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Mean 12.821 14.946 11.758 12.562 13.186 11.005 14.275 12.65
SD (+/-) 2.542 0.646 2471 1.624 1.031 2.184 1.851 0.084
Upper P4
CRW
Mean 8.847 10.24 8.151 8.234 8.424 7.76 7.931 8.155
SD (+/-) 1.554 0.379 1.436 1.63 1.943 0.466 0.312 0.049
MNI 5 2 3 5 3 2 4 2
N 9 3 6 9* 6 4* 8* 4*
Water Male
Gaur Male Female | Banteng Male Female Buffalo  (known)
Lower P2 L
Mean 14.378 14.285 14.425 13.129 12.501 14.07 14.03
SD (+/-) 1.022 1.393 1.042 1.658 0.983 2.162 0.183
Lower P2 W
Mean 10.588 11.145 10.31 9.651 9.311 10.16 9.655
SD (+/-) 0.772 0.502 0.774 0.917 0.38 1.306 0.912
MNI 4 2 2 6 3 3 1
N 6 2 4 10 6 4 2
Water Male
Gaur Male Female | Banteng Male Female Buffalo  (known)
Lower P3 L
Mean 21.49 21.633 21.275 19.707 19.36 20.124 20.84 20.075
SD (+/-) 1.519 1.467 1.798 1.675 1.869 1.501 1.334 0.219
Lower P3 W
Mean 13.273 13.693 12.642 12.179 11.986 12.41 11.983 11.265
SD (+/-) 0.857 0.497 0.953 1.183 0.909 1.531 1.515 1.223
MNI 5 3 2 6 3 3 2 1
N 10 6 4 11 6 5 3 2
Water Male
Gaur Male Female | Banteng Male Female Buffalo  (known)
Lower P4 L
Mean 22.445 23.161 21.37 22.46 21.948 22.973 22.67 21.545
SD (+/-) 1.332 1.067 0.925 1.303 0.952 1.482 1.57 1.195
Lower P4 W
Mean 15.32 15.801 14.597 13.852 14.123 13.581 14.335 12.64
SD (+/-) 1.245 1.265 0.909 1.267 0.503 1.761 1.986 0.494
MNI 5 3 2 6 3 3 2 1
N 10 6 4 12 6 6 4 2
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APPENDIX E: ASUMMARY OF PRINCIPAL
COMPONENTS ANALYSIS (PCA)

The means and standard deviations listed in Appendix 4 are, by nature, calculated
independently of the other variables (thus the large table), giving you one-dimensional
data. PCA utilizes something called covariance, a technique that allows you to see how
variables relate to one another in a two-dimensional perpendicular plot. It is visually
similar to a plot on x and y axes, but is rotated off the x and y axes and reoriented along
the most important line, also called a vector, of the data. This vector shows the strongest
relationship in the data, the relationship with the greatest variance (or spread among

(Y3}

plotted dots). The most important vector becomes the new “x” axis and the second most
important vector is the new “y” axis. It organizes the data in such a way to emphasize the
important relationships, if any. This is preferable to simply looking at the raw numbers in
a table and hoping something jumps out.

When there are more than two variables (I examined 4 metric traits, therefore |
had 4 variables), a covariance matrix is created. A matrix is essentially a table with all
possible covariance combinations within. If there are three variables (x,y,z), the
covariance is still calculated two at a time, such as (x,y), (x,z), (y,z). For n variables there

are n rows and n columns, resulting in a square matrix. Therefore with three variables

you have three rows and three columns.

o~ (e S o )

Linear combinations are calculated for each row, resulting in a single point on a two-

dimensional graph. Each row has a separate point, in this case each point was labeled by
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species name in order to see if the species were clustering when plotted. When the linear
combinations are plotted against each other, the variance can be detected. The greater the
variance, the more ‘spread’ between points on the plot. The first principal component is a
reflection of the direction or arrow (eigenvector) of that greatest spread between points. A
number is assigned to the eigenvector, called an eigenvalue, and is related to the length
(magnitude) of the eigenvector. Principal components analysis simply reorients the
original two-dimensional plot and makes another plot based on the eigenvector with the
greatest variance. The eigenvector (arrow) becomes the new horizontal axis, with the
center point (0,0) being the center of the scatter of points. The new vertical axis is the
plot of the second principal component, which is perpendicular to the first. Therefore
points are arranged in a scatter plot based on their relationships, as illustrated by their

positions plotted on the principal component axes.
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