GERALD SCOTT BALES

A MULTIVARIATE MORPHOMETRIC STUDY
OF LIVING AND FOSSIL

RHINOCEROS SKULLS

UNIVERSITY OF SOUTHERN CALIFORNIA

1995






A MULTIVARIATE MORPHOMETRIC STUDY
OF LIVING AND FOSSIL REINOCEROS SKULLS

by

Gerald Scott Bales

A Dissgertation FPresented to the
FACULTY OF THE GRADUATE SCHOOL
UNIVERSITY OF SOUTHERN CALIFORNIA
In Partial Fulfillment of the Requirements
for the Cegree
DOCTOR OF PHILOSOPHY
{Anatomy and Cell Biology)

MAY 1995

Cgpyright 1995 Gerald Scott Bales



IMI Number: 96165534

UMI Microform 9616934
Copyright 1996, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code,

UMI

300 North Zeeb Road
Ann Arbor, Ml 48103



UNIVERSITY OF SOUTHERN CALIFORNIA
THE GRADUATE SCHOOL
UNIVERSITY PARK
LOS ANGELES, CALIFORN1A 90007

This dissertation, written by

under the direction of his........ Dissertation
Committee, and approved by all its members,
has been presented to and accepted by The
Graduate School, in partial fulfillment of re-
quiremenis for the degree of

DOCTOR OF PHILOSOPHY

(ol €. ARt

Dean of Graduale Studies

Date .. Jamary 25, 1995

DISSERTATION COMMITTEE




ACKNOWLECGEMENTS

I gratefully thank:

-> the Curators of the various Museums of Natural History for
allowing me to study the materiales under their care.

=> DPr. Richard L. Wood and the bepartment of Anatomy & Cell
Biolagy for invaluable logistical support.

-> the members of my Ph.D. Guidance Committee for their
individual and combined time and efforta:

* Dr. Judy A. Garneér
for helping sc far from the nervous syetem.

* Dr. Stanley Azen
for atatistical oversight so late in the process.

* Dr. Mikel B. Snow
for always encouraging my anatomy skilla.

* Dr. Donald R. Prothero
for directing me to the venerable rhinocercses.

and espacially,

* Dr. Gene H. Albrecht, Committee Chairman,
for giving so much time to unfamiliar ungulatas.

but mast of all:

~> I thank my mother and father.

Thia disgertation is dedicated to Consuelo Lorenzo.

ii.



TABLE OF CONTENTS

ACKNOWLERGEMENTS ............ taaresmanrmannas tes et arannae

LIST OF TABLES +.vrrvccccansrsncnraas saskaanaannn ter e

mrsrresanssnnnssaVil.

LIST OF FIGURES ..vvvcinsecvstnncsiansssnnan

DYeITiew ..cevtavrmanttnsrcsasannnsrsosrntsannnnnnly
Regaearch QUESEIONS ...vauuvrennan- Cer st anas
Within-group Studies .......cannaans cevseasnaa3l
; Bmong-groups Studies .r.ciccacncrvaiiiassaennas
Background .---+.svscuearnanna eviritasnam e
Superfamily Rhinocerotoidea «.iea.civvasa-.n.ds
Morphometric Methods ..... N + 215,
Chapter 2, MATERIALS AND METHODS ....csisivsssraasuvnarsensnl?.
MateridlB ..rvsvecrnstansssnncerrerntosnanns
| Methods ..... Ceereeiaaaan Cearemmaan
Meapurements ...... waasvas
Data and sStatisticB ........- trarr ettt aerar

~ Chapter 3. WITHIN-GROUP RELATIONSHIPS
= PRINCIPAL COMPONENTS AMNALYSIS (PC) ........ oo .40,

Multivariate Variation and P€ ...cieesrsoncnnnnas 40.
Strategy and Significanee of PC (evivmnarcannnn.. 41.
i Sex Dimorphism -........ Tesermmmaaea Caessrrarnan-32.

r Analyses of Individual Genera .......... casaeredaqdd,

{ PR
i 1li1.




Dicerorhinus .....- tetiavtareanns temarrmanan io02.
Fosgi]l GeneTa ..erenrvermrsaaaca B 1 +1 1N
Aceratieritm .....iicvisinancnennnnnan wees s 108.
AMYIOEGIT « cveivnsivrtnaanasnenanns nreesss.s 114,
Aphelops ........ AR T LT ve-115
DiceratMerium ..usscnesarnanrananns craesas.124.
Forstercooperia --.eeaun- “iarareiarennasaaa131.
Hyrachyds ........ tesemr e n e .134.
Hyracodor ...... Semeermasaaianaannan sraeaa 140
IRAC{COERELEMM oo enenscsonoaioininsanennnsa 146.
MenoCeraAsS ......vccvansrsan Armraamrarmaranan 150.
Peraceras ....... Mresyraraeiras . 1en..159.
Subhiyracodon ...vresenenaa PEessasd st 167.
TeleOCOrasS .cseauvssmman frtsmesmcmEaatananaa 171.
TrigonidsS seeccaoannn SRl st ddsenan e daanann la3.
23isanamynodon ...+ aeemrraasrernrarsanaaaaa187.
Pooled Within-group Dispermions ......... +esa.193.
SRull s iciiinii st et cra s a e arm e 1930

Mandible .-........ treeenmmmaraa tearemnana L1959,



Chapter ¢. AMONG-GROUPS RELATIONSHIPS

- CANONICARL VARIATES ANALYSIS (CV) ........... .-.204.
Multivariate Variation and €V ......c.cumnaas ree204,
Strategy and Significance of CV ...... sevrmaaena-205,
Interpretation of €V .. ... iicincnanns senmassa.a-206.
Ordination - Specimene By Genus ,........ eseansaa220,

Ordinaticn - Means and Concentration Ellipass ...225.
Tarxonomic Patternd ~ Genera .--....... vesmessvnaa233.
Taxonomic Patterns - Families and Subfamilies ...240.
Taxonomic Patterns - Character Stated ...--.....-. . 247,

Functional Pattern2 — Horn Arrangement ......-...256.

Functional Patterns - Herbivory Type ......- veva 260,

Temporal Patterns ~ Intergeneric ,..e....... v v 2700

Temporal Patterng - Intrageneric ......... crenaaa 273,
Chapter 5. OISCUSSION ......-ciivcvovasosrannnnna -1 ¥
REFERENCES .....-.::- P vesaseearsnenaanaa 292,
APPENDIX 1. Specimen Identification ....¢+cecvernans P |+ k
APPENDIX 2. Data Sheet .....cccecacrsisanonsnenrs ereneeseaa. 309,
APPENDIX 3. Measurement Degcription® .....eieveeaea- w-e.-a.s 310,
APPENDIX 4. Raw Pata ........-- D R T veveasaer 326,
APPENDIX 5. Univariate Statistics ..........ccn00n.., . 352.
APPENDIX 6. SAS-IML Programs ....... reesrmaaraan - 111



LIST OF TABLES

Tabie Number Description Page

10.

11.

Skull and mandible pample dizes ccovcivnn-n.n P . aa19.

Generic and subgeneriec information for skulls ....... roe.20.

Generic and subgeneric information for mandibles .........24.
Short definitions of linear measurements .....s.sv-==-.ss..31.
Eigenvalues for Principal Cowmponents analyses .._....-......44.
Eigenvalues for Canonical Variates analyses ......ice..... 208,
Canonical variate means for akulles .......... Y-+ -
Canonical variate means for mandibles ........ PR - N
Generalized distances for skull canonical means ..........213,
Generalized diestances for mandible canonical means .......216.

Summary of intersubgroup gyeneralized distancesd v.--.... =219,

vi.



LIST OF FIGURES

Figure Numher Description FPage

1.

10.

1.

iz,

13,

14.

15.

16

17.

18.

19.

20.

21.

22.

Cladiastiec relationships of the Rhinccerotoidea ..........6.

Geographic diatribution of the Rhinoccerotoidea ..........8.

Phiylocgeny and geochronoclogy of the Rhinocerotoidea ...... 11.
Linear meapurements of the skall ...... i rivrierrsnrnanna LA2.
Linear measurements of the mandible ..... sevrrararrerasendd.

Multiple reqresaion method for miseing data sstimation ..37.
Summary of Principal Components (PC) plots for shkulls ...45.

Summary of Principal Componenta (PC) plots for mandibles 50.

PC - Diceros ekulls by country ........c aana P
PC ~ Diceros skulls by locality ......:v0icceinnnan seaenaB2.
PC - Diceros skulls by subspecies (labelS) ..crvevecennras ad.
PC = Diceros skulle by subspecies {(after Grovea) -.... BT,
PC - Diceras shulla by agx .(........... Cerrasabamananas o T0,
PC - Dicercs mandibles by country ......... termeremminaan 73.
PC - Diceros mandibles by locality ...icvscrvuanrars N LR
PC -~ Dicercg mandibles by subspeciea ({labels) ...+oxcuaoa-. 7B,
PC - Dicercs mandibles by subapecies (after Groves) ..... a0.
PC ~ Diceros mandibles by sex ........cccvevines sessenaaB2.
PC -~ Ceratotherium skulls by locality +viesvercanancannna B?.
PC = Ceratotderium skulls bY 88X .vviivivrrnccnavnnana +.2+88.
PC - Ceratorherium mandibles by locality ....... P el 92,
PC ~ Ceratotherium mandibles by 88x . ..., uvsnvanns cer +2 95,

vii.



23.

24.

25.

26.

27.

28.

29.

30-

3i-

32.

33.

4.

35.

6.

37.

3a.

9.

409.

41.

42,

43.

449.

45.

46.

PC

PC

PC

PC

PC

PC

PC

PC

PC

3

EC

PC

FC

PC

PC

BPC

PC

pC

rc

PC

PC

Rhinocerca gkulla by locality scicveinc.orennnssess.98,

Rhinoceros mandibles by locality ....cc.vivscvncann «1040.
Dicercrhinus skulls ......... Sesiamseranann sen-a0-.104.
Dicercrhinus mandibles .....cveicemvsocrsmrornancnnna 106.
Aceratherium skalla ......... Mertaerr e ran R 5 1+ I
Aceratherium mandblea ........ [ svmmmn sawee-112.
Amynodont skulle ............. Pemtama e hemaane 116.
Aphelops s8kulls ....ccovooua-- st e aaa i meaanas 119.
Aphelops mandihbles .......... tetaman-uaa thenncaaeas «122.
Dicerathorium skulls .....iuveienna- S -4 - 10
Diceratherium mandibles ...........0000--- arevaen1al129.
Forsrtercooperia ekulls ... e Cemeaa vae 132,
Forstercooperia mandibles ......cvesvuvcens sanannea.. 135,
Hyrachyus akulla ..... erararmann I -1

Byrachyus mandibles .......cccvuirsessemnasnnaasanansl4l,

Hyracodon pkulls ......cocue--n-ans fabmaams eraeae--144.
Hyracodon mandibles .....invevee. P £
Menoceras skulls by locality .....--viuvism-rmaacann 152.
Menoceras Bkulls by aex ...... deeana T L 11
Menoceras mandibles ........-. eeenan ‘e rtseran-«--1587.

Perdacerdd HRulle ...ccivisarencusnssasnassnninas=ss=-161.

Peracerds mandibles .....c..cvevecnrvuvana amasananness165.
Subhyracedon skulls .......-.. Camatassaseatgaansan-n 1648.
Subbyracodon mandibles ....-..- resatrsecasavsarunas-1T72.



47.

48.

49,

50.

51.

S2.

S3,

Sq.

55.

56.

57.

58.

§9.

60.

6l.

62.

63.

&4.

65.

66.

PC ~ Teleoceras BRUlll .....vscvvavnertvnrrnrssssssanssewai?b.

PC ~ Taleoceras mandiblels ......cccvvnsenmsnrocenscnancnns 180.
PC - Trigonias skulls ....... B T T T T 184.
PC - Trigoniaz mandibles ..... et anTaan Avsetaaranc s 188.
PC = Zaiganamyncdcon mandiblea ............ Aevatmaanan +a--191.

Pooled within-groups PC, mskulls by genera .......:.+.....194.
Pooled within-groups PC, akulla by subgeneric groups ....157.
Pooled within-groups PC, mandibles by GENELA -.xcsae.v...200.
Pocled within-groups PC, mandibles by subgeneric groups .202.
Canonical variates {CV)} plot of akull data -

individual BPECIMENS ...ussattnusnsssassasstssaravarssnsa2l,
Canonical variates (CV) plet of mandible data -

individual SPECAiMENE . ixsteenarsrsvnsrvssssnsansssnsseass223.
CV plot of skull subgrouwp means -

90 percent concentration ellipges ...................... .227.
Canonical variatea (CV) plot of mandible subgroup means-

90 parcent concentration &llipsSed .....+cv2:0- Pestmeraar e 231.

CV = Skull subgroups by goNUS ...cvervaservarsssrssnsevenr.235,

Mandible subgroups Py genuUs ....v.v.evirainanranaaan .238.

Skull subgroupsa by family and subfamily ............ 242.

Mandible subgroups by family and subfamily .........245.

Ekxull subgroups by phylcogenetic character states ...249.

4

Mandible subgroupe by phylaogenetic character mtates 253.

a 2 2 2 2 2

Skull subgroups by horn arrangement ......:...0-:24.267.

ix.



~ Mandible subgroups by horn arrangement ......... Wee=261.
= Skull subgroups by herbivery type ......... verssann 264,
= Mandible subgroups by herbivory type ...............268.
Skull subgroups with intergeneric phylogenies ......271.
- Mandible subgroups with intergeneric phylogenies ...274.

= Skull subgroups with intersubgroup time vectors ....277.

2 2 2 2 2 2 1%

- Mandible aubgroups with intersubgroup time vectora .279.
Thin-plate apline analyais of shape transformation—

Subhyracodon to RAINOCEOIOS .. cumcrternnrasrstssssinnan=-=288.



ABSTRACT

The Rhinocerotolidea is a Suparfamily cf perisscdactyl mammals
whose avaolutionary hietory extends from the Eocene epoch to the
Present. This history ie represented by a collection of fossils
which is qualitatively and quantitatively one of the best among
vertebrates. Such a fossil record allows study of larger scale
aspects of morpholegical evolution in vertebrates, particularly in
large mammalian herbivores. Rhinocerotoid diversity comprises
fifty-five genera in three families with four extant genera. This
study is a multivariate morphometric investigation of within-group
and among-groups variation in the skulls and mandibles of the
living and feeail genera. The living genera are biological
analogues by which the fossil genera may be more confidently
interpreted. Oates-dental landmarks provided 19 linear
measurements for skulls and 1l linear measurements for mandibles.
Adult akulla (83 living; 101 fossil) and adult mandibles (80
living; 117 fosail) were analysed for four living and fourteen
fossil genera. Measurements and sample sizes were maximized under
the constraints required by complete data. Some measursments were
astimated by a multiple regression technique. Each genus was
analyzed by the principal components method (PC, within-group
analyeses) where specimens are ordinated along axes of maximum
variation. Living genera were analysed first: geographic,

taxonomie, and aex dimorphic correlations with morphometric

xi.



differances were identified. These results were included as part
of the total information used to analyse the variation within
fossil genera. In several fosmail genera, subgeneric groupe were
identified using geographic, taxenomic, temporal\atratigraphic, and
analogue varigtion data. Overall PC results indicate that
variational patterns in fomsil genera are similar to those in
living analogues. The PC aqubgroups were analyzed by canonical
variates (<V, among-grcups analyses)} where PC means are ordinated
along orthogonal, variance maximizing axes. Determination of these
axes relies on an eatimate of average within-group variation
provided by pooling of the PC subgroups. The CV ordinaticn wasa
analysed with respect to morphometric affinites, and correlations
with taxonomy, qualitative characters, diet, horm type, and
temporal patterna, Results phow that morphometric affinites are
mo8t uniquely correlated with horﬁ type, leant correlated with
diet. Tempeoral patterns gshow that general morphological trends
occur at the genus level. Evalutionary changes at the subgeneric
level indicate more irregqular pathways. In general, morphology and

Bize change simultaneously.

xii.



CHAPTER 1.

INTRODUCTION

OVERVIEW

The perispodactyl superfamily Rhinocerotoidea is one of the
many mammalian groups which evolved in the Cenozoic Era. Like
other mammalian radiations, rhinocerotoidsa evolved from a few,
gmall, primitive forms to a variety of more gpecialized, often
larger, forms respulting in a large diveraity of taxa most of whieh
have become extinckt. Among vertebrates, the Rhinocerotcoidea has
one of the largest fossil records and is thus amenable to studies
of morphological {skeletal)] evolution within a long-lived, higher
taxon. This abundance of foeails increases the probahility that
all groups (primitive, derived, and transitional) are included and
that the range of neormal variation within groups or populations is
represented. A further important advantage of the rhinoceros
guperfamily ie the persistence to the pregent of five species that
can serve ia analoguen of the fogsil taxa. Morphological variation
in analogue taxa, correlated with ecogeographical, physiological,
behavioral, and other biological factare, provides the most
apprepriate measure for interpreting intraspecific, intrageneric,

and intergeneric morphological variation in extinc: taxa.
Thia atudy ig a multivariate morphometric analysis of akull

and mandible morphology both within and among 15 fosmil and 4



living rhinocerctoid genara. Genera are the initial focus of
analysis because generic-level taxonomies are more complete,
accurate, and stable than are species-~level asaignmentsa. Multiple
measurementg of osteological features from representative samples
of skulla and mandibles provide the data for analysie. Within-
group analyses seek to: (a) compare living and foesll generic
variation, (b) dissect the wvariation in each ganus using
gecgraphic, temporal/stratigraphic, taxonomic, and variational data
relevant to subgeneric level variation, and (¢) provide a standard
of within-group variation for uee in comparative atudies of among—
groups variation and relationshipe. Among-groupe analyses seek to
be both descriptive and explanatory by cbaserving the patterns and
correlates of morphology with respect to morphometric affinities,
taxonomy, phylogenetic character statee, horn types, diet, and
temporal sequences.

The Rhinocerotoidea has been less studied relative to the
Bize of its fogsil record than a comparable group, the Equoidea
{horsea). The latter group has played a prominent role in
discupsions of vertebrate evolution. This study of rhinocerotoid
skull morphology will contribute te those discupsiona by providing
further insights intc the evolution of vertebrates in general and

of large mammalian herbivores in particular.



RESEARCH QUESTIONS

Within-group Studias

{1} What is the pattern of variation in living taxa across genera

and apecies?

(2) How does morphological variation in fossil rhifloceros genera
compare to that of living genera and species?

{3) Is fogsil generic wvariation reducible to aubgeneric groups

based on factors known to be correlated with species-level

variation (e.qg., time/stratigraphy, ecagengraphy, diet, or

other biological facteors}?

{4y Is variation in fossil eubgeneric groups consistent with
specieas-level variation in living analogues and with previous

species~level taxonomic assignments?

{S}) Are size and phape differencesn among demee and between sexes

configtent with those in living analoguee?

{6) What avolutionary size-shape changes oeccurred within fossil

geuexra?



Among-groups Jtudies

{1} What are the morphometric affinites of specimens and group

means obgerved in the canonical variatea space?

{2) What are the morphometric relaticnehipas of the generic-
subgeneric groups with respect to recent taxonomies and

taxonomic characters?

{4) Are there morphclogical relationshipa based con
anatomical/functional /behavioral groupings auch ae mode of

herbivory or horn arrangement?

{S3) What are the patterns of size and shape evolution relative to

hypotheeized intrageneric and intergeneric phylogeniea?

BACKGROUND

The following is a brief discussion of the rhinocerctoid
auperfamily and ite component familinss. Daetailed diascussions of
genera are given in Chapter 3 as prefaces to the within-group

gtudies of each genus.

Superfamily Rhinocerctoidea

The Rhinocerotoidea is a large, diverme superfamily of

perissadactyl mammale comprised of three monophyletic famjilies:



Amynodontidae, Hyracodontidae, and Rhinocerotidae (Figure 1). Four
genera have survived to the Recent and comprise the living African
and Agian rhinocerotids. In North America, rhinocercotoida
populated much of the western interior {(Intermontane and Great
Plains regiona) from the early Eocene through the Miocene as
documented by relatively numercous fossile. During much of thia
time, varicus specien were believed tou have been ecologically
dominant by wvirtue of their large body-sizes and relative
abundances. Understanding the pattern of rhinccerce evolution in
North America ie complicated by migrations to and from Europe and
Agia via continental land bridgee {Figqure 2). During most of the
Cenozoic, an above sea-level connection between Alaska and Siberia
{(Bering Land Bridge) provided an ice-free route for bidirectional
movement of reapactive biotas. Rhinccerotoids which may have used
this route were Hyrachyus (from Asia), Forstercooperia (tc
RAsia(?])., and Trigonias (from Asia). Several routes of migration
were open between Burope and North America (McKenna, 1972, 1975)

and may have been uased by Menoceras (and possibly Trigonias).



FIGURE 1. Most current phylcgentic classification of the genera
af Rhincecerotoidea (after Prothero et al., 1986). Genera used in
this study indicatad by asterieks {(*)}. Hyrackyus is the

primitive anceetor.
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FPIGURE 2. Historical distributions of living and foeail
rhinocerotoid genera. Arrows indicate potential migration routes

{land hridges) during periods of lowered sea level.



FOSSIL GENERA @ RECENT GENERA «+ MIGRATION ROUTES



Previous otudies of rhinocerotoid systematice and phylogeny
include those of Osborn (1903, 1904), Matthew (1931, 19%32), Wood
{1941), Radinsky (1967a), Hocijer {1976, 1978), and Groves (1983),
and Groves and Chakraborty (1983). Descriptive studies of apecific
genera including living forms include Cooper (1911, 1924, 1934).
Matthew, (1924), Oshorn (1923, 1924}, Wood {1331), Granger and
Gregory {1936), Tanner (l1989), Groves (1%72), Groves and
Chakraborty (1583), Grovea and Kurt (1972), Yatkola and Tanner
(1979), Lucas et al. {1981), Ruesell (1982), Laurie et al. (1983),
and Hanson (1948%).

Recent reviews of the Rhinocertcidea and its families
include, Prothero (in press, a and b), Prothero and Manning (1987),
Prothero et al., (1986, 198%9), Wall (1989), and Lucas and Scbus
({1989), This study relies primarily on these most current views
about rhinocerotecid systematics (Figure 1} and phylogeny (Figure
3)-

Hyrachyus ~- The most primitive rhinocerotoid genus is
Hyrachyus, comprised of small animals (Great Dane-sized) resembling
Hyracotkerium, the most primitive equid. The satatus of Hyrachyus
as the primitive gister-taxon to the three rhinocerctoid families
is bagsed primarily on dental characters {Protherc et al., 1986).
Radinasky {(1967b) cansidered this genue to be a helaletid tapireid,
but acknowledged itsa ancestry to tha rhinocerctoida. In this

study, Hyrachyus is used as the bapal qroup {"primitive

10



FIGURE 3. Phylegeny and geachranoleagy of the rhinacerctoid genera
in this ptudy (after Protherq, in presd a). North American Land
Hammal Age (NALMA) boundaries are approximate (after Tattersall et

al., 1988).

11
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morphotype®) for comparigons of ancestor-descendent size-shape
changes in each of the families. Although believed to be an
emigrant from Asia, Hyrachyus is known predominantly from middle
Eocene beds in the Bridger Formation of Wyoming where it is one of
the most common genera of fogsil mammals of this period.

Amynodontjdae -~ Amynedontids appeared in the middle Eocene
where scre had already achieved the size of cattle (Amynodon).
Subgequent evolutionary size increases - to the size of modern
thinocercees - made them among the largest land mawmals of the late
Eocene haolarctic region (Wall, 1989), Family characters of
amynodontide include conical incisore, enlarged male canines,
reduced premclars, and preorbital fossae (Prothero et al., 1988).
Other specializations within the family included high—crowned cheek
teeth, convergence to hippopoéamua~like propartions in the semi-
aquatic riverine genua Matamynodon, and (poesaibly) a2 tapir-like
proboecis in the terrestrial genus Cadurcodeon (Wall, 1980).

Hygpac id --~ The hyracodontide evolved in the late
Focene and Oligocene from Hyrachyus or a Hyrachyus-like form.
Primitively shesp-sired and adapted for running {(cursorial}, this
family evgolved larger bedy aizes (cow-aized in North America). In
Ania, Paraceratherium achieved a aize greater than that of
elephants but paradoxically retained limb proportiona indicative of
curforiality. Members of this family have equal-sized incleors and

small canines (i.e., tuskless) among other featuyres upon which

13



their clasaification ia baped (Radineky, 1966), More recently,
Prothero et al. (1986) considered limb characters to be more
important taxonomically.

Rhinocgrotidag -- Primitive rhinocerctids were sheep-sized
animals which probably immigrated from Aszia. Beginning in the
early Oligocene, rhinocerotids became larger, culminating in
Diceratherium which reached the size of modern rhinoceroses.
Diceratherium was the only known genus of rhinocerotid in Norch
America for approximately 14 million years. During this period
(mid-Oligocene to mid-Miocene), they were the largest mammals found
in terrestrial communities (with ragard to large 8ize, they were
preceded by the titanotheres and paraceratheres, and followed by
the mastadons). In the mid-Mioccene., sheep-sized representatives of
the divergent aceratherine {(Aphelops) and telecceratine
(Teleoceras) lineages immigrated to North America from Burope or
Buraaia. Species in both groups evolved to the size of modern
rhinoceroses but dwarfing aleo occurred. Ecological diversity in
later rhinocerotida ia exemplified by a dichotomy bhetween
telegcerarine grazers and aceratherine browsers (Prothero, in prene
a), Charactere which distinguish rhinccerotids from other families
include facial bone arrangement and tocth size, ahape and enamel
patterna (Prothero et al., 198G6). Horns are not a universal

characteristie of the family, but oceur in all extant genera.
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MWultivariate Morphomatric Hsthods

Thie study relies primarily on the methods of principal
compenents analyeis (PC) and canonical variates analysis (CV) as
ordination techniques where multivariate relationships of apecimens
or centroids [means) are obgerved in two or three variance-
maximizing dimensions. These two methods are among the diversity
of methads that have been developad for the analysis of
multivariate morphometric data. Applications of these mathods to
diverse problems and organisms are discuseed in aeveral reviews and
general references {Blackith, 1965; Sneath and Sokal, 1973; Reyment
et al., 1984; Bookatein et al., 1985; Foote, 1991; Reyment, 1991}.
Mathematical background and discussions of multivariate metheodology
with examples can be found in many sources {Anderscn, 1958;
Bartlett, 1965; Marcus., 1990, Morrison, 1967; Cooley and Lohanes,
1971; Davia, 1973; Harris, 1975; Timm, 1975; Green, 1976, 1978;
Pimentel, 1979; Neff and Marcus, 1980; Campbell and Atchley, 1981;
Johnson and Wichern, 1982; Rehlf, 1990). Important early papers con
both method and application have been collected intea several
volumes (Atchley and Bryant, 1975; Bryant and Atchley, 1975)}. The
field of morphometrics currently ia dynamic and growing as
evidenced by a number of recent symposia and publications (Rohlf
and Booketein, 1990; S8cokatein, 1991; Marcus et al., 1993; Rohlf

and Marcus, 1993}.
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Among living vertebrates, PC has been applied to fish
{Bookstein et al, 1985}, painted turtlee [Jolicoeur and Mosimann,
1960), birdas (Schnell, 1970; Blondel et al., Vuilleumier, Marcue,
and Terouanne, 1984}, bats (Freeman and Lemen, 19%91), volen (Flury
and Riedwyl, 1988}, martensa (Jolicoeur, 19€3), and primates
{Albrecht, 1978, 1980). Studies of foamils using PC include horees
{(Winans, 1989) and Dinosauria (Chapman et al., 1981l; wWeishampel and
Chapman, 158Ll).

Ccanonical variates analysis of living vertebrates include
shrews [(Gower and Roan, 1969), primates (Asehton et al., 1965;
Oxnard, 1967; Albrecht, 1978; reviewed by Albrecht and Miller,
1991), anteaters (Resve, 1941), and canide {Wayne, 1986).
Applications of CV to fossil vertebrate groupa, or ta groups with
both foseil and living representatives, have been less numerous
than PC studiesa. Such groups include primates {Oxnard, 1969;

Bilsborough, 1984) and moas (Cracraft, 197&).
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CHAPTER 2.

MATERIALS AND METHODS

MATERIALS

Four hundred ninety seven specimens of extant and fossil
rhinocerotoid taxa were measnred ip mamwalogy and paleontoclogy
departmente of the following museume: American Mueeum of MNatural
History {New York), National Museum of Batural History (washingten,
D.C.), Museum of Comparative Zoclogy at Harvard University (Boston)
Field Museum of Natural History (Chicago). Denver Muasum of Katural
Histary. At each museum, all specimena except the moat fragmentary
were measured, including beoth juveniles and adults.

Data for a given specimen was recorded on a single data sheet
(Appendix 2) whose page number is the specimen number. Each
specimen consisted of either: (1) skull and agsociated mandible
{matched elementa of the Bame animal), (2) skull only, or (3}
mandible only. Most of tha specimens of extant rhincceroees were
complete, with all or most meaasurements present. Many of the
foagsil specimens were partial (fragweintary) and had scme regional

rlaster recopstruction. Most of the fosail mandible Bpecimens were

hemimandibles (partial or complete), representing one side of the
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mandible. when both sides of the mandible were present, cone Eide
was chopen for measurement based on completeness and other factors.

Sample gizes of measured living and fosagil skulle and
mandibles are given in Table 1. #ecause pkulls and mandibles were
treated separately and independently, total numbers of skull and
mandible elements exceed the total number of specimens {data
gsheets). Aging of apecimens was based on: (1} absence of deciducus
teeth, (2) at least 3/4 eruption of the third molar (relative tc a
fully erupted second wmolar), and {3) presence of some first molar
wear. The subsample of adults used in this study was derived by
reduction of the sample of measured adults. Captive epecimena of
extant taxa were excluded. Incomplete fosail adult Specimens were
excluded because of the atatistical need for complete data sets
{discussed below under metheds). The data reductions reaulted in
the following aamplea for analysis: skulls - 83 extant, 101 fogsjil;
mandibles - B0 extant, 117 fossil. Identification of these
specimens by museum number ia given in Appendix 1. Individual
epecimen numbers arranged by genus are lieted in Table 2 (gkull)
and Table 3 (mandible), with asgociated taxonamiec, geographic,

temporal, and sample size information.
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TRBLE 1. Comparison of sample sizes for numbers of specimens

ceasured versus number of specimens used in analyses.

s wyoIBLE

EXTANT FDSSIL EXTART FOSSIL

JUVENILES MEASLURED L] 26 [} 29
ADULTS MEASURED nz = 1e 133
ADULTS ANALYZED a3 im a0 117
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FABLE 2. Generic and subgeneric group information for skull specimens used in the analysis.

atphabeticatly and sre fol towed by 13 fassil genera, listed alphabetically,

The four Lliving genere are listed {irse

Genus Code

Speci s

Local i't'_nf‘i

Age

Specimen i's‘

Ceratotherium CERAS

19

2 fommt

Eest Africa

flecent

22, 59, W01,
102, 103, 104,141,
142,298,340, 346,
367,358, 359, 370,
371,372,451

bicerorhinus SUMAS

"rgumat rena st

Southeast Asia

Recent

2t, 46

Biceros BIcos

48

"hieornjs”

East Africa

Recent

147,149,150,157,
152,155,157, 161,
166,167,168, 169,
170,174,176,177,
178, 181,295,305,
379,382,384, 385,
347,188,389, %00,
193, 394, 395,396,
397,358,402,404,
405,407,408, 409,
410,419,612,414,
418,435,437, 441

Rhinoceras UNICS

JAVAS

‘unicernis®

“sondaicus’

Indis/Nepal

Java

Recent

Recent

48, 53, 55,303,
348,426, 427,430,

17, 19,299,351
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Genus Code N Species Local [ty Age Specimens
aceratherium ACER1S 1 “deperetit Hongolla Hemphi Ll {an 245
ACER2s 1 “inciaiviuw Europe dlancan 124
ANTDGOn AMYNS 2 advenus” Washakle Basin, Wyoming uintan "
Uinta Co., Uiah uintan 441
Aphelops APNE1S 1 megelodus ok Butte Co., Nebraska Nemingfordian 205
APHERS B mega lodus Cherry Co., Nebroska Clarendonion 268,289,270,211,
212,330,334,355
Oiceratherium DICE1S 3 annectens Qragon 0L fgocene 2
frangmt
Wyoming Arikareesn 203,204
DICE2S 1 nlobraremse Nebraska Arfkareean 286
DICENS 2 "Arma by’ Kiobrara Co, MWyoming Artiareeen 240, 267
Forstercooperia FORSS F4 Usharamoranensis' inner Wongol ia Uknitan-Duchesnean 127,130
Nyrachyus HYRa1s 2 Ymodes tust Wyoming aridgerian (B2) 4, S
HYRAZG 1 pr Inceps® ? aridgerian (C4) 19
Veximfua® syoming gridgerisn ¢05) 6, 12
Hyracodon HYcos 4 “rebraokenalsv South Oskota & Webraska trellan 114,117,120, 4460

1e




Genus Code L} Species Locality Age Specimens
Indricather{um INDRS 1 transoural cum ? 7 258
Menoceras MENDS 18 “ar{karenge" Sioux Co., Nebragks Arikareean 171,195,194, 197,
198,200,201,453,
456,456,457
? 452
? Platee Co., Uyoming Arikareean 143,158,172, 188,
187,184,
Peraceras PERATS 2 "henne (" New Mexico Barstovisn 324
'profec tum New Maxico " ars
PERA2S 3 "aupered | oaum Nebraska Clarendanlan 326,327,329
Subhyracodon StBH1S 5 mitia South Dakota Chedronien 28, 2%, N
e { gonaduny!
fcopafi South Dakats brellan 2?
umitiay Wyomi ng ? 32
SUBH2S 4 cecidental ls South Dakata Oreilan 38, &4
neeidental 1sY " 35, &
SUBH3S 7 tridacty lum South Dakota Wh{tneven 22&.;29.2:1,23!,
. L] n
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Genus Code o Species Local ity Age Specimens
Taleoceras TELE1S 2 amer i arm Nebraska Hemingfordian 341,342
TELEZS 4 medicarnutum Hebrasks Barstovian 37,318,344
medi cornutum
dthomsoni® n 255
TELE3S [ ma jor Nebraska Ctarendonian 311,312, 513,314,
315,316
TELE4S 3 hickgln Calarada Late Hemphillian 281,496,487
TELESS 4 fousiger Nebraska Early Hemphillian 284
fosoiger Kansas L] 287
fagelger Tenas " o
‘tfassigerh Cal orado " 424
Trigonias TRIGS 3 osbornd Waghington Co., Coloradn Chodeanien 462
osberni Weld co., Calareds N 420,443,448, 469,
" 470,671,472 ,476
osborni
stongk {0 " 415
asbarni
vpreoccidental {5 " 492
osbarni
Mhypos tyluatt h £90
"asbarmir Shannon Ca., South Dakota " 23

1, Codes refer to the subgeneric groups determined in Chopter 3,

2, somple sizea of the groups indicated under the Code column.

3. Specfes nasmes in quotes are those sskocisted with museum tags,

4. Localitfes are derived from information associnted with museum specimens.

5, #ge 1a given as Narth Amerfcan Lend Marmmal Age where posaible {see Flgura 3).
4. Specimen numbers were ascigned sequentially as specimens were messured and correspond to page numbers in the originel data book.

b
(]



TABLE 3. Geperic amd subgenberic group information far mandible specimens used in the snalyses. The four living genera are [foted tirst

aiphebetically and are fallowed by 13 fosail genern, li{sted alphsherically.

Genug Code' ¥ Spec'ien’ lo:alitv{'

Ad !5

Specimens #, 06

Ceratother fum CERAN 19 5 b East Africe

Recent

22, 59, 99,101,
102,103, 104,141,
162, 297,295,340,
386,347 148, 369,
370,371,431

Dieercrhinusg SUMAM 2 g umatrens|s? Sumatra

Recent

21, 46

Dicerss BILOM 47 “higarnlgt Enst Africs

Recent

147,149,150, 151,
155,157,161, 166,
187, 168, 169,170,
17%,176, 177,178,
181,294, 295,305,
379,382,385, 364,
187,338 389" 100,
392,393,396 396,
197,398,402,505.
407,408.410,411,
12,414, 418,436,
437,641,443

Rhinoceras UNICH & "unlcarnia' India/Mepal

JAVAN 3 "gonda icus! Java

Recent

Recent

48, 53, 55,302,
340,349,425,427,
429

17, 13,20

¥e



Genus Code Species Locality Age Specinens
Acerather{um ACERTH "deparet| Mongolia Hewphillian 206,245
ACERZM vincis (vium® Europe gtancan 124,212
Aphelops APHE N megal odus Webrasks Baretovian 209,211
"mega b odigH " 207, 208
APHEZM mepelodus Webrasica Clarendonian 213,273,214
330,331,333
APHREIM malcorhinus Oklshoma Early Hemiphiiiian 4
" Texas " 215
matacarhinus Fiorida o 214,273
"longipest
APHELH Ut flise fenag Lete Hemiphiilfan 322,338
mutflin Colorado 130,494
we, ponder{a
Olceratherium DICE [H Yarmatumt Nicbrara Co., Wyoming Arikoreean 241
GizZEM *ni{obrarense" Wisbrars To,, Wyoming Arikgreean 451

5



Genus Code K Species Local igy Age Specimens
forstercooperia FORSTM 1 “sharamurenensis®  Irner Mongalia, China Uintan-Duchesninn 124
FORSH 2 "confluens” Mongolia ? 128, 129
Hyrachyus HYRAIM 2 "modeatus" Wyoming Bridger (8) 4,328
HYRAZH 2 “enimius” ? Gridger (0) 4 A
Hyracodon HYCOW 4 nebragkensis South Dakota, Nebraska Orel tan 117,120, 280,450
fndricother jum TNORW 1 tranaurat icum ? 4 258
Henoceras NENDIN 10 or ikarense Nsbroska Arikareenn 189,190,191, 192
194,454,457
14 Wyomimg » 158,172,185
WENOW 1 berbour! New Menico Hemingfordian 13
"maralandiensis®
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Genus Code Species tocality Age Specimens
Penetrigontas PENE M dskotense" South Dakota Dligocene 15
feracerss PERAIH “erofectum® New Mexico gargtovian 16,340
Thesge " " 2%
PERAZH “auperci L ioaum” Kew Menico Barstavian 1N%,125
Sublyyr acodon SUBK M #ogcjdental is" South Dekota greilon 35, 43, 46
28, 29, 38
48, 6%
SUBK2N mic]ew Wyoming ? 32, 5
SGEHIN Htr ldactylum® South Dekotas whitneyan 231,232,234,279
N u whitneyan 458
1] 1
? 425
Teleoceras TELEIH amer i canum Nebraska Hamingfordion 248,250,253
TELEZM medicormtum New Mexico Barstavian 348,347
# " H 259,450
medicornutum Hebraska " 254,255
“thmon!"

LT



Genus Code N Species Locality Age Specimens
Teleocerss {ctd) TELEN 12 majer Nebraske Clerendonian 217,218,219,
221A,2218,262,
263,264 112,
313,314
South Dakota L] 6
TELELH ] hicksi Colorado Late Hemphiilian 225,281,282, 283
TELESM 2 Hfounsiger" Kanaas Early Hemphillian 205, 424
[ fosiiger Oklohoma, Terss 223,224,225
227,290,202
Trigonias TRIGM 13 osharni South Dakote Chedronlian {21
ashorn| Colarads n [14]
teaylarle
asbornl Colorado " 423,470,474,
" 477,479,480,
461,483,484,
485,486
2a | ganamynodon ZAISIH 1 ¥ Inner Mongolia Chadronian 197
ZALSM 1 ? Oregon Chadronian 114

1. Codes refer to the subgeneric groups determined in Chapter 3.

2. Sample nizes of aubgeneric groups.

3. species names [n quotes are thoae susociatad with moseum tegs.

4. Localities are derivad from infarmetion maociated with muackum specimens.

5. Age in glven as Americen Land Mamma( Age where posslble (see Flgure 1.)
6. Specimen nunbers were assigned sequentially as specimenz were messursd and correspond ta page numbere in the ariginal dats book.

N
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METHODS

Heasuromants

A morphometric suite of 83 linear measurements (57 skull; 2&
mandible) waa deaigned to include both global and lo¢al information
about size and shape, and to include information from magittal,
caronal, and hoerizontal planes. A major constraint on measurement
design waes the ease and probability of finding landmarks on fosail
gspecimens. Heasurement of horns was not considered because many
fossil taxa are hornless, horns are not preserved in fesail taxa
with horns, and rhincceros horna are epidermal {(keratinous}, not
osteclogical featuresa. To maximize data retrieved from fragmentary
and reconatructed specimens, measurements were estimated when: (1)
bilateral symmetry allowed doubling of a measurement made to the
median plane, {2) caliper placement could be done by eye, or (3)
when a feature (landmark) could be reconetructed using clay.
Further, measurements were noted ag egtimatea when: (1) a landmark
was part of a questionable reconstruction, (2) a landmark was good
but distortion evident, or (3} a landmark was poorly defined on a
good specimen. All measurements were taken to the nearest
millimeter using a atandardized sequence. Complete descriptiona of
ingtruments, landmarks, and all original measurements are given in
Appendix 3. Of the original measurement suite, a subset (1% akull;

11l mandible) waa uned for analysie. HMapy coriginal measurements
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were excluded to reduce the number of miasing values in the data
aet (discussed below). Brief definitions and abbreviations of the
measurements used are listed in Table 4 and are illustrated ia

Figure 4 {ekull) and Figure S5 (mandible}.
Data and Statistics

Initial screening of the data included inepection of means,
standard deviations, skewness, kurtcsis, histograms, bivariate
Plots, and preliminary principal componenta reaults. Identification
of transcription and gross measurement errors resulted in some data
correctiona. In cases where simple mistakes were not obvioua,
modifications or exclusions of suspect data were based on all
available biological, statistical, and procedural information
available. When possible, measurements were checked against
specimen photographes of known scale.

The incompietenancs of fomsil specimens resulted in many
miasing values in the data set, Because of the requirement for
complete data by multivariate methods, the number of miasing values
was reduced by excluding: (1} specimens with many miasing values
across measurements, and (2) measyrements with many missing values
across specimens. Exclusions were done until no more than five
percent of values were missing for any given sSpecimen or
measurement:, The remainhing 19 skull and 11 mandible measurements

(Table 4) indicate which atructures and ilandmarks have most often
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TABLE 4. Short definitione of linear measuremants used for
analyeis. Measurements are jillustrated in Pigures 4 {skull} and S

{mandible). A complete list of all 23 original measurements with

full definitions is given in Appendix 3.

SKULL (19 measurementa)

AEAE - Articular eminence to articular eminence
REOR ~ Articular eminence to orbit

AEPZ ~ Articular eminence to second upper premolar
BICN - Bicondylar breadth

BIZY - Quter bizygomaticT breadth

LFHT - Lower face height

LOXB - Lower ocgipital breadth

M1M1l - Breadth acrcse upper first molars

M3M3 - Breadth acroas upper third molars

MGAFE - Feramen magnum to articular eminence

MYXGT - Maxillary grinding tocoth row length

MXMO - Maxillary molar tooth row length

OCP2 - Qccipital condyle to upper s€cend pramolar
OXAE - Oceciput to articular eminence

OXOR - Occiput to anterior crbital margin

PQRB - Postarbital constriction width

TFLN - Temporal fcssa length

ZYHT - Zygomatic process height

ZYLN - Zygomatic process length

MANDIBLE (1]l measuremeatan}

ANGD - Mandibular angle depth

ANGW - Mandibular angle width

BDBR -~ Mandibular body breadth

BOMl - Mandibular body plus M1 height
BDHT - Mandibular body height

CNM3 - Mandibular condyle to third lower molar
LM1L - Lower first molar length

LM1W - Lower first molar width

MNMO - Mandibular molar tooth row length
RAMD - Mandibular ramus depth

RAMH - Mandibulayr ramus height

i



FIGURE 4. 1Illustration of the linear measurementa taken on
ekulls. Endpoints of open rectanglean indicate the landmarks for
caliper placement. Meagsurement codes and short definitlons are

given in Table 4.
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FIGURE 5. Illustration of the linear measurements taken on
mandibles. Endpointe of open rectangles indicate the landmarks

far caliper placement. Meapurement codes and gshort definitions

are given in Table 4.
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survived the geoclogical burial-sxposure cycle in fossil
rhinoceroses.

The amall number of remaining missing values were estimated
by a multiple atepwise regrespicn technique illlustrated in Pigure
6. $Skull and mandible data sets were treated separately and
independently. For each data set, all living and fossil genera
were aimultanecusly mean-centered about the origin, producing a
pooled within-group dispersion. For each measurement with missing
values, 3 multiple regression equation was fit toc the pooled data,
where the measurement being estimated was the dependent variable
and the remaining measurements were the independent variablas.
This resulted in a number of equations equal to the number of
measurements with missing data. Missing values within zach genus
were estimated using the mean of that genus and the parameters of
the appropriate multiple regression equation. A total of 39 values
{27 skull; 12 mandible) were estimated and are indicated in the
complete data sets for skulla and mandiblea (Appendix 4).

Subsequent principal components analyeis of the complete data
gets (Chapter 3) resulted in the identification of aubgeneric
groups more closely repredenting species-level wvariation. Misaing
value estimation was repeated using a pocled within-group
dispersion based on these new subgeneric groups. Estimates from
the second iteration were used for all subSsquent multivariate

analyses, including reanalyeis of the principal components resgults.
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FIGURE &. Bivariate example of the regression technique for
estimating misaing values. X; is the independent variable, X, is
the dependent variable. (a) The raw data dispersions of all groups
{generic or subgeneric) are mean—centered at the origin, producing
a pooled within-group dispersion. (b) The least-squares regression
line is determined for the pooled dispersion. (c) The poolad
reqrepsion line is foreced through the mean af each group and used

to obtain estimates ©f missing values (X, predicted from x1|.
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A series of tests wae run on the skull and mandible data to
determine whether logarithmic tranaformation was required or
advantageous. Meang versus Standard deviationa for both raw and
bage-ten log-transformed data were plotted acrosa all groups For
each measurement. No conaistent patterns of high correlation were
choerved between means and standard deviations for raw data.
Additionally, no Byatematic reductions of c¢orrelation were cbserved
ag a result of locgarithmic tranaformation. The agsumption that
larger animals exhibit greater relative variation was not supported
by the rhinoceros data sets. Therefeore, all analyses waere

performed on the raw, untransformed data.

39



CHAPTER 3.

WITRIN-GROUP RELATIONSHIPH

= PRINCIPAL COMPONENTS ANALYSIS

MULTIVARIATE VARIATION AND PRINCIPAL COMPONENTS ANALYSIS

Multivariate cranial and mandibular variation of living and
foasil genera were analysed using principal components analysis
{PC). Thie method allowa the multivariate data to be "obaerved®
from the perspective of orthonormal (mutually perpendicular),
variance maximizing axea, derived aa linear combinations of the

eriginal variables. The PC axes are ordered such that variation

explained is greatest along the first axis, next greatest along the

second axis, and so on until all of the variation of the original
variables is accounted for by the new axes. Principal components

is a dimension reduction technigue because much of the original

gample variation (and variation of interest) is usually included in

the firet two or three PC axes. Size differences among specimens
often contribute much to the total variation and are usually
maximized along the firet PC axis. Specimene with large size
differences but subtle shape differences will be separated more
along the first axis, less on higher axes. Specimens of pimilar
8ize but with greater shape differences may he eeparated in

different waye across a number of PC axes. Hecause the PC axee
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define a unique morpholagical space, the closer specimens or group
meana plot together, the more similar they are in overall

morphology as defined by the particular measurement auite used.

STRATEGY AND SIGNIFICANCE OF PRINCIPAL COHPONENTS RESULTS

The variation of skulls ard mandiblea for each genus of
living and fossil rhinoceros was observed in the plane defined by
the first (PCl) and second (PCZ2) principal component axes (first
principal component plane, FCPl). For most genera, these two axes
account for 60% or more of the variation originally dispersed ameng
the 19 skull wvariables or 1l mandible variables. The generic
dispersions of individuals were subdivided where possible intc
biologically significant subgroups based on gecgraphic,
chronalogic, taxonemie, and variatjonal information. These
subgeneric groups represent estimates of biological populationa
aeparated by time and/or space, and in most casee approximate the
species—level variation shown by the living analoguee. A gecondary
purpose for disaection of the generic variation wag to obtain a
povled within-group dispersion whose variation ie an estimate for
an "average” rhinocerce population (species?). This pooled
dispersion i5 used by canonical variates analysis to maximize among

group variation (Chapter 4). To summarize, the analyses of generic
and subgeneric variation, described in detail below, provide: 1)

ingight about the nature and extent of variation within and among
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the genera of a large, diverse, and evoluticnarily significant
vertebrate taxon, aad 2) provide a standard (pooled within-avenp
variation) by which the morphological relationships among groups

can be aaseased.

SEX DIMORPHISM

Syetematic differences in size andfor shape of males and
femalee may contribute to intraspecific cgteometric variation. It
may, thus, be important in comparisons of interspecific and
intergeneric differencea both within and between living and fagail
groupe. Taxohomic erfrore can occur {eapecially in fossils) when
males and femalas are 8o dissimilar as to be interpretated as two
taxa (Kurten, 1969). Among the living rhinos, Nowak and Paradiso
{1983) state bluntly that females are smaller than males. HBecause
many of the livipng rhino specimensa were sexed at the time they were
shat, it was poseible to investigate multivariate eex dimorphism in
two of the living génera (Diceros and Ceratotherium). Among the
foseil taxa, evidence for multivariate morphometric egex dimorphism
can be assepsed by correlation of moerphological clustering of
specimens with qualitative charactera kelieved to repregent
dimorphiam a priori. In this study it waa possible to investigate

sex dimorphism of skull morphology in the foseil genus Mencceras.
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PRINCIPAI COMPONENTS ANALYSES OF INDIVIDUAI GENERR

Tetal PC variaticon (sum of all eigenvalues) and the first
three eigenvalues for each genus are summarized in Table 5. Among
the living genera, Oicercs and Ceratotherium have similar amounts
of total variation for both skull and mandible data eets. Since
these two taxa represent good single apecies and the sample sizes
are reasonably large (n=48 and n=19, regpectively}, their total
variation ig the best estimate by which the fossil eamples mway be
compared. Also gignificant is the higher total wariation in
Rhinoceros, repregenting two species. Least significant for
camparison with faseile is the total variation for Dicerorhinus
skulls and mandibles. The large total variation is probably an
artifact of inadequate sample size (n=2). Thus, when comparing
total variation between living and foesil genera, sample sizes must
be considered. For smaller sample sizes, it is the relative
dispersion of the points rather than the numeric value of the total
variation which ip important.

Scatter plote of PCl vergsuzs PC2 for each genus are summarized in
Figure 7 and Figure 8. BAxes were get to include the extremes of
the most wvariable genera and are the same across all of the generic

PC plots. They thus allow direct comparisons of multivariate
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TABLE 5. Eigenvalues, percent of tctal, and total variation fer
the first three axea of each generic principal components analyais.

Total variation is for all axes (19 akull; 11 mandible).

SEULL

GEMUS PEl z PC2 1 FC3 X Total
Dicerarhinus 11eL5.0 109.0 0.0 0.0 a.0 0.0 11445.0
Diceras 1996.1 64.2 263.%9 7.9 218.1 8.5 »}Ls
Ceratotherium 1978.6 59.9 335.5 10.% 214.5 6.5 3298.8
Rhiroceros §176.8 B2.2 L& 7 5.5 3.9 5.0 m™12.3
Aceratherium 12120.0 100.¢ 0.8 1.0 a.0 0.0 12120.0
Amynadon 3570.0 100.0 0.0 0.0 0.0 0.0 3570.0
Aphelops &178.2 73.9 1017.8 12.1 4723 5.4 53,2
Diceratherium 10275.8 BA.B ] 8.9 3513 3.0 11469 .0
Forstercooperta  3731.5 100.0 0.0 0.0 a.a 0.0 Iz
Hyracodon 718.8 5.9 3133 8.7 S57.4 0.1 10ae.7
Hyrachyus 78%96.3 8a.3 ai9.7 8.3 128.3 1.4 B939. 4
Mertoceras 1316.3 53.9 353.3 4.4 185.9 7.8 2437.%
Feraceras £3566.0 6.8 555.9 1.2 «a1.7 1.0 44969.1
Subhyracodon 5529.3 .2 439.7 6.3 346.2 4.9 6980.5
Teleoceras 5983.3 &1.2 123 13.0 10581 10.9 9.2
Triganias 2106.2 43.2 1309.9 26.8 515.8 0.1 (1.
MANDIBLE

GERUS PC1 x P2 % PC3 H Tatal
Dicerorhins 3938.5 100.0 0.0 2.0 0.0 n.o I958.5
Diceros 373.7 50.7 152.0 20.6 72.2 9.8 5.8
Ceratotherium 342.2 4.1 155.1 9.9 123.7 15.9 775.7
Rhinoceros 2069.1 B87.8 130.2 5.5 68.7 2.9 23543
Aceratherium 294.5 59.3 135.4 27.3 &5.6 13.2 495.9
Aphelops 3204.8 841 206.4 5.5 160.7 £.3 3r20.0
Diceratherium 1206.7 a5.9 121.0 8.6 33.6 2.3 1401.0
Forstercooperia  T69.% 93.2 127.0 6.6 0.0 0.0 1897.0
Hyracodan 140.0 66.6 1.5 19.7 2B.& 13.6 210.1
Hyrachyus 146%1.3 96.5 33.3 2.1 191 1.2 1513.9
Mencceras 3084 9.7 B86.5 17.0 9.9 2.8 507.9
Peracoras 2512.4 92.8 151.9 5.5 6.4 1.3 2r2d.4
Subhyracodon 596.9 71.3 112.7 11.5 .5 8.1 974
Teleoceras 1120.7 41.4 301.9 16.% 135.2 7.4 1815.2
Trigonias 212.9 &7.1 B5.3 18.% 84.D 18.6 451.2
Zai sanamynodon 1n08.0 100.0 a.n a.n 9.4 2.0 0.0
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FIGUORE 7. Summary of principal components plote of skulls for
living and fomsil genera. Living qenera are shown first followed

by foesil genera in alphabetical order. All plots are to the same

acale.
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FIGURE 8. Summary of principal components plots of mandibles for
living and fossil genera. Living genera are shown first followed by
fossil genera in alphabetical <cder. All plots are to the same

acale.
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variation for akull and mandible characters. For example, among
the gkull samples,'patterns range from Diceraos, with the most
homogeneous clustering of peints, to Peraceras with a few widely
scatrerd pointe. Significantly, among all genera, Rhinoceros with
its two compenent gpecies shows the clearest bimodal clustering of
apecimens.

The PC analyses of each genus are discussed in detail below.
Living rhinos are discussed first fallowed by the fossil genera.
Each genus discussion begins with a brief introduction to the taxon
followed by separate discussions of akull and mandible morphometric

regults.

Living Rhinoceroges

Locality data on the living rhinoceroses varies from relatively
precise {e.g, the name of a town or river} to gverly broad (e.g.,
"Africa™). Moet often, the localities given indicate the political
unite iIn affect at the time the rhinos were collected (e.q.,
"British Eaat Africa” or ~Tanganyika~). Such regional geographic
designations represent maxima since species inhabit patches within
a given range at a given scale. For example, Goddard (1970}
reported that the largest population of black rhinos existed within
the 23,500 kmz confines of Teavo Natianal Park (Kenya) and that
within thie range thirteen habitat types with local populatione

were racoghnized. In the Searengeti {(Tanzania), "green regiona",
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driven by rainfall, vary spatially and temporally (Sinclair, 1979},
and this probably influences the ranges of local populations of
rhinoa. When the name of a town ie given for the locality of
several rhinos, it only indicates they are from the same region but
not necaessarily from the same local population. The locality data
dllow a limitied analysias of regional differentiation among the

rhinoceroa Bpecimens.

Diceros

Diceros is comprised of a single species, D. bicornis, the
black rhinoceros. It inhabita primarily brush and ascrub
transitional zones between grassland and forest where it browses on
a wvariety of bugshes and shrubs. Historically, the black rhino
ranged over much of sub-Saharan Africa {Kingdon, 1979; Meester and
Setzer, 1971, cited in Nowak and Paradiepo, 1983). The specimens
veed were collected in "8ritish East Africa" which was compriged
mostly of the modern countries Kenya and Tanzania. Areas not
mamplad or included in this study include (1) South Africa and the
Limpopo River drainage, (2) southweetern Angola, (3) the Zambesi
River drainage, (4) Sudan (upper Nile), and (5) the Lake Chad
regien. Thuse, the morphological variation represented by the
specimens used may not repreeent the total range of variation for
the specien. As a standard of comparison for the foesila,

therefcre, the black rhino variation must be copsider2d relative to
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the geographic range of sampled specimend as well as the amcunt of
environmental heterogeneity within that range.

Two modern atudies of black rhinocercs variation are thome of
Zukowaky (1964) and Groves (1967). Zukowsky proposed at least 16
"well differentiated” aubapeciesa for D. bicornis based on
obaervations of 35 skulls from Eurcopean museumsa, zoo animals,
photagraphe, and bibliographic scurces. This amount of subapecific
variation ia questionable because of the small sample aizes
{averaging Bix skulls per subspecies) and Zukowsky'’'s own admipgicn
of great individual variation in the shape and structure of black
rhino gkulls. Groves criticized Zukowsky's work aon the above
grounde and noted that skull measurements do not often discriminate
between the proposed subspeciesa. Using additional material, Groves
atudied East African populations in more detail and reported the
existence of two size clines within the regian formed by several
subspecies and "intergradea" [Groves, l967). The locality
information for the gpecimens used in this study was insufficient
for a detailed analysis of geographic variation in the black rhino.
However, this study ashows evidence of some geographic
differentiation, supporting two af Grave's subdivisions (see

below).
Neither Groves (1967) ner Zukowsky (1964, Enrglish summary}
digcusged sex dimorphism in the black rhino. Jarman {1983)

auggested that male and female black rhinos reached similar weights
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and shapes. Ralls (1975}, in a review cof mammal species with
larger females, did not include rhinoceroses. Evidence for aex
dimorphism in the black rhino is presented below under separate
digcuseions of ekull and mandible.

Skull (Figures 9~13} -—— Principal components ordination of
the black rhina askulls with respect to PCl and PC2 is shown in
Figure 9 (mame result as ficeros plot in Figure 7). This
multivariate dispersion represents 68.1 percent of the total
variation in the sample. Generally, in PG atudies, specimena are
cordinated by size along the first PC axis (size axis). This was
confirmed here and is true for all subsequent plots. Higher axea
(PC2, PC3, etc.) are related to aepects of specimen shape. This
basic ordination plot (Figure 9) is used saveral times (Figures 10
- 13} where the only difference in is how the individual specimens
are labelled.

Fiqure 9 aleo showe the provenience of the gpecimena with
regpect to the gecgraphical units within which they were collected.
The extremea of variation on both PC axes are represented by the
Kenyan apecimene. Both sets of specimens from British East Africa
(BER} and Tanzania ({Tanganyika) are overlapping within the Kenyan
cloud of variation. Whether or not BEA specimeng are Kenyan or
Tanzanian, these data suggest that there are nec significant factors

coentributing to morphological differentiation between rhinos
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FIGURE 9. Principal components plot of Diceros (black rhino}
pkulls with specimens identifiad to the largest gecgqraphic
political unit baged on museum tag information: B - British East
Africa, K - Kenya, T - Tanzania. Scales are the same as all other
akull plots in this chapter (eee Figure 7)., Corresponding plot of

mandiblesa is shown in Figure 14.
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collectively inhabiting Kenya versusa those inhabiting Tanzania. A
more detailed analysis of geographic variation is shown in Pigure
10, based on limited locality data asscclated with the apecimens.
Although nothing can be concluded about differences between
apecimenn from N. Guasc Nyiro and Kasarongai River, or between
specimens from Tana River and Charangani Hills, N. Guaso Nyiro and
Tana River specimens are distinct with respect to size. This
Suppoerts Grovea' (1967} obgervation of a west-to-east size cline
among East African rhinos. The popition of the Lakiundu River
specimens confirms Grove's statement that Lakiundu populations are
intermediate in the cline.

As mentioned previously, the nature and number of black
rhino asubspecies is not well established. Two relatively recent
studies varied from 7 subspecies (Grovea, 1967) to at least 16
aubspecies (Zukowsky, 1964). The former study relied more on
osteometric data, the later study on skull morphology and visual
appearance. Many. if not most, of the original subepecific
clasaifications of wild-caught spacimena are probably meaningless
in terms of biclogical information about real subspecies. More
likely, in many cases, they represent local populations and were
clasgified arbitrarily by non-experts. However, although the
gsubspacific names may be wrong, there may be cther important
information confounded with them, such as geographic variation.

Figure 11 shows apecimens identified according to the subspecific

81



PIGURE 10. Principal componente plot of Piceros (black rhino)
akulls with specimens identified to regional locality based on
museum tag information. Shaded areas include all specimens from
the same locality. Dots represent specimens for which no locality
data ia known. Corresponding plet of mandibles if shown in Figure

is.
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FIGURE 11. Principal componenta plot of Diceros (black rhino)
akulls with specimens identified by subspecies designationz given
on museum tags. Shaded areas include all members of the same
supspecies. Dots represent specimens for which no subspecies
designation was given: B - D. b. holmwodi, B - D. b. bicornis,

5 - D. k. somaliensis. Corresponding plot of mandibles is shown in

Figure 16.
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designations given on museum tags. Based on Groves' analysie, the
subspecific epithets of Figqure 11 would be mostly incorrect for the
following reasons: (1) D. b. holmwoodi, now synonymous with 0. B.
minor, probably represented a wastebasket taxon since few of the
orginal holmwoodi epecimena are attributable to D. b. minor, (2) D.
b. somaliensis is now a synonym of 0. b, brucii, and found only in
northern somalia, and {(3) D. b, bicernis ia now restricted to
animals from southern and southwestern Africa. Of interest
morphometrically, however, is the separaticn of specimens labelled
D. b. bicornis versus those labelled 0. B. somaliensis which may
indicate that the criginal eubspecific claseificatiens of those two
groups were based on real biological differences. Further analysis
of subspecific variation is shown in Figure 12 where lccality dat#
was uned to matched specimens with Groves' (1967} subapecies and
intergrades. The majority of identifiable specimens were
agasignable to D. b. michaeli or to a D. k. michaeli - 0. b.
ladoensis intergrade category. The morphometric separation of
these two groups lies along an oblique axie (upper left to lower
right) and suggests that the intergrade category is perhaps more of
4 real group than Groves gave it credit for. Conversely, the D. b.
ladoensgis specimens appear not to be distinguishable from either

group.
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FIGURE 12. Principal components plet of Diceros (black rhino)
skulls with specimens identified to aubapecies bhaped on those of
Groves [(1967). Shaded areas include all specimens of the same
eubspecies. Dots indicate specimens for which ne subspecific
assignment was determinable: M - 0. b. michaeld, N - 0. b. minor,
I - b. b. michaalilladoensis intergrade, L - D. b. ladoensis.

Correspanding plot of mandibles is shown in Figure 17.
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An analysis of sex dimorphism of the black rhino skulls is
shown in Figure 13 based on museum tag information. Sexing of the
rhinos probably occurred at the time of collection but was not
consistantly recorded. The largest specimens in the analysis
{right aide of PCl) were not gexed. HMost or all of these specimena
could be males if malem are actually larger than females on average
and if there was a biaa by the expeditions to take the larger
{presumably bull) members during hunts. The following discusaicn
of the pattern of the sexed specimens takes the data at face value.
Inspection of the firat axis indicates a tendency for females to be
larger than males, contrary to Nowak and Paradisc {1983) who state
that females are amaller than malesa (for ail rhinos). The
bypothesis that the female sample repressnts generally larger
animals was tested using a Wilcoxan Rank Sum Teat which gave a
marginally insignificant result (SUM ., = 67; SUM .. = 104;
g = 105). The suggestion that females are larger than
males in black rhinos wonld place this specleg among the minarity
of mammala exhibiting this phenomenan (Ralla, 1976)}. Although
there ia no significant size dimorphism, there is evidence for sex
dimorphism in terma cf shape or of size and shape combined. The
principal camponent aeparatien of males and female skulls shown in
Figure 13 lies along 2n cblique axis (upper left to the lower

right) which would be a linsar composite of PC1 and PC2. The
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FIGURE 13. Principal oomponents plot of Dicerocs (black rhino)
skulls with specimens identified by aex based on mugeum tag
information. Shaded areas ineclude epecimens of the same sex. Dots
represent specimens for which sex was not determined: M - male, F -
female. Arrow represents an approximate axis (vector) of skull Bex
dimorphism in the PC morphospace. Corresponding plot of mandibles

is shown in Figure 18.
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details of these ehape differences and their possible explanations
have not heen determined.

In summary, gpecies level variation in Diceros shkulla
includes variation assocviated with geographic factora
({interlocality and eubspecific level variation) and with sex
differences in ekull shape. Demonstraticn of these factors of
variation in this living analog ie important and useful because
foasil species can be expected to have exhibited these same kinda
of variation.

Mandible {Figures 14-18} —— Principal components ordinations
for black rhinnceros mandibles are given in Figures 14-18, which
are different versions of the same PC plot. These plots parallel
those of the skull studies in terma of the way especimens are
labelled. Similarly, PCl appearse te be largely a Bize axis with
smaller specimens on the left.

The results of gecgraphic analyses are generally similar to
those of the skull. At the lowest geographic reselution (country,
Figure 14}, Kenyan specimens determine the ranges of PCl-PC2
variation, while Tanzanian and BEAR specimens lie within that
dispersion. The Tanzanian mandibles, howevey, are more dispersed
relative to the Kenyan mandible variation than are the Tanzanian
skulls relative to Kenyan skull varijation. Locality data for the
black rhino mandibles (Figure 15} supports the skull data with

regpect to: existence and extent of local geographic variation,
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FIGURE 14. Principal components plot of Diceros (black rhino)
mandibles with specimens identified to the largest gecgraphic
political unit based on mugeum tag infromation.B -~ British Eaast
Africa, K - Kenya, T - Tanzanian. Scales are the same as all other
mandible plots in thim chapter (see Figure B). Correaponding plot

af skulls is shown in Figure S.
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PIGURE 15. Principal components plot of Diceros (black rhino)
mandibles with epecimens identified to regional lcecality based on
muBseym tag information. Shaded areas include all apecimens from
the game locality. Dota represent apecimens for which locality was
not detegmined. Corresponding plot of skulls is-shown in Figure

10.
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similarity of Charangani Hilla and Tana River ppecimeng. and an
eagt-west size cline (N. Guapo Nyire - Tana River). The pattern
of morphological variation of the mandibles differs from that of
the skulls in the following waYs: Lakiundu River specimens are not
intermediate in the size cline, Kasarongai River specimens are not
gimilar to N. Guasoc Nyiro specimens, and there iw relatively more
PC2 variation with respect to localities.

Results of subspecies analyses on the mandibles are also
gimjilar to the skull results. Figure 16 supports the morpheological
difference between those specimens originally assigned to D. b.
bicornis and thoge assigned to D, b. somaliensisz. Figure 17
aupportg the ekull result that the D. b. michaeli\ladcensis
intergrades form a group digtinet from p. b. michaeli while 0. b.
ladoensis is not distinct. This result is less convincing because
of the greater averlap in the mandible plot. It ie interesting,
howaver, that the geparation of the intergrades and D. b.
michaeli., to the extent that it is redl, lies predominantly along
the second axis. Thus, as in the locality analysis, mandibles
appear toc differ more by shape while skullg differ more by gize.

Sex dimorphism was not cbserved in the black rhino mandibles
{Figure 18). Both the largest and smallest sexed specimens were
females, and the resulta of a Wilcoxan Rank Sum Test relative to
Pcl were not significant (SUMp a1, = 77: SUMMe 1. = 767 Tp = 5457 Ty

= 90). Thus, the Bex dimorphism in black rhinop obgerved ia
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FIGURE 16. Principal componenta plot of Diceros (black rhino)
mandibles with specimens identified by aubspecies deaignations from
museum taga. Shaded areas include all membera of the same
subespecies, Dote represent specimene for which no subapecies
designation was given: H - 0. b, Rolmwoodi, B — 0. b. bicornis, 8 -

D. b, somalienais. Corresponding plot of Bkulle is ahown in Figure

l1.
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FIGURE 17. Principal components plota of Jicercs {black rhino)
mandibles with gpecimens identified to asubepecies based on thogse of
Groves (1967). shaded areas include all specimena of the same
subspecies. Dots indicate specimens which were not assignable to
one of Grove's subspecies: M - D. b. michaeli, N - D. b, minor, I -
D. b. michaelis/ladoensis intergrade, L - D. b. ladoensis.

Corresponding plot of skulls is shown in Figure 12.
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FIGURE 18. Principal components plot of Diceros {(black rhina)
mandibles with apecimens identified by sex based on museum tag
information. Shaded aream include all specimeng of the same sex.
Dots repraBent specimens for which sex was not determined.

Corresponding plet of ekulls is shown in Figure 13,
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this study is regionalized to scme features of the craniorestral
akeleton (see discuBaion under Ceratotherium).

In summary, as compared to the skull sample, species level
variation of the mandible sample appears to be lesa confounded by
geographic and sex differences and is more often associated with
PC2. It ahould be noted that, unlike the foggila, the living
analog Bamples represent matched skull-mandible pairs. Mandibles
might give systematically different results, perhaps due to
regicnalized differences in development and selection (mosaic
evolution). This ahould be congidered when interpreting the

fosailn.

Ceratotheriom

Ceratotierjum is repregenteéd by a single apeciea, €. simum,
the white rhinocerca. It primarily inhabits grassland and open
forest (bushveldt in acuthern Africa) where it grazeas unselectively
on grasses. Historically, this speciea' geographic distribution
congisted of two disjunct regions in Africa including a northern
range {(Chad, Central African Republic, S.W. Sudan, N.E. Zaire, and
N. W, Uganda} and a southern range (S.E. Angola, 5. W. Zambia,
Mozambique, Rhodesia, Hotswana, E. Namibia, and W. and E. South
Africa} (Groves, 197%; Nowak and Paradiso, 1983). Earh of the two

geographic groups is considered a gingle subepeciea with C. s.
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cottoni in the north and €. 8. gsimum in the socuth (Groves, 1972;
197S). Groves found differences between theae pubspeciee to be
very mlight, but etressed the flatter skull and shorter maxillary
tooth row in C. 5. cottoni. All of the specimens in the sample
gtudied here are C. 5. cottoni from the region northwest of Lake
victoria including parta of Zaire, Uganda, and Sudan. The two most
important collecting centers were Faradie (N.E. Zaire) and Lado
Rhino Camp (Albert Nile, Uganda). This range is approximately
similar in area tec that for the black rhino sample, and similarly,
may only represent a Bubsample of the total white rhino variation,
Because no studies have suggested that €. 3. cottoni represents
mere than one true subspecies, it wae not possible to demonstrate
variation due to subapecific variation in Ceratotherium. PCl and
total wvariation in the white rhino skull and marndible samples at
the ppecies level are approximately the same as that of the black
rhino samples (Figure 7) despite differences in subspecific
differentiation. This similarity of total variation between two
distinct speciles lends support for the use of the living analogues
as a gauge of specific level variatien in fossil groupa. Total
va;iation for the white rhino skulls is second lowest among all the
genera {(only Nencceras is lower) and, amang the mandible groups,

only four fossil genera have lower total variation (Tabkble 5).
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Skull (Figures 19-20) == The principal components results
for Ceratotherium akulls were analyzed with respect to locality
{Figure 19} and sex (Figqure 20). These plots have the same scales
{as for all skull plota), and PCl if a size axis. The white rhinc
sample wag collected, as noted above, from two relatively specific
geagraphic foci: Faradje and Lado Rhinc Camp. Although it is not
known how far, ner in how many directions collecteors may have
forayed from these hubs, the PC results indicate that the regional
populationa being sampled were morpholegically different. As shown
in Figure 19, the Faradje and Ladc specimens, which are separated
along PC2 with little overlap, are diatinguiﬁhed by significant
interlocality shape variation. Interlocality differences (in both
black and white rhinos} suggest that rhino populationeE are
sensitive to habitat heterogeneity and/or are paztially isclated by
barriers to gene flow. Fomsil apecies are presumed ta have the
same potential for interlocality variability depending on the
various biological and physical factors operating at the time.

Evidence for sex dimorphism in white rhin® skulls is shown in
Figure 20. Females are smaller than males {(Wilcoxan Rank Sum Tesgt:

= 43; suM

mala = 717: Ty = 45; Tg = 79} but appear to be

su"female
pimilar in shape. Thie supporta Jarmans {1383) conclusion that

male rhinon are larger than femalea but similar in shape, but is
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FIGURE 19. Principal components plot of Ceratotherium (white

rhino} skulls with specimens identified to the most specific

geographic locality known. Shaded areas include all specimens from

the same logality: F - Faradje (Zaire), L - Lade Rhince Camp,

{(Upper Nile, Uganda), W - Wadelia Rhipo Camp (?), 5 - Sudan,

U - Uganda, ¥V - vVanckerhovenville (Zaire).
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FIGURE 20. Principal components plot of Ceratotherium (white
rhino) akulla with specimens identified by sex. Shaded areas

include all spacimens of the same sex. Dots indicate specimens for

which sex information is unavailable: M - Male, F - Female.

89



PC2

06

-]
T

8 &8 5 3

Ceratotherium - SKULLS Sex dimorphism.

240

180 -120 B0 -0



differant than the dimorphism in the black rhino which includen a
significant shape aspect.

In summary, the multivariate variation of white rhino skulls
includes beth interlocality and sex differences within a widely
dispersed subapecies. In comparisen with the black rhino, white
rhine locality differences are similar in magnitude, sexes differ
more in gize than shape, and subspecific differentiatlion im lega
well-developed. Thus, although the black and white rhinos exhibit
similar multivariate variation in the principal componenta space,
the nature and causes underlying that variation ara subsatantially
different.

Mandible (Figures 21-22) -- Locality results for the mandible
sample are slioewn in Figure 21. QOverlap of Faradje and Lado
apecimens indicates that the mandibles are not as different in
shape as are the skulls frem these two localities. This discordant
result between mandible and skull samples (consiating mostly of
matched paires) has important consequenced for interpreting fomsils.
Since fogsails are less often found as matched pairs, regional
geographic differenceg in variation are less testable, but should
be ronesidered in interpretationa based on only one element.
Additionally, fossil mandibies and skulls might be susceptible to

different kinds or amounts of distortion during burial.
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FIGURE 21. Principal components plot of Ceratotherium (white
rhino)} mandibles with specimens identified to the most apecific
geographic locality knewn. Shaded areas include all specimens from
the same locality: P - Faradje (Zaire)., L - Lado Rhine Camp (upper
Nile, Uganda), W - Wadelia Rhino Camp, § - Sudan, U - Uganda, ¥ -

Vanckerhovenville,
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Ceratocherium mandibles (Figure 22) show the same sex
difference with respect to size as seen in the skulls (Pigure 20}.

Males are larger than females (PCl) with little dimorphism in shape

along PC2.

The genue Rhinoceros comprises two species of Asian one-
horned rhinocerceesa: R. wnicornis, the greater Indian rhinoceros,
and R. sondaicus, the Java rhino. Nowak and Paradiso (1983) state
that both species live in the tall grass or reed beds of awampy
jungles and sat grasa, reeda, and twige. Whitten et al. (1987)
reported the diet of the Javan rhino as succulent secondary growth.

The historical range of the Indian rhino included nerthern
Pakistan, northern India, Nepal, and Assam. Recorded localities
for the specimens of this study are ~India=, "Nepal", and "Royal
Chittawan National Park™ (Nepal). The Indian specimens are most
likely from the Gangee River Valley or from the Brahmaputra River
Valley in the eastern province of Asgam. The historical range of
the Javan rhino included Sikkim, edstern India to Viet Nam and
asuthern china, the Malay Peninsula, Sumatra, and Java. The

gpecimens of this ptudy were collected in weatern Java in the area

pf Bantam.
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FIGURE 22. Principal components plot of Ceratotherium {(white rhino)
mandibles with specimens identified by sex. Shaded areas include
all specimena of the sam sex. Dots Indicate specimens for which sex

data is uypavallable. M - Male P - Female
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PC results for skulla and mandibl;s are similar and are.
discumaed together. No analysis of sex dimorphism was poasasible
for Rhinocerus because of the absence of sax data.

Skulls and Mandibles (Figures 23-24) -- Principal components
results for Rhinoceros are shown in Figure 23 (skulls) and Figure
24 (mandibles}. The two species are clearly diatinet and, in the
context of this study, are considered subgeneric groups based on
taxonomy, locality, and morpholegy (size). Within species, little
can be said about the nature of the wvariation because of the
paucity of data. R. unicornis has a larger diapersion than R.
sopdaicus, at least partly due to a larger sample size, and among
the apecimens, those from Chittawan park are identified as the
largest. The lesser varlation among Javan specimens might be a
sampling artifact, but several other factors may be involved,
including the relict atatus and insular digtribution of the
species. Groves and Guerin (1980) state that the entire size range
of the Javan rhino is represented on Java but it ie not known
whether the Bantam apecimens represent that gize range.

More lmportant for thia study is the larger generic variation
aseaociated with two well-defined gpecies. The total variation
among the Rhincceros skulls is more than twice that of Diceros or
Ceratotherium and total varjation among the mandlbles is more than

three timea that of the black or white rhines (Figure 7, Table 5).
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FIGURE 23. Principal componante ploct of Rhinocercs (Indian and

Javan rhinoa} skulls with specimens identified to locality.

areas include all gpecimens from the same locality.

Shaded
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FIGURE 24. Principal components plot of Rhinoceros (Indian and
Javan rhinoe) mandibles with Bpecimens identified to locality.

Shaded areas include all ppecimena from the same locality.
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Because Rhinocercs is the only multispecies genus among the living
analogues, it provides a valuable contribution ae a clear example
of intersapecific level wvariation. Thus, the Asian one-horned
rhinoa together with the black and white rhinoa, as living
analogues, provide a gauge of aubapecifiec, mpecific, and
interspecific (intrageneric) variation te which the foasil genera

may be compared.

bicerorhinus

Dicerorhinus, like Dicercs and Ceratctherium, is a 3ingle
apaciea genus compriesed of 0. sumatrensis, the Sumatran rhino. The
generic name i2 derived from the twoe-horned condition which
distinguishes it from the one-horned Aasjan rhino. Historically,
this species was found in Assam, southeastern Hangladesh to the
Malay Peninsula, and perhaps Vietnam, Sumatra, and Bornea. This
rhino ie found in areas of secondary growth in tropical forests
across a range of elevations, but prefera more hilly habjtats where
it feede on fruits, leaves, twigs, bark, and bamboos (Nowak and
Paradisa, 1983). Only twe adult spacimens were available for this
study, one collected from Burma (just north of Rangeon) and one
from peninsular Malaysia (near Kuala Lumpur). Results for skulls

and mandibles are asimilar and are diecussed tagether.
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Skull and Mandible (Figures 25=-26) -- Priacipal components

reaults for Picercorhinus are shown in Figure 25 (akulls) and Figure
26 {(mandiblesa). The small sample size and wide separation aof the
two aspecimens make Dicerorhinus cne of the most problematic genera.
The large total variation (Table 5) associated with this result is
not ugeful as an indicator of eithar interspecific aor large
intraspecific levels of variation. If the apecimens are normal
individuala from a single species with variation similar to that of
the black or white rhino, then they must be representative of the
extremea of that variability. This is congistent with the
geographic disjunction (approximately 1000 miles) between the
specimene. Differences in habitat and limitations to gene flow
could result in geocgraphic/subapecific varianta at these
localities. A larger sample $ize in such a case might reveal the
bulk of the variation in intermediate forms and intergrades as in
the case of the black rhino. Alternatively, these two specimens
might have been sampled from distinct groups repreeenting incipient
or unidentified species with a variational pattern similar to the
Indian and Javan rhinoa. A third pomsgibility is that one or both
of the specimens are abnormal outliers, falling outside the range
of normal variability for that group. There is evidence that the
Malay specimen is abnormal, and perhaps pathological. Notationa

taken during measurement indicate that this skull is highly rugose
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FIGURE 25. Principal components plot of Dicerorbinus (Sumatran

rhino) skulls with specimens identified to locality.

includea 3]l mspecimena of the same spcies.

Shaded area
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FIGURE 26. Principal componenta plot of Dicererhinus ([Sumatran

rhino} mandibles with apecimeng identified to locality.

area includeg all specimenns of the eame species.

Shaded
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{almost ornately sculptured), is very light for its sire, and has
an abnormally curved tooth row. Justification for including it
derives from the fact that it survived well into adulthood and was
wild caught. Bizarre patholeogical or mutational variations
occcasionally occur in nature and are an aspect of variation to be

considerad when assessing fossil samples.

Fosagil Rhinocercaes

Aceratherirms

Aceracherium is a Miocene genus of the family Rhinocerotidae
reliated to Aphelops and Peraceras. These genera are included in
the Subfamily Aceratheriinae, which was contemporaneous, and often
sympatric, with primitive members of the Subfamily Bhinocerotinae
{especially Telecceras). Aceratherium ie a hormless rhino with
reduced premaxillae, relatively low-crowned teeth, and a deeply
incised npasal nctch. The latter two features and other evidence
suggest that members of this taxon were browsing feeders with
prehensile upper lips or perhaps short probesci. Prothero et al.
(1386) state that many of the epecimens agsigned to Aceratherium
actually belong to other genera, and that thi=s has been a

*wapstebaaket” genus for primitive hornless foesil rhinoceroses.
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Bocause taXonomic revision is not the purpose here, the two
specimens usaed are considered to represent Aceratherium.

Skull (Figure 27) -~ The emall sample eize precludes grouping
of specimens based on eubgeneric varigtional patterns. Separation
of the two gpecimens is similar te that of the Sumatran rhino
skulle and, in the absence of cother infermation, the same arguments
would apply- The two specimens might be extremes of a eingle
species er they might represent distinct taxa. The geographic and
temporal information associated with the specimens indicates that
they are from distinct populations in time and space, and probably
represent gpecies level variation consistent with the species
classifications of the specimens. Each specimen ie retained as a
subgeneric group (ACER1S; ACER1S).

Mandible (Figure 29) ~- The total variation (Table 5) and
PCl=-PC2 dibpersion for thie sample are similar to those of
¥enoceras {discuamsed below) which is one of the least variable of
the fossil genera and is mostly ¢omprised of a single-species
quarry sample. The sBimilarity with Menoceras and the absence of
obvious clustering of the specimens would not lead to subdivision
of this generic sample. However, the two Bpecimens on the left of
Figure 27 are from the late Miocene of Inner Mongolia and
classified as A. depereti (ACERIM), while the two gpecimeng on the
right are from the late Miocene of Eurcpe and classified as A.

incisivum {ACERZM). The separation of the two subgroups is similar

109



FIGURE 27. Principal components plot of Aceratherium skulls with
epecimens identjfied by specien, locality, and age. Shaded areas

include ail specimens in the same subgeneric group.
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FIGURE 28. Principal components plot of Aceratherium mandibles
with specimene identified by species, locality, and age. Shaded

areas include all specimens of the same subgeneric group.
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ko that of some of the geographic subgroupse in Dicercs. Thus,
Aceratherium mandibles exhibit some minor levels of morphological
variation related to time =nd geography, which has been reflected

in their taxonomic assignments.

Amynodan

Amynodon is an evolutionarily and morphologically
intermediate genus in the family Amynodontidae, falling between
basal forms {(more like Hyrachyus) and more derived genera
{cadurocodonts and metamynodonts). Amynodontids are characterized
in part by relatively large Bagittal crests, enlarged canines,
gshortened facial regiona, and well-developed preorbital fossae.
Members of Amynodon were hornless rhinoceroteids restricted ta the
North BAmerican Eocene (Uintan B - Uintan €) and divided intao two
species, A. reedi and A. advenus, of which the latrer was
significantly larger (Wall, 1982, 1989). The palececology of
amynodons has been little studied; they probably hrowsed on soft
vegetation with their relatively low-crowned cheek teeth (molars
and reduced non-~molariform premclarsa). Two skullsg of Amynadon were

measured; no mandibles are included in the analysis.
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Skullg (Figure 29) ~— Both spmcimens are from middle Eocene
{Ulntan) strata in adjacent western atates and are clasaified as A.
advenus (the larger specimen ia tagged "advenys”, the smaller
unlabelled ppecimen wae asBigned to the apecies by Wall, 1982).

The PCl variation and dispersion of the Amynodon sample is
conaistent with that for single-species living analogs and aupports
Walls' conclusion. Based on the preceding evidence, Amynodon was

not divided into subgeneric groups.

Aphelops

Aphelops is a tommon early Miocene to late Miocene
rhinocerotid found from the Rocky Mountains to Florida, often
dominating high plains quarries in association with abundant and
probably sympatric Teleoceras. Generally, Aphelops is
characterized by relative brachydonty, absence of incisora,
mclarized premoclars, medium to leong skull with a dorsally arched
naso-frontal profile, deep narial notch with retracted nasals,
modern rhino-like limb proportions, and abaence of horne. From the
late Hemingfordian to the late Hemphillian, a series of Aphelops
@pecies progrepaively increased in 8ize accompanied by increasea in
relative tooth height and nasal retraction. Moderately low-crowned

grinding (cheek) teeth and a deep nasal notch (and/or nasal bhone
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FIGURE 29. Principal components plot of Amynodon akulla with

specimens identified by apecies, locality, and age.

includesa all gpecimeng in the same subgeneric group.

Shaded area
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retraction) are characters asgociated by inference with a browsing
lifeatyle {Matthew, 1923); 1932; Prothero et al., 1989, in press aj}.
Among all the genera andlysed, principal components results
for Aphelops show the greatest difference between the skull and
mandible sampleg iR terms of locality-time diversity and aubgeneric
groupings (2 skull subgroups at 2 times, 4 mandible subgroups at 4
times). Thia is at least partly due te the larger numerical and
broader geographic sampling representad by the mandible specimens.
Skul]l (Figure 30) -- The total variation is intarmediate
among the genera and is most similar to that of Rhincceros which
gsuggests that the fossil akulls may represent more than one
species. The single Hemingfordian specimen (APHElS), which is
distinct temporally and morpheologically, represents earlier,
smaller forms within the Aphelops lineage. The other eight
specimens are from Clarendonian localities {three guarries) in
Nebraeska (Harriscn Formation, Cherry C€o.)}. The majerity (6 of B8)
of the Clarendonian specimens are from the Xmas quarry. It is
raasonable to assume that these skulls represent a single species
given the temporal and geoqgraphic constraints of terrestrial
sediments and the similarity in eize of the morphometric dispersion
compared to both the black and white rhinos. Quarry samples such

as this one potentially provide the best overall estimate of within
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FIGURE 30. Principal components plot of Aphelops ekulla with

specimend identified to locality and age.

specimens in the same subgeneric group.

Shaded areas include all
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species variaftion (catastrophic burialse such as valcanic ash falls
only sample a single deme at one peoint in time). Intraguarry
variation may include interdemic to pubapecific or even
chronoapecific variation depending on the amauant of time-averaging
and size of the area sampled by the depositional system. The Kat
and Leptarcus quarry specimens were grouped with the Xmas guarrcy
akulls because of their temporal, geographic, and morphological
similarity (APHE2S). Although the Kat specimen is an outlier,
there is no other information to suggest that it represents a
separate subgroup.

Mandible (Figure 31} ~- Total and PCl varilation of the sample
{Table 5), which ie among the largest, is similar to that of
Peraceras. Diseection of this large amount of variation into
reascnable subgeneric groups conaistent with lLiving analog
variation resulted in four groups showing minimal overliap. APHELM
unites four Barstovian gpecimens attributed to A. megalodus.
APHEZM unites aix Clarendonian specimens, including four from oane
quarry (Xmas), alsg attributed to A. megalodus (Prothero, personal
communication)., These two groupd are etraightforward and
satinfactory based on their temporal, geographic, and morphological
patterns., The fact that they are currently classified as one
apeciez may be interpreted in two ways: either significant,
localized mandible size evolution occured within the aspecies, or

these twe subgroups actually represent twg species. Compared with
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FIGURE 31. Principal components plot of Aphelops mandibles with

specimens identified to locality and age.

specimens in the same subgeneric group.

Shaded areas include all
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variation within and amcng other subgrcups, the latter
interpretation ia not unreasonable. The remaining specimens are
all Hemphillian and acccunt for much of the Aphelops mandible
variation. Subdivision of these specimens was based on time—
taxonomic correlations such that some geographic confounding is
present. APHE3M includen mandibles classified am A. malacorhinus
from several early Hemphillian localities including Texas. The
great size range of this subgroup might suggest two species by
comparieson with living forms, but much of this range ia spanned by
two apecimens from the pame locality {(Florida). The wide
geparation of the Florida specimens is itgelf problematic but is
accepted here, given the other problema. APHE4M comprises
specimens attributable to an A. mutilis - late Hemphillian
correlation and alsc includes specimena from Texas. The
diaspersions of APHEJIH and APHE4M, as single speciee, are less
satisfactory 1ln comparison with other groups and probably represent
compromises given limited data and mample sizes. Explanations for
the large early Hemphillian divernity of Aphelops mandibles might
include rapid size evoluticon within the species or, asB indicated by

the Florida specimena, greater than average variation.
Dicerachorium

The genus Diceratherium ip currently considered to include

those fosail rhinocercesea exhibiting (probably in males only)
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paired (aide-by-side}, subterminal, antero-pasteriorly elongated
nasal flanges {(ridges). Thasa boney characters are believed to
have underlain epidermal horna. Earlier dafinitions of the genus
included all rhinocerases with paired nasal protuberances
{diceratheres sensu obgoletum). Those forma with terminal,
apherical horn bosses are now claasified as Menoceras (discussed
below). Diceratherjum is further meparated from Menoceras by
retaining simple, primitive cheek teeth lacking much development of
crochets and cristae. Diceratherium apecies are found in upper
Oligocene to lower Miocene localities {(Whitneyan - Arikareean) from
oregon to the Great Flains. These apeciea differ mastly in size,
with later forme achieving relatively large size, For example, the
holotype 0. armatum from the John Day formation of eastern Oregon
was approximately two-thirds the gize of the Indian rhino.
Rhinoceroges were not generically diverse during the time
Diceratherium was extant. Rather, Diceratherium apecies were the
predominant rhine members of faunas for approximately 10 million
years spanning the Whitneyan and Arikareean ages. Prior to
axtinction, Diceratderium coexisted with Mencceras during the mid
to late Miocene (Matthew, 1931; Peterson, 1920; Prothero, in press
a; Protheroc et al., 1986, 1989; Tannar, 1989; Troxell, 1921).
Skull (Figure 32) =-- The total and PCl variation, which is fourth
highest among the skulls, is associated with a fairly wide scatter

of a few data pointo. The emall zample size reaults in relatively
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FIGURE 32. Principal components plot of Diceratherium ekulils with
specimens identified by epecies, locality, and age. Shaded areas

inelude all gpecimens in the same subgeneric group.
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unsatisfactory subgroups in ternme of disparsion. Two specimens are
grouped as DICE3S representing Oligocene D. armatum. DICELS and
DICE3S are well separated and consiatent with interspecies
variation. However, DICE3S and two specimens of DICELS are from
the same guarry (77 Hill) in Wyoming. Thus, this interpretation
accepta a polyphyletic sample from that locality. The single
speciman of DICE2S is problematic. Although, consistent in time
with DICElS, it may be a distinct epecies (D. aicbrarense}. It'a
incluaion with DICELS would alpo be consgistent with variation in
single species subgroups.

Mandible (Figure 3i3) — The scatter of this small sample
does not suggest any subgeneric morphometric grouping. Available
data for three of the apecimens suggeats that they are
taxonomically unique., Although similar in lecality and age, the
morphometric geparation of 0. aicbrarense {(DICE2M) and D. armacum
{DICE1M} supports the notion of two species occurring at that time
{aleo suggested by the skull analysia). In the abaence cf other
data, locality alone waB not considered sufficient to unite DICEIM
and DICE4M. Irn sumnary, each of the specimens was retained as a

single-specimen subgeneric group (DICEIM, DICE2M, DICE3M, DICE4M).
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FIGURE 33. Principal components plot of Diceratkerium mandibles

with specimense identified by species, locality, and age.

areas include all specimens in the same subgeneric group.

Shaded
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Forstercoopearia

Forstercooperia is one of the three genera representing the
family Hyracodontidae. It inclodes emall, relatively primitive,
hornless, cursorial rhinocerotoids from the middle Eocene of
central Asia and North America. Thier lineage is believed to have
later produced the largest known land mammals (see ITndricotherium
below). The primitiveness of Forstercooperia ig iilustrated by ita
inclusion of species once referred to the atem genus of
rhinocerotoide {Hyrachyus grandis). Diagnostic features of the
skull include nasal incision above the canine and an unreduced
dentition with nommolariform premclarsa. (Lucaa et al., 1981;
Prothero et al., 1986, 1989; Radinaky, 1967 b}.

Skull (Figure 34) -— The two specimens are united by
taxonomy, age, and locality (FORSS). The total skull variation,
asgoclated entirely with PCL, ia aimilar to that of the black and
white rhinoa. It ia not known whether the apecimens are from the
same quarrcy, from same level in the formation, or even from the
same formation. The shara Marun beds are tentatively assigned a
mid to late Eocene {Lucae et al., 1981) which is consistent with
the standard stage (Bartonian = uppar Uintan-mid Eocene)} age
agEigned to one of the apecimena. Some authors have considered 7.

Sharmuranense to represent a feparate genee (Juxia).

131



FIGURE 34. Principal compeonents plot of Forstercooperia skulla
with gspecimeng identified by species, locality., and/or geologic
age. Shaded area includes all specimena in the same subgeneric

group.
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This taxonomic confusion is not important for this study since the
two gpecimens represent smaller, more primitive hyracodontids
raegardless of their name.

Mandible (Figure 35) ~- Total variation, greater than in
Dicaros but less than in Rhinoceros {Table 5), is marginally
consistent with a two—sapecies hypothesis. The three specimens were
divided into two pubgeneric groups: PORSIM, a single specimen of F.
sharamuranense, and FORS2M, two apecimens classified as F.
confluens. Variation within FORS2M is consistent with a single
specieg when compared against the monotypic living taxa. In
summary, total variation, taxonomic data, and morpholeogical
separation support the division of the mandibles into two

subgeneric groups.

Syrachyns

The Eocene genus Hyrachyus represents the moat primitive
rhinocerotoid condition., It is Bimilar in aize and shape to the
most primitive members of othar perissodactyl superfamiliesa, for
example, Hyracotherium, a basal form of the Egquoidea (horsesa), and
Heptodon, a basal form of the Tapircidea. Primitive features in
Hyrachyus include small size, distinct sagittal creat, narrow

posterisr projecting occiput, convex dorsal skull profile, amooth
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FIGURE 35. Principal components plot of Forstercocperia mandibles
with apecimene identified by species, lorality, and/or geologic
age. Shaded areas include all specimena in the same aubgeneric

group.
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nasal bones (hornlessa), long bagicranial region relative teo the
palate, unflared zygomatic arches, and an unspecialized anterior
dentition. In the late Eocene, three families (Amynadontidae,
Hyrarodontidae, and Rhinocerotidae) evolved from this primitive
condition. Species of Hyrachyus, differing mostly in size, were
moderately cursorial browsers which achieved at least a holarctic
distribution. It is among those taxa believed to have gtilized the
Euro-~American land bridge (Wood, 1935; Radinaky, 1967b; Prothero et
al., 1988, 1989).

Skull (Figure 136) == The scatter of the small sample has an
intermediate total wvariation, comparable to that of Rhinoceros.
Because the data were not log-transformed., there remains the
posgaibility that the variation of the very small ¥yrachyus may not
be comparable to the much larger living rhines. Generally, larger
species are expected to have larger variances. However, Hyrachyus
gkulls have a greater disperaion than Diceras, opposite af
theoretical expectation, which adds weight to the conclusion that
the gyrachyus specimens comprisge more than one especies. This
hypothesis is gupported by the associated taxonomic and
atratigraphic data. Two specimens labelled H. modestus, one of
which is from the Hridger E2 stratum, were grouped as HYRAIS., The
remajning specimens (HYRA2S) occur in higher bedg (C and D) of the
Bridger formation. Two of these are classified aa §. eximius. The

inclusion of the specimen labelled H. princeps (from Bridger C) in
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FIGURE 36. Principal components plot of Hyrachyus skulls with
apacimena identified by apeciea, locality, and/or geologic age.

Shaded areas include all specimens in the same subgeneric group.
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HYRA2S was based in part on the affinities of C and D faunas and on
its morphological affinity with H. eximius. The H. princeps
specimen ie probably #. eximius (Prothero, perscnal communication).
Several auwthors {Wortman, 1901, Wood, 1934, and Gazin, 1976) have
congidered the faunal differences between beds A-BE and C-D
sufficient to divide the Bridger Formation intc two members (Wast,
1987). Their conclysicna suppport the division of Nyrachyus askulla
into two pubgeneric groups.

Mandible (Figure 37) -- This analysis parallels that for the
skulls. Two specimens of H. modestus from Bridger B form a group
{HYRAIM)} distinct from two gpecimens of H. eximius from Bridger D
{HYRAZM)}. This pattern is consiatent with the variaticon seen in
the polytypic living analeg Rhinccercs. among the foaail genera,
Hyrachyus shows the highest similarity between the skull and

mandible principal components plotsa.

Hyracodan

Hyracaodon ia the most commonly found genus of
hyracodontid. Skeletons and teeth are known from many localities
spanning one of the longest time ranges of any mammalian genus {mid
Eocene to late Oligocene). Hyracodon retained many of the
primitive features of Hyrachyus including absence of horna and
retenticon of a full complement of incisors and canines. Derived

characters include: distinctive conical shape of lncisore, flared
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FIGURE 37. Principal compenenta plor of dyrachyus mandibles with
epecimens identified by species, lecality, and/for geologic age.

Shaded areas include all specimene in the same subgeneric group.
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zygomatic arches, and molarization of premclars. Though medium-
aized in general, ¥yracodon Bpecies differed mostly in aize with
the average or commopest forms usually described as sheep or great
dane sized. Slender, elongated limba and other postcranial
features indicate that Hyracodon was very curswrial, a lifestyle
usually associated with relatively open habitats such as savanna or
grasaasland. The latter inference would suggest that Hyracodon was a
grazer, which is supported by its relatively hypscdont cheek teeth.
However, the teeth are otherwise 3imple and primitive which
suggests a browsing habit. Further confusing this issue is the
lack of any well-defined ecological facies associated with the
fossils (Troxell, 1921; Sinclair, 1922; Wood, 1926; Radinaky,
1967b; Prothero, 1987, in presa b: Prothero et al., 1986, 1989).
Skull {Figure 38) -- Hyracodon was the least variable of all
genera with total variation considerably less than Picercz. This
pattern is consistent with single-species variation in the context
of thin study and is consistent with the c¢lassification of all four
apecimeng as H. nebraskensjis. Relative to the living analegs, H.
nebraskensis (as represented by these specimens) appears to be a
well-defined morphologic species. The small separation between the
South Dakota and Nebraska specimens may indicate some geographic
differentiation within the apecies or temporal differentiation

within the Orellan.
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FIGURE 38. Principal components plet of Hyracodon skulls with
epecimens identified by species, locality, and/or geologic age.

Shaded areas include all epecimens in the same subgeneric group.
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Mandible (Fiqure 39} == The pattern of the mandible plot is
very Bimilar to that for the skulls and is based on the mame four
gpecimens {(mandibles are matched with the skulls). They are
therefore yrouped similarly as HYCOS. However, in this case the
"outlier™ is a Sguth Dakota apecimen while the Nebraska mandible is
more closely associated with other South Dakota specimens. The
mandible results support the conclusions stated in the skull

analysis.

Indricotherioe

The Indricotherium specimen used in this study represents a
lineage of Oligocene hyracodontids which became the largest land
mammals yet diacovered (approximately 15 to 1B feet at the
shoulder). These rhinocerotoids retained many primitive characters
including relatively long narrow skulls {(dolichocephaly} without
horna, long limbs with slender proportiong, and retention of
incisoze. The incisors form a well-developed functional complex
{vertical Il and procumbent 12} considered to be an evolutionary
nevelty which unites the members as a monophyletic group. Slightly
hypsedont, but otherwise primitive teeth, combined with large agize
suggest that indricotheres browsed on soft tree-top vegetation.
Occipital and postcranial features indicate they fed in a head down

position. Members of this group have historically been placed in
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FIGURE 39. Princlipal comporents plot of Hyracodon mandibles with
specimens identiflied by apecies, locality, amd/or geologic age.

Shaded area includes all epecimensg in the same subgeneric group.
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three genera: Indricotherium, Bailuchitherium, and Paraceratherium
all of which belong to the subfamily Indricotheriinae. The
simjlarity of specimens in these genera has led to arguments for
the aynonywmy of Paraceratherium and Saluchitherium (both are more
eimilar in eize and amaller than Iadricocherium)}, or of all three
genera. In either case Paraceratherium has priority (FPorster-
Cooper, 1911, 1924, 19234; Granger and Gregory, 1935, 1536; Lucas
and scbue, 1989; Osgborn, 1923; Prothero et al., 1986, 1989, in
preas b).

Skull and Mandible (nc figures) -~ Single specimens cannct be
analysed by PC eince no axes can be found which maximize variance
among epecimens (3 minimum of two Specimens Lg reguired for PC).
Hence, there are no principal components pleta for the
Indricotherium skull or mandible. However, the asingle specimen
does repregent i real pepulation of indricotheres and is therefore
an estimate of the mean of that population which will be uged in
later canonical variates analyees (Chapter 4). The amount and kind
of variation represented in the indricotheres by this one specimen
depende on aystematic cpinion: Lucas and Sebugs (1989} considered
the cranial differences between Indricotherium and Paraceratherium
(= Baluchitherium) not to be of generic level importance and
therefore the specimena constitute a aingle genun, Paraceratherium.
Further, they argue that any differences which do exist between the

forms can be interpreted as repreasenting sex dimorphism.
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Regardless of what taxonomic level is assigned to the differences
between the originally defined genera, the specimen used here

reprasents all of the indricotheres.

Hencoceras comprises pig~sized, herding animals found in
North America from New Mexico ta Florida and in the Great Plains.
This genus appeared suddenly in the latest Arikareean age and isg
believed to be an immigrant derived from unknown ancestors in
Europe or Agia. This genus, and piceratherium, which was already
egtablished in North America when Menoceras arrived, are often
found at the same localities, This faunal aseociation led to some
taxonomic confusion because both have paired nasal swellings
{presumably underlying horns). The two genera were subsequently
shown ta be only distantly if at all related, and the side-by-sgide
naturz= of the hnrn.bosses is considered to be an evolutionary
parallelism at best, or an evolutionary convergence. The shape and
position of the bosses are unique: in Diceratherium they are
subterminal and ridge or flange-like, in Menoceras they are
spherical (bulbous) and located at the tips of the nasal baones.
Other featuresa of the gkull indicate that Neroceras is much more
derived than Piceratherium and more ¢losely related to the
ancegtors of modern rhinoceroses. These featurer include a

ghorter, broader skull, a broader non-overhanging occiput, reduced
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premaxillary bones, reduced sagittal crest, shortened basicranium,
and heavy lower jaws with everted, rugose angles. Additionally,
Nenocerasg and the higher rhincceroses developed extensions of their
meolar crosa—lopha resulting in crochets, antecrocheta, and cristaa,
which fusbed to form fospettes and lakes in the dentine. The
disappearance (extinction) of both Diceratherium and Menoceras

in the Hemingfordian age is correlated with the appearance of
acerathering and teleoceratine rhinoceroges which were alsc
probably immigrant taxa (Peterson, 1920; Prothero, in press a;
Prothero and Manning, 1987; Protherc et al., 1986, 1989; Tanner,
196%; Troxell, 1921).

Skull (Figuresa 40-41) =-- Principal compeonents results for
Menoceras skulls are shown in Figure 40. Among the fosail genera,
Henoceras is one of the more homogeneous groups. Total variation
among the skulls is below that of Dicercs and therefore consigtent
with a hypothesis of a single species. Thig is further supported
by the fact that the skull sample was not divisable into subqeneric
groups by any criteria. The pampple is primarily compcsaed of
specimens from two localities, the Agate Springs and Roll quarries.
The Agate specimens are classified as M. arikarense., The
unclassified epecimens from Roll quarry form a nearly non-—
overlapping cluater eseparated from the arikarensse group along the

second PC axis. If the Rell specimens are arikarense, which is
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FIGURE 40. Principal components plot of Menoceras skulls with
specimens ldentified by species, locality, and/or geologic age.

Shaded area includes all specimens in the same subgeneric group.
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conaiatent with the single apeciea hypothesis auggested by the
variation pattern, then the small differences in shape between the
quarries may be attributed to gecographic and/or temporal factors.
Confounding the total variation in ¥enoceras ip variation due to
gex dimorphism. Several specimens were labeled as to Bex, which
wag probably determined by relative size differences of horn
boeses. Mixed specimens from the same locality have either large
horn bogse8 (presumably males) or little to ne harn bosses
{presumably females). Sexing cof specimens was checked against
photographs from which additicnal sexing was accomplished. an
analysis of sex dimorphism in Mepoceras is shown in Fiqure 41. The
Roll guarry group is male except for ope large female and doee not
provide evidence for sex dimorphism by itgelf. Dimorphism in the
M. arikarense Agate quarry sample appears to be cbvious when
ohserved graphically (Figure 41b) and ie marginally supported by a
Wilcoxan Rank Sum Test (SUM=38; SUM,=40; T;=41; Tp=63). When
sexes of the total sample are grouped (Figure 41lc), the dimorphiam
is less obvious but the larger sample size regulte in a aignificant
Wilcoxan test for differencef between malea and females (SUHF=60;
SUHH=111; TLtGG; TR=105).

Mandibles (Fiqure 42) -- Principal components results for
Menoceras mandibles are shown in Figure 42. Except for a single

Specimen (MENO2M), the mandible regults are mimilar to those for

154



FIGURE 41, Principal components plot of Menoceras skulls with

specimene identified by sex.

the same B#ex.

Shaded areas include all epecimens of

155



o

PC2
b2 8 o3 s B B @

) PC2
# & b A % o a5 8 8 B

4 & a3 &

2

PC
£ 8 4 % o

&

Menoceras - SKULLS Mass and Fermales within locafites,

-

n Roll quany
-

[

n Agate quarry

TTAT I T i T T erT

Menoceras

- SHULLS Males ancd Females from Agata quarry.

Mernoceras - SKULLS Maesand Famaws btsl.

|-
1 i L . r F S " L ¥ S S| i i -
0 a0 180 L. -0 40 L] - L] L) 1 E ] L] d

156



FIGURE 42, Principal components plot of Menoceras mandibles with
spacimens identified by taxonomy, locality, and/or geologic age.

Shaded areas include all specimens in the same subgeneric group.
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the skull. Within an Arikareean group of relatively low variaticn,
the Agate (M. arikarense) and Roll apecimens are distinct
aorpholegically to a degree consistent with geographic and/or
temporal variation within a species. Although the MENOZM epecimen
is not significaantly outlying morphologically from MENOLM, it was
retained as a subgeneric group based on information that suggeste
it represente a different biclogical population in time and space.
Sex dimorphism waa not analysed in the mandibles bacause of the
lack of any characters comparable to the horn hosses for sexing

apecimens.

Peraceras probably migrated to Nerth America from Eurasia in
the early Miocene (late Hemingfordianj, as did Aphelops and
releoceras. Theas three genera displaced Menoceras and
Diceratherium as tha dominant rhinocercses for most of the Miocene.
Fer unknown reaeons, Peraceras wasd the rarer of the three genera.
It is found leas gften in local faunal associatian with the very
common Telsoceras than is Aphkelops. Characters which contribute to
the uniqueness of Peraceras include brachycephaly, procumbent
lambdoid creats and ccciput, shertened and flattened nasal bones,
retracted nasal incision, flat dorsal profils, reduced premaxillae
with loge of the upper first incisor, brachydont teeth, and a short

mandibular diastema. Significant ajize differences within the genus
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are agsgociated with other characteristics. Smaller members (2.
profaectum and P. hessei) were primitive hornless browsers while
larger members (P. supercilicsum) had small terminal horns and may
haye been grazexrs {Osborn, 1904; Protherc in press a; Protherc et
al,, 1986, 1989; Protherc and Manning, 1987; Prothero and Sereno,
1982} .

Skull (Figure 43) -- The tetal and PCl variatjon for
Peraceras skulls are the largest of all the genera. This suggeats,
by compariscn with the living analogs and feasil genera analyzed
thue far, that multiple species may be represented by the sample.
Mast of the variation is along the PCl aize axis. Indeed, the
extremes of the PCl scale were set for all of the skull PC plots by
the Peraceras sample., It was possible to divide Peraceras into two
subgeneric greups, but not without confounding informatlon within
each group. PERAlS consists of the two smallest specimens. Both
are from the Barstovian of New Mexico but are classified as
different Bpecies. This confounding of taxonomy (P. kessei and P.
profectum) into a subgeneric group was based on geegraphy. time,
morpheolagy, and variation. FPirst, they are more morpholegically
eimilar to each other than either is to the three specimens of P.
suyperciliosum {FERA2S5). Second, the range of variation shown by

the two gpecimens ie conmistent with that of a esingle apeciee in
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f FIGURE 43. Principal components plot of Peraceras skulls with
specimena identified by taxonomy, locality, and/or geclaqic age.

Shaded areas include all specimensa in the same subgeneric greup.
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the context of this study, and i8 no greater than that shown by the
extreme Bpecimens of P. superciliosum. Peraceras hessei was
raported by Prothero and Manning (1987) am a new speciea of dwarf
Peraceras; they described the specimen used in thisg study as “the
best preserved of any akull referrable to this speciea”. Peraceras
profacrum ie described as a 20% larger, contamporary sister
species. Species reéugnitiou by mize difference alone is not
compelling since twe adult gpecimens of the black rhino may differ
oy this much. PERALS may represent two species tgiven dample size
and sampling error), but these specimens are sufficiently similac
in time, space, and morphology in the context of this study to be
congidered as a aingle subgeneric group. FERA2S consiats of three
larger specimens whose dispersion ig similar in size to the black
rhino. All are classified as P. superciliosum and all are from
Nebraska. Because two cof the specimens are from different ages,
time is confounded in thia subgroup. The emallest specimen of
PERAZS is from an older etratum than one of the larger specimens.
This may be interpreted two ways: either P. superciliosum decreased
in average size over time, or it maintained a wide range of adult
size variation during the time represented by the sample. Ian
summary, although each subgeneric group confounda some information,
the two subgroups represent the mest reasonable partiticning of the

great variation exhibited by the Peraceras akulla.
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Mandihle (Figqure 44) —-- Total PC variation, which ias among
the highest of the genera (Table 5), suggests the presence of
multiple subgeneric groups. Two subgeneric groups were identified
based on taxonomy, geagraphy, morphology, and relative amcunts of
variation. PERAIM (like PERALS) includes apecimens from the New
Mexico Barstovian which are clasaified as either P. profectum or P.
hessei. These specimens form a morphometric group, consistent with
otﬁe: fosail and living groups, which Bupports the grouping of P.
hessei and P. profectum. Here, the two profectum apecimens exhibit
a range of gsize nearly inclusive of the hessei specimen, with one
of the P. profectum more similar to Aessei than to the other P.
prefectum. FPFERALIM is clearly distinct from PERA2M which represents
P. superciliosum from the New Mexico Barstovian. The separation of
FERA1M and PEHA2M {a aimilar to thg geparation of PERAIS and PERAZS
but an important difference ia that the P. superciliosum mandibles
are from the same locality and time as the hessei/profectum
subgroup. The relative contemporaneity and aympatry of PERAIM and
PERA2M, combined with the size difference between the twoe groups,
further emphasizes the morphometric similarity of P, profectum and
P. hessel. Prothero (1989) recognized hessei am a valid

species.
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FIGURE 44. Principal componenta plot of Peraceras mandiblees with
specimens identified by taxonomy, locality, and/or geologic age.

Shaded areas include all gpecimens in the sa2me gubgeneric group.
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Subhyracodon

Subhyracodon is a primitive rhinocerotid genus which evolved
in the late Eocene of North America, probably from Trigaonia=s aor a
gimilar form, and was a dominant group acrose the High Plains
during the early Oligocane. It disappeared by the late Oligocene
and was probably anceatral to Diceratherium. Among the largest
rhinos of ita time, Subhyracodeon reached a medium, horae size,
exceeded only by Amphicaenopus (nat included in this study).
Palececologically, Sublhyracodon fossils are associated with
forested areas near streams where they lived as relatively
unspecialized hornless browsers. Cranicdental features of thig
genus include a generally flat dorsal skull profile, narrow painted
nasal bones, a low, broad sagittal c¢reat, flaring lambdoid creste,
incipient (i.e., inconstant) loss gf upper canines, and broad,
flat, nearly horizontal mapndibular condyles. (Prothero, 1987, in
press; Prothero, et al., 1986, 198%; Ruszsell., 1982: Weod, 1929},

Skull {Figure 45) =-- Total and BCl variation (Table 5) are

intermediate with reapect to the living taxa. Dicercs and
Csratotherium are leaa variable, Rhinoceros ia more variable. Thisz
generic variatjon pattern doesa not by itself support a hypothesis
that the sample consists of more than one subgeneric group.
Further, the data ia well-conatrajned geographically (South Dakota

and Wyoming) which is consistent with a single group (but not
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FIGURE 45. Principal componente plot of Subhyracodon skulls with
apecimene identified by mpecies and age. Shaded areas include all

ppecimens in the same subgeneric group.

1638



PC2

69T

Subhyracodon - SKULLS

100
o - suUBH2S
B 5. occidentalis SUBH3S
i Orellan S. tridactylum
ol \ Whilneyan
2
| . R
o~ SUBH1S
— 5. mitis
2 = Chadronian
-
.40 —
80 —
.m —
100 [ i I (SRR IS I . | 1 | S | 1 | A | ! 1 I | 1 1 1 1 1 1 1
-280 -240 -200 180 “120 80 -0 a 40 80 120 160 200 240 280



inconsistent with multiple groupea)}. Howsver, most of the apecimens
of Subhyracodon are identifled to spacies and represent localities
temporally apread across the early Oligocene (Chadronian, Orellan,
Whitneyan). The Whitneyan Subhyracedon are considered by some to
be Diceratherium (Protherc, peraonal commuanication}. Because these
specimens are well defined morphometrically and ashow a clear
temporal sequence of size lncrease with the other Subhyracodson
spacies they are retained within Subhyracoden for the purposes of
this discuasion. Further, c¢anonical variates results (see Chapter
4) ahow that Diceratherium and Subliyracodon are very similar
morphometrically. Subliyracodon might therefore be an intermediate
transitional form between the two genera. Pilssection of the
variation based on the taxonomic and temporal data produced three
nearly nonoverlapping subgeneric groups in the morphometric apace.
SUBH1S consists of all the chadronian epecimens attributable to §.
mitis, including two specimans labelled 5. trigonodum. SUBH2S
includes 211 Orellan §. occidentalirs apecimens. SUBH3S comprisaes
the Whitneyan §. tridactylum epacimens. The morphometric
uniqueness of the three time-taxonomic groups, illustrated by non~
overlapping boundaries, supports the subgeneric groupings. The
variation in each of the subgroups is relatively low compared with
the black and white rhinea. Sampling problema notwithstanding,
Subhyracodon may have maintained lower than average variation in

its populations. SUBH1S, SUBH2S, and SUBH3S are temporally
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sequenced from left to right {earlier to later) indicating
evolution of larger size with time,

Mandible (Pigure 46) -- Total and PCl variation is zlightly
larger than that of the black or white rhinos (Table 5). The
specimeng form a cloud of variation approximately egual to that of
the white rhino but represent the same three time taxonemic groups
as determined for the ekull data. They were thua subdivided into
analagous subgeneric groupe (SUBH1H, SUBH2M and SUBHIM) on the =same
bamis. However, ovarlap is significant here with 5. mitis entirely
within the size range of 5. occidentalis such that the temporal
pattern seen in the skulls is seen here only between 5,

occidentalis and S. tridactylum.

Teleocurag

Teleoceras im a common mid-to-late Miocene genus which
probably immigrated to North America from Eurasia. Abundant
fopeilas are found in many localities, eapecially those of the
northern Great Plaina. These laocalities are usually interpreted as
river channel depoaits, suggesting that Teleoceras fraquented
riparian habitats and perhaps was significantly aquatic in its
behavior. BHody proportiona similar to thoee of the living
hippopotamua (i.e. barrel-like trunk and etumpy limbs) have been

cited as aquatic adaptations, However, there are no unusual
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FIGURE 46. Principal ceomponents plot of Subhyracodon wmandibles

with apecimens identified by apecies and age.

all specimens of the same subgeperic group.

Shaded areas include
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adaptationa of the Teleaceras skull which might correlate with an
aguatic lifestyle (in contrast, the hippopotamus has dorsally
shifted orbits, nares, and auditory meati). Among Miccene
rhinoceroses, Teleuceras has hypsodont (high-crowned) teeth, a
character traditionally associated with grazing and cursorial
habita. Teleoceras is thus paradoxical vis—-a-vis the hypscdonty-
cursoriality correlation. A further convolution i=s the grazing
analogy between Teleoceras and the hippopotamys, Since the
hippopotamus is a brachydont {low-crowned) grazer. The same
localities which yield Teleaceras usually also contaijn a
brachydont, browsing rhinccercs which is typically Aphelops or a
related form (these broweers have not been hypothesized aa
aguatic). Size changes in Teleaceras were irregular auch that
later forms were not the largest. At least one small form may have
been a dwarfed lineage. Diagnostic features of the Telecceras
akull include: brachycephaly, hypsodonty, broad lambdoid crests and
zygomatic arches, fused and laterally downturned nasal bones,
shallow nasal incision, reduced premolars, and retained upper
inciaors. Most, but not all, Teleoceras had a small terminal
rugoaity on the nasal tip indicating the presence of a single,
median horn {Osborn, 1904; Prothero, 1987; Prothero et al., 1986,
1989; Prothero and Manning, 1987; Protherso and Sereno, 1982;

Hoaijer, 1978; Voorhiea and Thomanson, 1979; .
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FIGURE 47. Principal compconents plot of Telecceras skulls with
apecimens identified by speciee and age. Shaded areas include all

specimens in the same aubgeneric group.
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Skull (Figure 47} -=- Total PC wvariation is greater than in
Rhinoceros and similar to Diceratherium among the fosails. PCL
variation is slightly less than in Rhinoceros. Taking bath PC axes
into account, Telsoceras has one of the largeat scatter of points
among all the genera. Diseection of this variation resulted in
five gubgeneric groupe, principally distinguished by age and
taxonomy. Geographically, the sample is from plains states (see
raﬁle 2), and none of the subgeneric groupa represent large or
complex ranges, especlally whaen compared with the range of the
black rhing. TELE1S comprises twa morphologically aimilar
Hemingfordian apecimens (T. americanum}. The association of these
smallest specimens with the earliest time interval is aimilar to
the patterne of pize evolution observed in other rhinocerotoid
genera. TELE2S unites Barstovian epecimens from Nebraska
classified ae T. medicornutum {(including one specimen labeled as T.
thompsoni). The dispersion of thias group is pimilar to other
subgroups in other genera based on the same types of information.
In comparison with living rhinos, no more than single-species
variation is indicated. TELEJS represente T. majyor from the
Clarendonian of Nebraska- Dispereion gize and minimal overlap with
other groups sugqgest that TELE3S is a morphometrically distinct
group, different from other Teleoceras at other timea, and probably
A mingle species. TELE4S comprises late Hemphillian group of T.

hickai. It is morphometrically distinct from TELE3IS and TELE4S and
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its digpersion is consistent with those graupa. TELESS ia a time-
taxonomic group representing early Hemphillian 7. fossiger.

This ias a problematic group because of the morphometric overlap
with TELE4S and its odd dispersion. In auch cases of overlap,
morphometric distinctiveness might be revealed by analyses of
variation along higher axes.

Becaune the five subgeneric groupe represent five consecutive
land mammal ages, pome tentative statements about size-shape
evolution in Teleoceras may be attempted. Thie aseumes that the
groups (populations} at any one time are derived from the previous
grogp (or very similar, but unknown, group}. Because there is no
temporal unidirectionality among the Teleoceras groupe in terma of
aize and shape change, the subgeneric¢ pattern may be analysed
pairwise with the following resulta. Teleoceras increased in size
from the Hemingfordian to the Barsatovian (TELElS to TELE2S). From
the RBaratovian to the Clarendonian (TELE2S to TELEJS;, there
appears to have been some significant shape change since these two
groups are aeparated along the second PC axie by as much as any twe
groupa in thie study. It also appeara that a fsize decrease may
have acompanied this change- From the Clarendonian to the early
Hemphillian (TELE3S to TELESS), aize iocreased but without any
apparent change in average shape. The youngest group, TELE4S (late
Hemphillian), appears to be alightly smaller than TELESS (but not

emaller than T, hicksi within TELE4S). The temporal (and
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evolutionary?) pattern of the Bubgeneric groups im conaintent with
earlier observations by Prothero and Sereno (1987) that Telecceras
does not sinply follow a gradient of gradual increase in size
through time. A statement by the same authors that T. fossiger is
unusually large is not supported by the akull results presented
here. Lastly, it should be noted that eeme specimens from three of
the groups (TELE2S. TELE3S, and TELESS) are clustered near the
canter of the plot and are morphometrically similar,

Mandible (Figure 48) -- The total PC variation associated
with the Teleoceras mandibles is intermediate (gomewhat less than
Rhinocerps). Thisa amount of variation, not by itself indicative of
multiple epecies, ig associated with the largeat PCl-PC2 scatter of
any genus (skull or mandible} in the study. Accordingly. the
variation in thia sample was the most difficult to analyese of all
the genera (skull or mandible) and produced the leagt patisfactory
results. Generally, the subgeneric groups have more "irreqular”
and larger dispersiona, and exhibit more morphometric overlag, than
any other sample. Aa with the akull sample, the Teleoceras
mandible variation was grossly reducible by grouping gpecimens to
age and age-associated taxonomies; dispersion and gecegraphy were
not helpful. Five subgeneric groups were determined. TELE1M
represents the earliest specimens and are among the smallest in the
sample (Hemingfordian T. americanum). TELE2M is a Barstovian group

of T. medicornueum (which includes twe apecimena labeled as T.
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FIGURE 48. Principal components plot of Teleoceras mandiblea with
aspecimens identified by epecies and age. Shaded areas include all

epecimena in the same subgeneric group.
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thomsoni as in the gkull apalysis). This group significantly a
overlaps the Clarendonian group {TELE3M}, which was not the caae
with the gkulls (i.e., Baratovian and Clarendonian mandibles appear
to be more similar in size and shape than are the skulla). TELE3M
unites Clarendonian specimens of T. major, but as is typical in
this genus, it has a large dispersion indicative of polyspecific
variation. As previously stated, the significant overlap with
apecimens from the Barstovian (TELE2M) was not observed in the
skulle. Specimens from the Hemphillian were subdivided intc early
(TELESM -~ T. fossiger) and late (TELE4M - T. hicksi) groups.
TELESM ia fairly distinect from TELE3M {(Clarendenian) along the
second axis, reflecting morphometric shape differences, but they
overlap greatly in size. If the large outlier in TELESM were
remaved from this group, the remaining dispersion would be very
conaintent with aingle species variation as shown by the living
analoguesa and well-defined fossil groups. TELE4M is problematice
because of its small sample size and odd dispersion, Little can be
said except that it overlapse in both shape and aize with three
aother groups., Temporally, the only obvicus evolutionary change
cbaerved is a shape change between the earlier T. majer and the
later T. fossiger assuming they are more or less lipnked in a
lineage. Theee unsatisfactory results for Teleacerag mandibles,

given good results elsewhera, suggest either that their
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clagaificationg and stratigraphy are less accurate, or that zhey

are evalving in more mosaic, leas patterned ways.

Friguniss

Irigonias is the most primitive genue among the
rhinocercotids, or true rhincceroses, and probably eveolved in North
America within a lineage leading back to Hyrachyus and including
Teletaceras and Penetrigonias. By the early Oligocene, Trigonias
was distriputed over the High Plains and ia best known from
abundant quarry samples in Colorado. Trigonias was a medium-sized
rhingcercy with a relatively long, narrow skull {dolichocephalic).
a concave or saddle-shaped dorsal askull profile, an extended
acciput with flared lambdeld crests, low broad sagittal crestasa,
long nasal bones, retained canines, and a dorsally convex, medially
tilted mandibular condyle with atraight anterior and postarior
borders. Highly variable premolars among the specimens within
gquarry eampleas led to typeloglcal taxonomic splitting by early
paleontolegist (Matthew, 1931; Prothero in press a; Protherc at
al., 1989; Ruassell, 1982; Wood, 1%31).

Skull {Figure 49) -~ Total variation is intermediate to low
amcng the foagil genera and is interemediate between Diceros and
Rhinocercs among the living analogues {Table S). All of the
apecimeng are late Egcene {Chadronian) in age, and all but one are

from Weld County, Colorado, Keither taxonemic nor morphometric
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FIGURE 49. Principal components plot of Prigonias skulls with
specimens identified by taxonomy, locality, and/or geologic age.

Shaded areas inClude all epecimens in the same aubhgeneric group.
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evidence suggests any distinct subgeneric groups. Therefore, the
sample was united as a single subgroup (TRIGS). The most ocutlying
specimen was noted as being particulary distorted. Exclusion of
thia specimen would result in a more satisfactary dispersion for a
gsingle gubgeneric group. However, moat of the specimens are
probably at least gsomewhat distorted. Because distortion is
difficult to Judge objectively, the specimen was not arbitrarily
excluded. Additionally, varying degrees of digtortion can ke
expected to contribute to the "normal” variation within most foasil
samplea and should be considered. The second most cutlying
Epecimen, labeled as "Type™, may also be distorted. The
significance cof the "Type" label ip undetermined, but probably
refera to an invalid Bpecied. The remaining specimens are fairly
uniform in size and more consistent with living species in terms of
overall diaperaion. The small morphometric cluster of labeled
specimena are individnals originally given species sStatus based on
small differences in premolar tooth morphology (thisB was quickliy
corrected by other investigators, but the gpecimensa still retain
their original labels). It would not be unreaeonable, within the
context of this study, to hypothesaize that thoae ppecimens
represent a single aex of one species from a single microgeographic

locality and preserved within a short time apan.

186



Mandible [Fiqure 50} -- Total variation is less than that for
any of the extant rhinoceroses and suggests that the multivariate
variation of the sample is consistent with that found in single
epecies. This 19 supported by the size and shape of the rispersion
in the principal components space {compare with Dicercs and
Menoceras, Figuree 9 and 41). Additionally, the sample ia
gecgraphically and temporally cenetrained with no taxonomic
differentjation indicated. Thus, there is no combination of
evidence to suggest that more than ane distioct subgeneric group
exigte. All of the Trigonias mandibles were therefore retained as
a group {(TRIGM) for zubsequent ampng-groups Analyses. At least one
of the two specimens classified to species iz jinvalid because there
is no evidence that they represent different populations. Complete
morphometric overlap of mandibles labelled only "Weld, co.” with
thoge from Horsetail Creek puggests that they represent the same
populaticonal-variational unit, contrary to the result seen in the
skulls. However, the five "Weld" gpecimens are fairly well
clustered in a pattern that would perhaps suggest #ome locality

differentiaticn.

Zaiganamynodon

Z2aisanamynodon is the only reprementative in this study of

the more derived genera of the atypical family Amynodontidae. It
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FIGURE 50. Principal components plot of Trigonias mandibles with
specimenns identified by taxanomy, locality, and/or geologic age.

Shaded areas inelude all specimens in the same subgeneric group.
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is found in the iate Eocens of both Inner Mongolia (Sannoisian) and
North America (Chadronian) indicating a successful diepersal of one
or more apecies acruse the Bering Land Bridge route. Little is
known about Zaisanamynodon; more is known about its clage relative
Metamynodon, a large, stocky form known from river—-channel
sandstone depowsits. Like Teleoceras, its pedimentary setting and
hippapotamua-like body ahape have led to interpretations of an
aquatic lifestyle. The Bame interpretation may apply to
Zaisanamynodon. Craniomandibular characteriatica of the
Zaisanamynodon 8kull include brachycephaly, reduced preorbital
region, small presrbital fossae present, thickened lower jawa and
zygomat ic arched, orbit high on skull, shortened nasal bones,
enlargement of canines, high-crowned but narrow cheek-teeth, and
concave palate (Prothero et al., 1%86; Wall, 1989}. No sgkulla and
only two mandibles of Zaiganamynodon were available for analysis.
Mandible (Figure 51) -- Horphometrically, the separation of
the two Zaisanamynodon mandibles ig within, but near, the limits of
a single-species dispersicon. However, the specimena were divided

{ZAISIM, ZAIS52M) on the basia of their large geographic difference.
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FIGURE S51. Principal components plot of Zaisanamynodon mandiblea
with especimens identified by taxonomy, locality, and/or geclogic
age. Shaded areas include all specimeng in the same subgeneric

group.
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GENERIC AND SUBGENERIC POOLED WITHIN-GROUP DISPERSIONS

The subgeneric groupe determined in the preceding analyses
will be uged in the among-groups analyses of Chapter 4 to derive a
pooled within-group diepersion. This dispersion is used as a
gtandard by which to judge among-grfoups variation in the canonical
variates analyses. Here, the pocled generic and pocled subgeneric
dispersions for both skull and mandible are presented. They
graphically show the effect of dissecting the generic variation

intae subgeneric groups.

Skull

Pooled Genera (Figure 52) -~ Thia figure shows a principal
components analysia of pooled skull data for all living and fossil
genera. The data set is derived frum Figute 7 by centering the
mean ¢f each genus at the origin such that all the genera are
superimpoosed. The greater variation in the fogseile is consigtent
with the variances of Table 5 and providee a posteriori support for
the dissection of the genera into subgeneric groupa. Especially
significant in Figure 52 are the positions of the Rhinoceros
specimens . The four specimens ¢f the Javan rhino (dotted outline,
upper left) and many of the specimena of the Indian rhinc (dotted
outline, lower right} are on the periphery of the main cloud.

Becaufie Rhinccerog ia the only multi-species genus among the living
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FIGURE 52, Principal components plot of all living and foasil
skizll specimens, pooled by mean—-centered genera. Axes are the same
as for Figure 53. Foseil - dark circles. Living - open trianglea.
Specimens of the Javan rhinoceros (upper left) and Indian

rhinoceroe (lower right) are indicated by dotted linesa.
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analegues, the pooled pattern suggesta that much of the =size and
zhape variation of the fossil genera is egual to or lees than that
found in Rhincceros. The small number of very outlying specimens
(far left and far right) belcng to only a few of the mare variable
foasil genera (Teleoceras, Piceratherium, and Peraceras).

Pooled Subgeneric Groups (Figure 53) -— All of the
subgeneric groups identified in Chapter 1 were superimposed by
centering their meansa (centroida) on the origin. This plot
dramatically shows the effect of contrplling for biclogical and
geclogical factors such ae stratigraphy, time, geography. and
character-based taxonomy when investigating morphometric variaticn.
When this is done, the overall variation in the pooled fosail
rhinpceros Bubgroups becomes rzlatively homogenous and similar in
degree to that of the living apecies. The limits of the pooled
variation are atill determined by fogeile (i.e, Telegceras
diatpibuted cicumferentially and Diceratherium on left and right
extremes). Thie ie reasonable becauge at least some the fopall
aybgroups are probably still polytypic, but yndivided due to lack
of data. Additjonally, the variation of the living rhinos mest
likely does not represent a maximum or minimum. Given the
diveraity of fosell rhincs, different groups would be expected to

have more or less varlation. In summazry, the variation in the
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FIGURE 53. Principal components plot of all living and fossil
Bkull specimens, pooled by mean-centarad subgeneric groups. Axes
are the pame as for Figure 52. Fosail - dark circles. Living -

opan triangles.
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analogues iz a reasonable measure of species/population level
variation in rhinocerotoids generally. When fossil genera are
diasected into hypothesized population or species level subgeneric
groups, the overall fosail variation conforms well teo that of the
living analogues. Therefore, the pooled subgeneric data aet
proevides a good estimate of within-group variation by which ta

maximize variation among thase groups.
Mandible

Pgoled Gepera {Figure 54) -~ In general, the results for
mandiblen are Bimilar ta that for gkulls {discussed above). That
18, variation in most ¢f the foggila is not much greater than that
af the living forma {some living specimens are peripheral). The
more extreme outlying specimens belong to a few of the more
variable fossil genera. Most of the circumferential fossils are
Teleoceras Bpecimens, but unlike the pooled skull dispersion, the
extreme left and right ocutlying mandibles are Aphelops.

Pogled Subgeneric Groups (Figqure 55) -- A9 in the akull
analysis, when the genera are subdivided basged on known correlatea
of population cor apecies level variation, the pooled dispersion
becomes more homogencus and suggesta that the living analogues are

good measures of apecies level variation in rhinocerctoids

generally.
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FIGURE 54. Principal componenta plot of all living and fossil
mandible specimens, poaled by mean-centered genera. Axes are the
same ag for Figure S5. Fosail - dark circles, Living - open
trianglea. Specimens of the Javan rhinoceros (left) and Indian

rhinocerge {right) are indicated by dotted lines.
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FIGURE 55. Principal components plot of all living and fagail
mandible specimens, pocled by mean-centered subgeneric. Axes are
the pame as for Figure 54. Foaail - dark circles. Living — open

triangles.
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CHAPTER 4.

AMONG-GROUPS RELATIONBHIPS - CANONICAL VARIATES ANALYBEA

MULTIVARIATE VARIATION AND CANONICAL VARIATES ANALYSTIS

Each of the subgeneric groups determined in the previous
chapter may be represented by its multivariate mean (centroid).
The renulting set of group means may then be treated as data peints
analogous to the epecimens in principal components analyeis.
Similarly, the wvariation among the group means can be partitioned
among a new set of mutually orthegenal, variance-maximizing axes
{Campbell and Atchley, 1981; Albrecht, 1980, 1992). However,
canonical variates analy=eis (CV) is not simply a principal
components analyeis of group means. Two features distinguish CV
from PC: (1} €V maximizes the proportion of ameng-groups variation
relative to within-group variarion (hence, the emphasis on within-
group variation in Chapter 3):; and {2) the CV axes are acaled such
that they represent eguivalent units of within-group variatien,
effectively eliminating within-group corrslations. The overall
effect of CV is to maximally meparate groups along each respective
axis. Because the new CV axes define a morphospace {ag do the PC
axes), means reflecting similar morphologies plot more closely
together, while means reflecting different morphologies plot

more digtantly from each eother.
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STRATEGY AND SIGNIFICANCE OF CANONICAL VARIATES RESULTS

The strategy in Chapter 3 of dissecting the variation of
living and fomsil genera resulted in subgroups whoese variation
approximates the range of individual differencea at the population
or apecies level. The relative homogeneity of the living and
fosail subgroups provideg the bawsis for paoling of these presumably
aimilar groups. The paoled within-group dispersion ia a better
eatimate of within-group variation across all rhinoceros genera.
fanonical variates (CV) analysis uses thism pacled within-group
egtimate to maximize among-groups variation in the multivariate
morphoapace.

Canonical variates are usually presented as a plot of the
means (centroide) of the groupa being considered. Individual
gpecimens may be plotted by finding their sccres (projections) on
the axea which are determined by the variation ameong the means. In
both casea, the group means are ordinated so as to maximize their
geparation relative to a pooled-within group dispecrsion (as
discuased above). In the following section, the canonical variates
ordination is first presented with individuala identified by genus

(Figureg 56 and 57). Thif is followed by plotting of subgroup
means with 90% concentration ellipses around each mean (Figures 58
and §9). These two Bet of plotes indicate the significance of the

pacled-within group dispersion determined in Chapter 1.
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Once the pattern of group relationships is established in the
CV morphosapace, the morphnological affinities of groups can be
interpreted in terms of wvarious biclogiecal correlates. This
analysis of among-groupa variation i8 analegous to the dissection
of the specimensa in the principal compeonents analyees. In the
following section, the morphelagical relationships in CV space are
analysed in three major ways. First, the multivariate morphology
is cbserved relative to more traditional, character-based taxonomic
investigations {including postcranial and non-meorphological
characters}. Taxonomic correlations are analyzed with reapect to
genera, families and subfamilies, and cladistic character states.
Second., the multivariate morphology is observed relative to two
structural-functional aspects of rhinocercs skull biolegy, in
particular, horn arrangement and feeding strategy. Third, temporal
patterns of morphological change are analysed with reaspect to

intergeneric and intrageneric variation.

INTERPRETATION OF CANONICAL VARIATES RESULTS

For ®ach data set {skull or mandible), one CV analysis was
done, based on the apprepriate pooled within-group dispersion.
Each CV analysis resulted in an ordination of the subgeéneric meana
along a new eet aof variance-maximizing axes. Within skulla or
mandibles, the same equally scaled«CV axes are used for all plots.
Figures 58-73 are based con the same fundamental canonical variatea

regult where the means of the subgeneric groups ars shown in the
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plane of the firat two canonical axes. The subgroups correspond to
those in Table 2 (skull) and Table 3 (mandible}.

Eigenvalues (variancea) of the canonical variate axes are
summarized in Table &. The first two canonical axes include much
of the total variation for both skulle and mandiblea (82% and 26%,
reapectively). The first CV axie, like the firat PC axis, is a
nize axig (discusged below). The cancnical variate means of
aubgroupa are given in Tablea 7 (skull) and 8 (mandible} for all cv
axes on which there is among-groups variation. These means
reprenant the scores of the group centroides on the respective axes.
The range of mean values for a given axis decreases from lower to
higher axes, as indicated by the decreasirg eigenvalues of Table 6.

Becaure the group means exist within a multidimenaional
hyperspace, the separation of the means in the plane of two CV axes
may not always accurately reflect the true distancea between them.
The more the firat twe axes account for the total variation, the
more the distances will reflect the true distances. One neasure of
the distances hetween means in the multidimensicanl space is the
géneralized distance (GD), Dz. Generalized distancea are given in
Table % (ekull) and Table 10 (mandible). For those genera with

Bubgroups, inter-gubgroup distances are aummarized in Table 11.
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TABLE 4. Summary of eigenvalues, percent of total variance, and
cumulative percent of total variance for skull and maandible

canenical variates.

SKULL

cy Eigerwalues % of Total Cumulative X
fu's] 93.4 61.7 8.7
[='rd 353 21.8 a3,
cv3 4.3 4.1 ar.2
cvé 4.8 1.0 90.2
CVS 3.0 2.0 92.2
(=] 2.9 1.9 4.2
cv? 1.7 1.1 95.3
o 1.7 1.1 6.4
vy 1.2 0.8 ¢7.3
1o 0.8 0.6 97.8
oVl 0.7 a.5 8.3
Lvi12 a.7 0.5 93.B
cYts 0.5 0.4 99.2
CVig 0.5 0.3 99.5
[ 13 2.3 D.2 .7
V14 0.2 0.1 5.8
w17 0.1 0.1 9.9
CV138 9.1 0.1 99.9
cv19 9.1 0.1 100.0
MANDIBLE

cv Eigenvalues % af Totel Cumulative X
v 69.9 7.3 7.3
o2 10.5 1.1 88.4
cv3 3.z &2 9.7
Cv4 2.4 2.7 95 .4
[us] 1.2 1.3 96.8
CvS 1.1 1.2 98.7
cv? 0.5 0.6 8.7
cve a4.5 2.5 9.5
vy 0.2 9.3 9.5
oY 0.2 0.2 99.8
Lv1l 0.1 0.2 100.0
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TABLE 7, Canonical varlate means for skull subgroups. Geneca and spubgroups are listed in the pame order
ag in Table 2. Eigenvalues [EIGEN) and percentages of total among-subgroup variance {%}) are givean at the

bottom.

SUBGROUP TV oz cv3 V4 o' Cvb cv? vl w9 oA oyl o1z ewi3 ovid ovls  ovis cvi? ocvld cvld

CERAS .8 06 2.3 -74 -0 -2 14 -1.2 -0.2 -0.2 -D.8& -0.7 -0.4 0.5 -0.0 0. 0.2 0.0 b.0
SUMAS 2.9 1.6 &% -1.0 -1.0 b 0 SR | 3.2 0.5 0.3 1.2 0.4 03 -03 -03 00 -0.2 0.2 -0
aicos 4.8 1.1 2.2 -l 1.6 -3 -84 -1.2 -1.§ 0.7 1.2 .2 -8 -0 <00 -05% -0.2 0.0 a1
UNICS 7.3 6.9 2.7 09 0% -1.7 -0.3 -0.3 0.4 1.2 -0.4 -06 -B.2 1.2 -0.3 -0.2 4.9 0.0 -0
JAVAS 3.9 6.2 2.4 43 -0.1 0.3 -3L3 -0.& -2.1 0.1 -0.3 -0 -0,5 -0.0 5.2 -0t 0.2 -0 0.0
ACERTS 4.0 1.7 0.3 1.2 -1.0 -3 1.0 -3.6 0.2 1.1 0.2 01 0.4 -0.6 0.0 -0.3 -0.3 -0.1 0.1
ACER2S é.1 1.3 8.5 1.1 0.8 2.4 15 0.2 -1.0 a.a 1.2 a1 -0. 0.0 0.0 0.3 0.4 0.3 0.4
AMYHS -5.3 5.9 -0.9 0.3 -2.8 .? 0.0 -0.9 0.6 0.7 0.4 31 0.0 0.2 0.2 0.5 .o 0.2 -89
APHEIS -0.% -0.4 -0.4 1.8 -2.0 LTS 0.3 8.7 0.2 1.3 -2.0 -0.% 0.2 0.y 03 53 0.5 0.3 0.1
APHE2S 2.7 2.4 1.1 -2.0 1.2 2.5 -LE -1.1 1.5 0.9 1.5 -0.3 -0.5 0.6 .0 9.2 0,3 -0.5 -0.6
oIcE1s -5.8 -2.3 0.2 1.0 a.9 2.8 0.3 0.1 -0.3 -6 -2.0 0.2 0.2 0.5 0.1 0.5 0.3 0.4 -0.3
oDicE2s -3 32 13 -0.4 0.5 0.4 0.3 0.9 -84 pée -3 -0.2 -0 -D.B 2.0 -0.1 g.2 -0.% 0.3
DICE3S 0.1 -3 29 0.5 3.8 1.6 -D.& -1.5 -0.3 1.0 0.2 0.6 1.9 1.1 0.3 -0.% 0.4 0.2 0.5
FONSS -5.2 4.1 0.4 -2 1.5 1.8 0.1 -02 -2} -1.4 "0 o3 -0.2 -1.3 -0.B -0.1 0.2 0.2 -0.3
HYRALS  -156.0 -3.5 -0.0 0.6 -1.1 -0.7 -1.B 1.1 0.5 -0.9 0.7 0.6 -0.2 -0.1 -0.2 0.4 -0.3 0.1 0.
HYAAZS -13.0 -3.0 -0.4 0.4 -2.0 -0.8 -8.7 09 -0.0 -t.0 -0t 0.1 0.8 -0.0 -4.3 -0.0 0.3 -0 -0.4
HYcos  -13.0 5.4 0.5 0.6 -1.5 -1.2 0.2 2.0 0.3 -0.6 . 1.2 -0.9 0.9 2.5 -0.&4 -0.5 .2 0.4
[NDRS 7.7 <80 -1 2.1 & 05 0.5 1.0 D5  -0.4 0.0 -0.3 0.3 -0.0 g0 -1 -0.1 -B.1 -0.0
MEMOS 1.7 -0} -2 0.3 11 0.9 -0.2 0.0 0.3 0.5 8.9 -0 1.2 -0.7 o8 -0 -0.3 -0.4 0.2
peRAlIS  -1.8 2.7 04 1.0 -1.8 -l 0.0 -0.5 0.5 -0.7 -0.2 -0 1.5 a1 -09 -08 -0.5 -05 -0.2
PERAZS 7.8 8.0 2.0 0.6 -0.0 25 05 -1.0 2.5 24 -00 048 -05 -1.0 0.3 -0.2 -0.3 0.3 0.4
SUBHIS  -6.3 -¢.0 0% -0 0.5 0.3 0.7 0.3 -0.4 0.a -01 -0.% -0.7 -0.9 08 .08 086 -0.2 -0.2
SUBKES 4.2 2.6 -85 -0.4 0.6 -O0.% 06 -08 0.2 -0V 0.1 -0.7 .7 1.0 ' ] 1.0 0.6 -0.4 0.3
5UBKIS  -3.1 2.0 1.9 -0 2.1 0.1 0.4 0.4 08 o9 -5,2 02 -0.8 -0.2 0.7 0.7 0.2 2.5 -D.%
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SUBGROUPR CW1 o2 vl Cv4 £vs s o7 cvd  CW ovio ol ovi2 ovId ovlé cviS cvis oviIT7 oviB  evie
TELE1S -0.0 8.9 -1.2 1.5 29 o0y -01 -09 0.t -0.0 09 -0.0 1.2 0.8 .1 -0.0 -0.% 0.6 -0.2
TELE2S 5.6 8.6 -3.7 2.6 0.3 0.4 2.2 0.3 -0.0 6.7 03 -0.6 -9 0.2 -0.4 0.2 -0.3 -0.5 -0.4
TELE3S §.7 49 37 -0.0 -1.B8 1.1 -0.2 1.5 0.3 1.0 0.4 0.1 a1 -0.% -1.3 -0.2 0.6 0.5 0.5
TELE4S 6.5 9.3 .24 27 1.3 -4 -1 1.0 8.0 0.4 -0.1 -0.3 0.7 -0.7 1.6 0.6 -0.3 0.7 -0.4
TELESS 7.4 4%y 1.4 -0.8 -0.3 -0.3 1.3 1.4 -1.5 1,2 0 0.2 -0 0.8 o8 03 -01 -0.4 0.3
TRIGS -40 30 16 .08 -05 -0, 2.2 06 0.0 -0.4 0.2 0.3 -84 0.8 -0.4 0.2 -D.4 0.0 .1
EIGER. 93.4 333 6.3 4.6 e 29 1.7 .7 1.2 5.8 0.7 0.7 0.5 0.5 0.3 0.2 0.1 0.1 0.1
X 1.2 2.8 6.1 3.0 2.0 1.9 1.1 11 0.8 4.5 0.3 0.5 0.4 0.3 0.2 09 0.1 a.1 0.1
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TRBLE 8. Canonical variate means for mandible subgroupe. Genera and subgroupe are lietéd in the same
order as in Table 3. Elgenvaluesa (EIGEN) and percentages of total among-subgroupa variance are glven at
the bottom.

SUBGROUP €V o2 3 o o5 Lvh w7 tva o vio cvn

CERAN t.s 5.9 0.5 2.2 0.5 o8 -1.9 2.0 -1.0 -0.4 0.2
SEMAM 1.6 «7.9 1.2 -0.9 -5.8 0.5 1.3 0.7 -0.2 0.8 -0.3
arcod 3B 4.8 1.4 -0.2 0.3 1.9 -0.2 0.3 1.2 -0.3 0.3
UNITH 5.8 -2.5 2.1 0.9 2.0 2.2 -04 412 <05 D4 LR
JAVAH 0.1 -1.6 2.2 0.7 0.5 0.0 0.6 0.9 1,0 -0.% 0.2
ACERTM 2.5 -0.3 0.0 01 0.3 0.2 0.3 .3 -0 1 -0
ACERZM 1.1 -p.2 2.0 A -2.7 0.2 0.1 0.5 0.1 0.6 -0.4
APHE M 0.6 -1.3 1.4 1.1 -0 0. 0.4 0.6 -0.7 -0 0.2
APHEZH 1.7 -0.7 0.1 6.7 -7 0.2 -0.4 0.4 -0,2 -0.5 -0.2
APHEZN .t oot -2 1.2 -0.7 O.F 1.0 .00 0.2 0.3 0.4

APHE4M ms  -1.1 3.6 0.6 -1.0 -0.2 1.7 0.9 1.0 1.0 -0.0
OICEINM -0.7 1.5 1,1 13 0,2 -0.3 1.0 0.5 p.8 -0.6 -0,3
OICEM 7.8 -0.7 4.9 -D.9 0.0 -1.1 -1.6 ¢.2 -0.6 -0.0 0.1
FORS 1M 5.1 4.3 1.2 -7 0.8 0.9 04 1.2 0.6 -0.2 -D.2
FORS2M -7 1.9 -0.5 0.2 0.1 1.0 0.4 % 0.0 -0.5 0.3
HYRAIN 7.0 -0.1 0.5 0.8 0.8 0.5 0. 0.2 0.4 0.0 -0D.2
HYRAM -13.2 1.6 -0.2 0.6 .7 0.1 -0 0.8 0.2 06 -0.0
HYCOM -14.0 0.3 1.0 1.4 -0.3 p.&6 -0.2 -0.3 0.5 0.3 0.2
INORN 23.2 3.7 4.9 0.0 0.8 b.8& 1.6 0.2 0.2 0.5 0.1
NERDTM -7.a -0.2 1.9 -0.9 9 -0.9 -1.5 0.7 05 0.3} 0.2
MENO2N -3.7 2.2 .0 -.3 -0 -1.7 0.5 -1 0.2 .3 -0.2
PENE 1M .0 -6 0% LY 0.8 -0 1.3 -0 041 0.7 0.2
PERATM 64 -1.8 23 1.2 0.0 08 13 .05 -p1 67 0.2
PERAZM &6 -1.1 2.2 -0, 1.4 0.3 .5 0.5 -0.7 0. o0
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g1z

SUBGRIUP o cy2 vl Cv4 cvs Cva  Cvf CvA oV CVId oV
SUBH1A -6.4 0.2 -0.4 0.5 0.1 0.2 0.4 -0.3 -0.2 -0.3 0.2
SUBHZH 68 0.7 -4 0.7 0.1 0.2 -0 0.2 0.0 b& 0.6
SUSHIM 4.5 0.9 -3 -0 1.4 1.5 0.5 -0.3 0.0 -0.2 ¢.2
TELETH 2% 0.1 -0.9 -0.8 1.5 0.1 .2 03 0.2 -0.4 -0.2
TELEZN s, 0.5 1.1 -0.1 041 0.1 -G.1 -0.6 -0.4 0.5 0.4
TELE3M o7 -8 -2 -2 ¢3 0.0 0.1 -0.% 0.1 -1 -0.1
TELEAN 5 2.9 0.0 -85 -1.1 0.4 -0 -0.4 0.5 1.1 B.2
JELESH 1.7 -24 -t 0.6 -0.8 0.6 -0 -1.1 -0,2 ¢.1 -0.2
TRIGH -6.1 0.3 -1.4 -0 0,2 -D.0 0.4 <01 -0.4 0.0 0.4
2415H 5.3 8.2 -0.8 5.3 1.9 2.2 1.0 -0 0.2 -0.0 -0.0
241524 1 1.1 05 -2.7 -1 -19 -04 0.2 -0.2 -0.3 0.2
EIGEN. 9.9 10.5 1.8 2.4 1.2 ta 0.5 0.4 0.2 0.2 0.1
% 7.3 1A 4.2 2.7 1.3 1.2 D& 0.5 a.2 0.2 a.2




TAHLE 9. Generalized distances (vnz) for mkull CV means. D2

matrix is shown in twa panels (left and right halwves). Subgroup
symbols correapond to those in Figure %8 and are listed balow.

Al - ACERLS Acerathoerium

A2 - ACER2S Aceratherium

AM - AMYNS Amynodon

BI - aIlcas bicerps (black rhing)

CE - CERAS Ceratotherium (white rhino}
Dl - DICEls Diceratherium

D2 - DICE2S Dpiceratherium

D3 - DICE3S Diceratherium

FOQO — FDRSS Forsteprcooperia

HY -~ HYCOSs Hyracodon

IN - INDRS Indricotherium

JVv - JAVAS Rhinoceros {(Javan rhino)
Ll - APHEls Aphelops

Ll - APHE2S Aphelops

ME - MENOS Menoceras

Pl - PERAlS Peraceras

P2 - PERA2S Peraceras

81 -~ SUBH1S Subhyracodon

52 - SUBH2S Spbhyracodon

51 - SUBHAS Subhyracodon

SU - SUMAS Dicerorkinus (Sumatran rhino}
T1 -~ TELELlS Telaoceras

T2 - TELE2S Teleoceras

T3 - TELE3S Tualeoceras

T4 - TELE4S Teleoceras

TS - TELESS Teleoceras

TR - TRIGS Teleocoras

UN - UNICS Rhinaceros (Indian rhino)
Y1 - HYRAlS Hyrachyus

Y2 - HYRA2S Hyrachyus
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A2 AN Bl cE o1 0z o3 FD HY L] I N | 12 HE P r2

12,46 1%.3 7.9 121 13,2 1.7 114 146 194 406 104 12.0 9.4 142 RS T8
4.6 104 13,1 161 %7 6.9 162 209 377 138 130 147 173 15 13
1.4 1.2 18.9 7.4 &7 9.4 TS5 9.4 &5.2 17.4 9.3 134 A8 0.4 N2
0.4 14.2 9.0 124 1.0 9.4 12.7 199 389 0.1 9.7 5.8 159 9.0 0.}
13.1 189 9.0 8.8 16,5 %.8 17.6 24.7 349 169 165 11.2 9.9 147 138
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51 §2 55 U mn 12 13 14 s TR UN ¥1.
Al 12.8 1.6 1.0 12.8 5.9 10.7 9.7 12.1 1.8 1.4 9.6 22.0
A2 16.5 14.B 15.4 143 15.0 16.3 15.8 16.9 16.6 15.4 1.7 2.8
A 6.4 5.5 7.5 137 15,7 19.4 171 20,3 20,7 4.4 19.0 120
al 1%.0 1.2 1.3 1.0 93 11.8 101 W 12 1.7 a8 221
CE 8.4 15.6 16,1 145 16.2 143 13,7 13.2 13,8 187 12,0 75
Pl 4.3 4.7 5.0 .7 10,4 16.8 15.6 18.2 185 4.7 170 1.4
62 5.1 3.6 4.¢ 105 104 155 138 1.4 120 41 5.4 138
oy 9.3 7.8 55 125 10,1 1.8 153 16.2 15.7 7.2 15.4 MW7
FO 5.7 6,0 6.0 11.% 12,7 8.4 165 190 19.4 5.7 183 2.8
WY B2 9.7 1.6 15.1 1A 21.9 22,2 5.0 25.8 10.2 23.B 4.9
IN 47.2 45.0 46.2 46.3 45.1 2.2 41.8 42.2 40.8 &.B 40D 55.8
v 158 148 1401 139 9.0 0.0 104 122 M.A 15.8 8.1 229
L1 A3 6.8 7.7 125 1.6 14.2 12,2 1.6 148 BD 3.4 8.7
t2 1.8 1M1 9.0 M. 725 1.0 9.4 109 M3 N0 97 205
HE 4.2 5.6 6.5 1.2 0.5 17.0 15.7 183 8.9 6.4 1he 0.7
m 7.7 7.0 7.6 1085 7.0 11.7 9.7 122 12,7 7.8 .1 140
p2 1B8.3 17.0 1.1 15.8 0.4 4.8 93 A7 8.1 17.4 5.6 200
51 3105 10.6 1.6 167 4.9 17.8 184 4,2 17.1 10.8
52 4.6 9.9 108 158 1.9 166 17.3 3.4 157 123
§3 5.3 4.4 B3 9.3 146 130 162 16,2 40 152 13.9
50 106 2.9 10.3 10.8 15.% 147 15.9 170 5 142 164
M 1.4 108 9.5 0.8 8.1 8.4 10.6¢ 10.2 108 W0 193
r2 16,7 15.8 146 15.% B9 5.2 7.6 5.3 15.7 8.2 5.5
TS 1.9 139 13 4.7 B85 5.2 546 5.6 14.2 T71.8 2.7
THO1T.B 4.4 162 15.9 104 7.4 5.6 4.9 17.2 8.0 2%
15 184 17.3 16,2 17.0 0.2 5.3 5.8 4.9 17.2 1.7 2.4
®O4.2 &6 4.0 0.5 1008 157 4.2 7.2 7.2 16.2 132
N 17, 5.7 15,2 14.2 1.0 A2 7B B8O 7.7 162 25.8
¥l 10,6 12.3 13.2 16.6 193 255 2L.7 264 2.6 152 254
yv2 7.5 9.3 1.5 160 16,6 22.4 20.7 23.4 24,3 W.0 225 4.5
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TABLE 10.
means.

Generalized distances {fnzj for mandible canonical
D matrix is shown in two panels (left and right halves).

Subgroup symbols correspond to those in Figure 5% and are listed

below.

Al ACER1M
A2 ACER2M
a1 BICDM
CE CERAM
Dl DICE1H
D2 DICE2M
Fl FORS1M
r2 FORS2M
HY HYCOM
IN INDRM
gV JAVAM
L1 APHEIM
L2 APHE 2M
L3 APHE 3M
La APHEAM
Ml MENO1M
M2 MENOQIM
PE PENE1M
Pl PERAIM
P2 PERA2M
51 SUBH1M
82 SUBH2M
$3 SUBH3IH
ST SUMAM
Tl TELE1M
T2 TELE2M
T3 TELE3M
Ta TELE4M
TS TELESM
TR TRIGHM
UN UNICM
¥l HYRAR1M
¥e HYRA2M
21 ZAISIM
22 ZAIS2ZM

Aceratheriom
Acaratherium

Diceros {black rhino}
Ceratotherivm {(white rhino)
Diceratherium
Dicerathorium
Forstercooperia
Forstercooperia
Hyracodon
Indricotherium
Rhinoceros {Javan rhino)
Aphelops

Aphelops

Aphelops

Aphelaps

Mepnoceras

Mepnoceras

Penetrigonias

Paraceras’

Peraceras

Subhyracedeon
Subhyracodon
Subhyracadon
Dicerorhinus {Sumatran rhino)
Taleoceras

Teleoceras

Teleoceras

Taleoceras

Teleocaras

Teleoceras

Rhipoceros (Indian rchino)
Hyrachyus

Hyrachyya
Zaisanamynodon
Zalsanamynadon
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TABLE 1l1. Summary of akull and smandible inter—subgroup generalized

distances in genera with more than one subgroup.

more than two eubgroups, values in the table represent wmeana.
living genus Rhinoceros {Aaian one-horned rhino} is given firet,

followed by foesail genera listed alphabetically.

For genera with
The

GENUS (Subgroupa) SKULL
Rhinoceros (UN, JV) 8.1
Aceratherium (Al-AZ2) 12.4
Aphelops (L1-L2), {(L1-L4} 8.0
Diceratherium {Dl1-D3}, (D1-D2) 6.2
Forstercooperia (F1-F2) —
Hyrachyus (Yl-Y2} 4.5
Feraceras (Pl-p2) 12.2
Subhyraccdon (S1-583) 4.3
Teleoceras (T1-T5) 7.1

Zajsanamynodon (Z1-Z2)

MANDIELE

O & MO MDD WO
# # 4 ¥ n F =
MwubDbopowno oD
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ordination - Spacimeus Plotted By Genus

Figure 56 ({skull) and Figure 57 {(mandible} show the
individual specimens plotted about their respective subgroup means
{not shown). However, because the specimens are identified only by
genue, direct comparisons may only bhe made between monotypic genera
{whose generic and subgroup means are identical). These plots
nicely show the amount of generic differentiation in morphology.
Several features are cowmon te the plots of skulls and mandiblea.
In both plote, Ayrachyus and Indricotherium, which repregent the
size extremes among the Rhinocerctoidea, are the extreme left gnd
right specimens. Several analyses {not shown)} confirmed that the
size axis is approximately parallel to CVl. This is more cbhvious
in the mandible plot than in the skull plot where a line through
#yrachyus and Indricotherium would be cblique to CV1. Alse shown
in both plets is the effect of the CV method on within group
correlatioﬁs. For example, compariscon of the CV and PC (Figure B)
for the monotypic black rhine dispersions shows how the within-
group variation hag been made circular by the CV. The same effect
cccura for each of the subgroupa, but is only observable here in
the monotypic genera. The skull and mandible CV clouds of black
rhinos approximate the pooled within-group dispersions used for
those respective analysea. The dispersions alsc approximate the
size of the concentraticn ellipses in Figures S8 and 59 of the

following section. Finally, it should be noted again that
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FIGURE 56. Canonical variates plot of living and fossil skull
specimens. Differencea between number of symbols plotted and
sample sizes (Table 2 are due to overstrikes. Specimens are

identified to genus as indicated below.

Key to aymhols (listed alphabetically):

= Amynodon

- Direras (black rhing)

- Leratotherium {(white rhino)
- Diceratherium

- Forstercoopoeria

- Hyracodon

- Indricotherium

- Rhinoceros {Javan rhino}

- Aphelaps

Menoceras

- Peraceras

- Aceratherium

- Trigeoniag

-~ Subhyracodon

- Telecceras

-~ Rhinocerps (Indian rhine)
- Hyrachyus

- Dicerorhinus {(Sumatran rhina)

MR ECHUWDPE WXL RERDOWEM
1
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CANONICAL VARIATES - INDIVIDUAL SKULL SPECIMENS

R S
20

Cv1

=]
Q
= L]
i 1
I.H.UUUW - D
t..lh... ﬂﬂﬂw
SRRt |
- iz
-
- N
- - o
o= Bef
m
Y B « 5
= L Ll -
¥ @
&
7 o
k] |...1|
3 LT
i ! I i o
Q [ =] [ o
- o <
ZAD T .
222



FIGURE 57. Canonical variates plot of living and fopsil mandible

specimeng. Differences hetween numper of symbols plotted and
sample aizes (Table 3) are due to overstrikes. Specimens are

identifjed to genu® as indicated below.

Key to pymbols (listed alphabetically):

= Diceros (black rhins)

- Ceratotherium {white rhino)
- Diceratherium

- Forstercooperia

- Hyracocdon

- Indricotherium

- Rhlinoceros (Javan rhina)

- Aphelops

- Menoceras

Penetrigonias

- Peraceras

~ Aceratherium

- Trigonias

- Subhyracodon

~ Teleoceras

~ Rhinocerss (Indian rhino)
= Hyrachyus

— Dicerorihinus {Sumatran rhino)
- Zaisanamynodon

BRHSOHONIOYZEXM LR YIDOD
]
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morpholagically aimilar specimens cluster together in the
multivariate CV morphospace. This is clearly cbserved for the
gspecimens of the black and white rhinocerosesa in Figures Sé and 57,

and iz almo true for the subgroup means in the following plota.

Ordipation - Subgroup Weans With Concentration Ellipses

This section presents the ordination of the subgroups with
90% concentration ellipees (circles) around each group.
Statistically, each ellipse theoretically includes 90% of all
individuale from ita group within its boundary. The ellipsea are
atandardized and uniform in both Bkull and mandible plota guch that
the radii are equivalent to 2.15 standard deviationa, The apparent
size difference of the ellipses between akull and mandible plots is
due to the diffarence in scales. BHRecause the ellipse ia bagad on
the pooled within-group dispersion, it represents tha best estimate
of the variation around a given mean. Some authors {e.g., Neff and
Marcus, 1980) argue that groups with smaller sample &izes should
have correspondingly larger confidence (or concentration) limits
because of greater uncertainty about the position of the mean.
However, the philogophy taken here is that the mean of the
apecimena avalilable (even if a single specimen) represents the hest
eatimate of the true mean, and that therefore the best estimate of
group variation over all groups ahould apply to that mean.
Finally, it should be noted that the ellipses are not meant teo

imply any kind of statistical test for differences between means.
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In most cases, it is already known on biological grounds that the
groupe are different (for example, the Javan and Indian rhinos).
The degree of overlap then reflects the degree of morphological
gimilarity between groups known to be Jdifferent in other ways.
Skull (Figure 53) -- The most obvicue feature of this plot is
the outlying position of Indricocherium (IN in Figure 58) which,
both on the firat axis (gize) and second axis (shape), is many
standard deviations away from the closest genus (Ceratotherium).
Ceratotherium {CE)} ie almo clossat to Indricatherium in the total
morphological space (GD = 32, Table %), which suggests that cvi-cv2
is reflecting the multivariate relationships well, In contrast to
the outlying position of Indricotherium, ancther striking feature
of this plot is the continuum of morphometric variation formed by
the other genera. If Indricotierium repreaents the end-point of a
lineage with a Bimilar kind of continuous morphometric evolution,
then there must be many undiscovered fosails which waould fall in
the morphospace between Indricotherium and the primitive
rhinocerotoids. Among the remaining rhinocercses, the denaest
cluster of morphometrically eimilar groups is formed by membhere of
all three fanilies: Amynodon (AM), Forstercooperia (FO), and the
early rhinocerotids subhyracodonr {81-54), Trigonias (TR},
Diceratherium (Dl-D3), and Menoceras {ME). A&ll but two of the

pairwise generalized distances {Table 9) are emaller than the
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FIGIURE 58. Canonical variates plot of living and fossil subgroup
means for skulla showing 90% concentration ellipaes. Subgroups
correaspond to those in Table 2. Circles are 90% concentration
ellipees {radius = 2.15}) based on the pooled within-group

dispersion for skulla. Shaded circles indicate living groups.

Key to symbole {listed alphabetically}:

Al - ACER1S Aceratherium
A2 - ACER2S Aceratherium
AM - AMYNS Amynodon
BI - BICODs Diceros (black rhino)
¢r - CERAS Ceratotherium (white rhino}
D1 - DICElS piceratherium
D2 - DICE28 piceratherium
D3 - DICEAS Dpiceratherium
ra - FORSS Forstercooperia
BY - HYCOS Hyracodon
IN - INDRS Indricotherium
[ J¥ - JAVAS Rhinoceros {Javan rhino}
! L1 - APHELS Aphelops
: L1 - APHE2S Aphelops
| ME - MENOS  Menoceras
' Pl - PERALS Peraceras
P2 - PERA2S pPeraceras
§1 - SUBH1S Subhyracodon
§2 - SUBH2S subhyracodon
853 - SUBH3S Subhyracodon
SU - SUMAS Dicerorkinus {(Sumatran rhino)
Tl - TELE1S feleoceras
T2 - TELE2S Teleoceras
T3 - TRLE3S releoceras
T4 -~ TELE4S Teleoceras
TS ~ TELESS Teleoceras
TR - TRIGS Teleoceras
UN - UNICS Rhinccerc3 {(Indian rhino}
Y1 - HYRR1S Hyrachyus
¥2 -~ HYRAZS Hyrachyus
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average intersubgrouyp GD (Table 11). Among the larger, later
rhinos there is more morphological differentiation. Teleoceras
{(Tl-TS} and Rhinoceros{UN-Indian and JVv-Javan rhinos) with
Peraceras (P2) form a cluster separate from Dicercs (BI),
Ceratotherium (CE), and Aceratherium (Al-A2)}. GD's show that A2 is
further from CE, and Jv ie further freom T3 than ia indicated in the
plot. Alee, T1 is cleser to T2-T5 than is shown. These two
clusters seem to form branches which separate out aleng cv2,

Dicerorhinus (SU-Sumatran rhine} dppears to be morphometrically

primitive and in fact, is clegest te $3 based on generalized

distance.
Generic distinctions are clearly greater among the later
rhinos. For example, among the living forme, the four genera deo

not overlap but the twe spacies of Rhinoceros (UN, JV} do overlap.

This morphometric result is consistent with the currently accepted

taxonomy for the living analogues. Superficially, it appears that

the Sumatran rhino could be ancestral to the other living rhinca.
However, when the morphometric affinities with fossils are
considered the picture becomes problematic. The Sumatran rhino is
phylogenetically younger than Telecceras and Aceratherium, and is
not believed to be anceetral to them. The consequences of this
are, ohe, that the Sumatran rhino ia very cenaervative {atatic),
and two, that the affinities of the other living genera with the
Alternatively, if

fomgils represent convergenceg or parallelisms.

tha morphometric atfinities represent common phylogenies, then
229



Dicerosz, Ceratotherium, and Rhinoceros may have evolved from a
group much older than Dicerorhinus.

Mandibkle (Figure 59} —-- The mandible €V plot is mimilar to
the skull plot in that Indricotherium (IN) im a Bize cutlier, and
meet of the remaining living and fossil groups form a continuous
cloyd of variation. Thia again suggests thar there are missing
foasila morphometrically uniting Indricotherium (IN} with its
ancestors (unless maltatory evolution octurred)., Differences with
the skull plot include less relative size difference {(about 14,
rather than 20, atandard deviations from ite nearest neighbor aleng
the first axis), and less gecond axis difference from the other
genera, These latter two features of the mandible plot suggest
that Indricotherium (IN) had a relatively small, conservative
mandible for its Bize. Generalized distanceg (Tabhle 11) agree well
with the apparent distances to its nearest neighbors in the plane
of CV1-CV2.

Another difference with the skull plot is the addition of the
Zaisanamynodon (%1-22) subgroups as outliers from the main
continuum of genera, separated primarily along the second axis.
They differ most from Dicercs (BI), licerorhinus (SU}), and
Ceratotherium (CE} which are all on the oppusite side of the
continuum. That all of the living groups are on cne side ism
interesting, but Rhfmocercs (JV, UN) may &lso be interpreted asa

being part of the main group.
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FIGURE 59.

Canonical variates plot of living and fossil subgroup

meana for mandibles showing 90% concentration ellipses., Subgroups

correspend to those in Table 3. Circles are 90% concentration

ellipses (radius = 2,15) based on the pooled within-group

digpersion for mandibles. Shaded circles indicate living groups.

Key to aymbales (listed alphabeticalily):

Al
A2
BI
CE
Dl
D2
ri
r2
BY
IN
JV
Ll
L2
L3
Lé
MI
M2
PE
Pl
P2
8l
52
53
su
TL
T2
T3
TS
T3
IR
un
¥l
¥2
z1
22

ACER1M
ACERZM
BICOM

CERAM

DICElM
DICEZM
FORS 12
FORS2M
HYCCH

INDRM

JAVAM

APHE 1M
APHEZM
AFHE3M
APHE4M
MENOLM
MENOZM
PENE1IM
PERR1M
PERAZM
SUBHIM
SUBHZM
SUBM3M
SUMAM

TELE1M
TELE2M
TELE3M
TELE4M
TELESM
TRIGM

UNICHM

HYRALM
HYRA2H
ZRISIM
ZAISIM

Aceratherium
Aceratherium

Diceros {black rhinoc)
Ceractotherium (white rhino)
Diceratherium
Diceratherium
Forstercooparia
Forgtercooperia
Ryracodon
Indricotherium
Rhincceras (Javan rhino)
Aphelops

Aphelops

Aphelops

Aphelops

Menoceras

Mneoceras

Penatrigonias

Peracaras

Peraceras

Subkyracodon
Subhyracodon
Subhyracodon
Dicerorhinug {(Sumatran rhino}
Teleccaras

Paleoceras

Teleoceras

Teleccoras

Telooceras

Teleoceras

Rhinoceros (Indian rhino)
Hyrachyus

Hyrachyus
Zalsanamynodon
Zaisanamynodon
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The morphometric continuity of the majority of groupa is
striking. There is less differentiation and distinction of the
later, larger groups than was evident in the mkulla. Dicercs (BI)
and Ceratotherium {CE) are momewhat distinct but are not associated
with Aceratherium {Al-A2). The latter genus ia mixed in with other
fossilas. The Indian rhino mandibles (UN)} are associated with
Taleocaras (T3,T4), am in the skull analysis, but the Javan rhino
{JV}) mandible is less eo. The Indian and Javan rhinos are
separated by aa much ag are the other genera of living rhinoa.
Here, it is the Javan rhino which is the moat primitive among the
living analegues. The Sumatran (SU) chino is an cutlier, in
distinct contrast te the case for skulls where it was the most
primitive. In general, all of the rhinocerotid groups appear to be
more canservative in terms of shape differentiation. Differences
in morphometric affinities and differentiaticn between the skull
and mandible CV plots suggeat that there has been some evolutionary

mesaicliam between these two regions of the rhinoceros head.

Taxenomic Patterns - Relationships of Gensrca

It ip of interest to observe whether the morphometric
relationships of the subgroup means correspond to the taxonomies
based an whole organism bialogy. Such taxanomies include
informatlion about morpholagical characters {ecranial and
postcranial, ascft and hard tissuea), molecular data, behavier and

ecclogy, biogecgraphy, and other relevant features of an organisms’
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biclogy. 1In thia section, means are labelled and grouped according
to genera. Comparisons are made with respect tao relative
morphometric span of each genus, and to overlap/non-overlap
relationahips.

Skull (Figure 60} -- Of the eight genera comprised of more
than one gubgeneriec group, four occupy non—averlapping parts of the
merphometric gpace. These are Fyrachyus (Y1-¥2), Aceratherium (Al-
A2), Aphelops (L1-L2}, and Teleoceras {T1-TS). The remaining four
genera form two sets of overlapping genera; Subhyracodon (S51-82)-
piceratherium {L1-D2) and Rhincceros [JV,UN)-Peraceras (Pl-P2).

All of the polytypic genera except Telecceras and Peraceras appear
to have approximarely similar ranges of CV1-CV2 subgroup
separation. However, generalized distances (Tables 9 and 11}
indicate a more diverse range. If Rhinoceros (JV, UN) ia taken as
a srandard (GD = 8.2}, Aceratherium (Al-A2) has a greater
intersubgroup diatance, while the rest have smaller distances. The
Al-A2 distance 18 in fact sgimilar to the P1-82 diatance and both
distances are greater than JV-UN or BI-CE distancee. This suggests
that Al-A2 and Pl-p2 each represent mpecies level variation at a
minimum, but may lndicate generic level alsc. If Pl and P2 are
distinct generically, then the overlap of Peraceras and Rhinoceros
{(Jv, UN} is not meaningful. Amang the other polytypic genera, the
amaller distances asuggest that their subgroups repreasent species

level or lesser amounts of variatian. Within Teleoceras (T1-TS),

234



FIGURE &60. Canonical variates plot of living and fossil
subgroup means for akulls with subgroups shown by genus. Means are

labeled by genus. Shaded areas include all subgroups cf the same

genus.

Key to symbole {listed alphabetically):

Al -~ ACER1S Aceratherium

A2 - ACERZS Aceratherium

AM - AMYNS Amynodon

BI - HICOS diceros (black rhineo)

CE - CERAS Ceratotharium {white rhingc)
Pl ~ DICElS JOiceratherium

D2 ~ DICE2S ODiceratherium

D3 -~ DICE3S Diceratherium

FO -~ TORSS Forgstercooperia

HY - HYCQS Hyracodon

IN - INDRS Indricotherium

JV - JAVAS fhinoceros (Javan rhino}
Ll - APHElS Aphelops

L1l - APHE2S Aphelop=

ME - MENQS Menoceras

Pl - PERAlS Peraceras

P2 — PERA2S Peraceras

51 - SUBH1S Subhyracodon

52 - SUBH2S Subhyracodon

83 — SUBH3& Subhyracodon

SU -~ SUMAS Dicerorhinus {Sumatran rhino)
Tl - TELE1lS Teleoceras

T2 - TELE2S Telsoceras

T3 - TELE31s Teleoceras

Té ~ TELE4S Tealeoceras

TS - TELESS Teleoceras

TR ~ TRIGS Teleoceras

UN - UNICS Riinocercos (Indian rhinc)
YL - HYRALS Hyrachyus

¥2 - HYRA2S Syrachyus
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subgroups {including Tl) are separated by distances which are on
average slightly less than that between JV and UN. Overall, most
the foasil genera appear to bhe morphometrically coherent when
compared againat living analogue differences and, in general, the
merphometric relationships are fairly consistent with generic level
taxonomies.

Mandible {(Figure 6§1) =-=- Eleven of the sixteen genera are
represented by means for more than cne subgroup. Of these genera,
three are morphometrically diatinct: Ayrachyus (Y1-Y2).
Forgtercooperia (Fl~F2), and Zaisapnamynodon (Z1-EZ2), among which
Hyrachyus ia overlapped by the monotypic genus Hyracodon (EY). The
remaining polytypic genera are arranged in twe clusters of
overlapping genera. One cluster consista of the smaller forms
Subhyracodon {51-53), Menoceras (M1-M2), Diceratherium (D1-D4).
The other cluster consiats of the larger forms Aceratherium ([Al-
A2), Teleoceras {T1-1%), Aphelops (L1-13), Peraceras (P1-P3), and
Rhinocerns {J¥, UNj. Within these two groups there is significant
overlap of the genera. As with the skulls, intersubgroup
morphometric diatancea are more accurately reflected by the
generalized distances (Tables 10 and 11). Analysia of the
generalized distances shows that Aphelops (L1-L4), Hyrachyus (¥l-
¥2), and Zaisanamynodon (2Z1-Z2) have average intersubgroup
diptances greater than that between the Indian (UN) and Javan (JV)
rhinos (GD = 6.7). This suggests speciea level or greater

variation. In fact, the distance between UN and JV ie greater
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FIGURE 61.

Cancnical variates plot of living and fessil subgroup

means for mandihle data with subgroups shown by genus. Meana are

labeled by genus. Shaded areas include all subgroupa of the same

genus.

Key to symbols {listed alphabetically}:

Al

A2

BI

D1
D2
Fl
F2

IN

| 751
L2
L3

Ml
M2
PE
PF1
P2
81
82
53
sU
T1
T2
T3
T4
T5

¥l
Y2
z1
22

ACERIM
ACERZM
BICOM

CERAM

DICE1M
DICEZ2M
FORS1M
FPORS2M
HYCOM

INDRM

JAVAM

APHE 1M
APHE2M
APHEIM
APHE4M
MENO1M
MENQ2M
PENELM
PERAL1M
PERAZM
SUBH1M
SUBHZM
SUBH3M
SUMRM

TELE1M
TELE2M
TELEIM
TELE4M
TELESM
TRIGM

DNICM

HYRAL1M
HYRAZM
ZAISIM
ZAIS2M

Aceratherium
Aceratherium

Dicercos (black rhino)
Ceratothearium {(white rhinoj
Dicaratherium
Diceratherium
Forstarcooperia
Forstercooperia
Hyracodon
Indricotharium
Rhinoceros (Javan rhino)
Apheiops

Aphelops

Aphelops

Aphelaps

Menoceras

Menoceras

Penetrigonias

Peraceras

Peraceras

Subhyracodon
Subfiyracodon
Subhyracodon
Dicerorhinus {Sumatran rhino)
Teleoceras

Talesovcaras

Taleoceras

T'siesccaeras

Telooceras

Talepceras

Rhincceros (Indian rhino)
Hyrachyus

Hyrachpus
2aisanamynodon
Zaisanamynodaon
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than that between the black (BI) and white (CE) rhincs. That
mandibles within Rhinoceros are more different than mandibles
between Diceros and Ceratotherium further suggeats some degree of
mosaicism in rhinocercs ekull evolution. o©Overall, there is leass
correspondence between morphometric uniqueness and generic level

taxonomy for mandibles than for skulls.

Taxcnomic Patterns — Family and Subfamily Relatiocnships

In addition to the generic and subgeneric levela, it is also
of interest to compare morphometric patterns at higher levels of
the taxonomic hierarchy. 1In thia section, the genera are
identified by family and sometimes by subfamily. Although more
subfamjilies have been defined in the taxonomic literature, only
thape two subfamilies which include the higher rhinocerotids are
investigated here. The three rhinocerotoid familiea vary in the
number and diversity of pkulls available for uae in this study. It
has already been stated that there is a large gap in Fossil
repregentation of relatively complete hyracodontid skulls and
mandibles (between Forstercooperia [FO] and Indricotherium [IN]}.
amynodontidae are alsc poorly represented (here ontly Amynodon [AM]
for the sakulls and Zaisanamynodon [21-Z2] for the mandibles}.
Accordingly, the following discussions are primarily concerned with

the Rhinccerotidae and its two subfamilies, Aceratheriinae and

Rhinocerotinae.
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Skull (Figure 62) -- Little can ba eaid about the
morphometric relationshipe of the non-~rhinocerotid families because
of the gmall number of taxa represented. Hyrachyus is digtinct as
a genus and probably alsce as an ancestral family. It L8 not kpnown
what kind of morphometric diversity is represented by the Amynodon
skull, byt the amynodontid mandibles (see below) suggest that this
family ig distinct. The amynodontid skull has affinities with both
primitive rhinocerotids and hyracodontida. The Hyracudentidae is
undoubtedly distinct at the family level given the position of
Indricotherium. The shading which unites Forstercooperia (FO) and
Indricotheriuvm does not necessarily represent the part of the
morphometric gpace that would be occupied by the "missing”
hyracedontida., The diversity of genera included within
Rhinocerotidae forms two distinct morphometric gzoups. A basal
group unites Menaceras (ME), Subhyracodon (51-54), Diceratharium

{D1-D3), and Trigonias (TR)}. Subfamilies have been proposed for
these genera (see Prothero et al., 1986), but there Ls not enough
morphometric diversity to analyze them at the higher level. A more
advanced group consiets of the remaining rhinccerotid genera,
clasaified in two subfamilies, Rhinocerctinae and Aceratheriinae.
Morphometrically, the subfamilies are completely overlapping.

Thus, at the subfamily level, there are no morphological

differences detected by the measurements uged. Both aybfamilies
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FIGURE 6&2. Canonical variates pleot of living and feasil subgroup
means for skull data with subgroups shown by family and subfamily.
Means are grouped by family and subfamily classifications after

Prothero et al. (1986).

Key to symbola (listed alphabetically):

Al - ACER1S Aceratherium

A2 - ACER2S Aceratherium

AM - AMYNS Amynodon

BI - BICOS Diceroa (black rhinoc)

CE - CERAS Ceratotherium (white rhino)
Dl - DICE1S Piceratherium

B2 ~ DICE2S Diceratherium

Bl - DICE3S Diceratherium

FO - FORSS  Forstercooperid

BHY - HYCOS Hyraccden

IN - INDRS Indricoetherium

JV¥ - JAVAS ARhinoceros (Javan rhino)
L1 ~ APHE1S Aphelops

L1 - APHE2S Aphelops

ME — MENOS Mencceras

Pl ~ PERALS Peraceras

P2 - PERA2S Peraceras

Sl - SUBH1S Subhyracodon

$2 - SUBH2S Subhyracocdeon

$3 - SUBH3S Subhyracodecn

SU - SUMAS Dicerorhinus (Sumatran rhino)
T1 - TELE1S Teleoceras

T2 - TELE2S ZTelecceras

T3 - TELE38 Telecceras

T4 - TELE4S Telecceras

TS5 - TELESS Teleoceras

TR - TRIGS Telecoceras

UN - UNICS Rhinocercs {(Indian rhino)
Yl - HYRALS Hyrachyus

¥2 ~ HYRA2S Hyrachyus
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appear to confound the groupings suggested by morpholegy. For
example, P2 is morphologically similar to T4, but they are in

different subfamilies. Likewise, A2 and CE are similar but in
different subfamilies.

Mandible [(Figure 63) —-- Small sample sizes (few genera) for
Amynodontidae and Hyracodontidae limit the interpretations that can
be made at the family level. The outlying position of
2aisanamynoden (Zl-Z2) guggesta that this family i=s
morphometrically unique. The intermediate position of
Hyraccdontidae between Amynodontidae and Rhinocerotidae may or may
not be indicative of the morphometric relatioms of this family.

The Rhinocerptidae ig morphometrically distinct from Hyrachyua (Yl-
¥2), Amynodontidae, and Hyracodeontidae. As with the skulls, there
appears to be two rhinocerotid groupinga; a basal group and a more
advanced group. The basal group does not present any morphometric
subgroupings which correapond to proposed subfamilies (Bee Prothero
et al., 1986). The advanced genera are clagsified into twa
subfamiliea, Aceratheriinae and Rhinocerotinae. Like the akulls,
these overlap significantly but in a different way. Diceres (BI),
Ceratotherium [(CE), and Dicerorhinus (5U) mandibles are
morphometrically distinct from other Rhinocerctinae. Conversely,
the wmorphological affinites of Teleoceras {T1-T5) and Rhinccercs
{JV, UN) with Aceratheriinae do not corrreapcnd to the subfamilijal
taxonomy. Reasons for this non-correspondence were suggested in

the discusaion of the skulls.
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FIGURE 63. Cancnical variates plot of living and foseil subgroup
meana for mandible data with subgroups ehown by family and
aubfamily. Means are grouped by family and subfamily

clasgificaticns after Protherc et al. (1986).

Key to symbols (listed alphabetically):

Al - ACERIM Aceratherium

A2 - ACERZM Aceratherium

BI — BICOM bicerog (black rhinoc)

CE - CERAM Ceratotherigm (white rhino)
Dl - DICEIM Diceratharium

D2 - DYCE2M Diceratherium

Fil - FORS1M Forstercooperia

F2 - TORS2ZM Forstercooperia

HY - HYCOM  SRyracodon

IN - INDRM Indricotherium

J¥ - JAVAM  Rhinoceros {Javan rhino}
Ll - APHEIM Aphelopsa

L2 - APHEIM Aphelops

L3 -~ APHE3M Apheliopsz

L4 - APHE4M Aphelopsa

Ml - MENOIM Mepoceras

M2 - MENO2M NMNenoceras

PE - PENE1IM Penpetrigonias

Pl - PERAIM Peraceras

P2 - PERA2M Peraceras

Sl - SUBHIM Subhyracodon

82 ~ SUBH2M Subhyracodon

53 - SUBHIM Subhyracodon

SU - SUMAM picercorhinus (Sumatran rhino)
Tl - TELEIM Teleoceras

T2 - TELE2M Teleocerasa

T3 - TELE3IM Telsoceras

T§4 - TELE4M Telsoceras

TS5 - TELESM Taleoceras

TR - TRIGM Telepceras

UN - UNICH Rhinocercs (Indian rhino}
Yl - HYRAIM KNyrachyus

Y2 - HYRAZ2M Nyrachyus

21 - ZAISIM Zaisanamynodon

22 — ZAISZM Zaisanamyncdon
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Taxonomic Patterns - Phyloganetic Character States

The relationshipe between rhinoceros morphometry and
clasaific;tlon were discussed in the previous two sections.
Becauee claswifications are ueually based on a variety of
characters, or character atates, it is appropriate to investigate
the relaticnehips between the morphometric results and specific
characters uoed in classification. The characters chosen for this
analysis were selected from those used by Protherc et al. (1986) to
formulate their phylogenetic hypetheses for the Rhinocerotoidea.
Specifically, only these characters believed to directly or
indirectly affact akull andfor mandible morphology were used-
Currently, such tasxonomic characters are most often presented in
explicitly phylegenetic contexts under the umbrella of "“cladistic
analyeis.,” Here, the guesticn is being asked: are there any
correlations between multivariate morphological affinities and
qualitative morpheological characters uned in classification?
Although some’ of the characterg used are specific to the skull or
mandible, the same pet of characters was used for both skull and
mandible. Thia was done for two reasons: (1) differencee in the
skull and mandible plots can be compared more directly, and (2}
characters in one region having effects on the cther region might
be detected, That is, to some extent, the skull and mandible muat
coevolve (for example, matching of upper and lower teeth for

efficient occlusion and mastication). In the following diecussicns
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af skull and mandible CV results, a list of eleven numbered
characters 19 given for each plot. The characters were extracted
from Table } of Prothero et al. (19856, page 349) and the numbers in
that table correspond with those in the plots here. The numbers in
the table likewise correspond te the numbered nodes in Figure 4 of
Prothers et al. (1986). Not all of these characters define nodes
by themselves; many are from lists including a variety of
characters definining a particular node. The characters are
dicyssed in numerical seguence.

skull (Figure 64) -- Reduction of the preorbital skull {NODE
4) is a derived feature of Amynodon (AM) (and Zaisanamynodon}.
Unfortunately, most of the original measurements in this region
were not retained due to the prevalence of misaing or braoken
premaxillae and nasal bones. Only AEP2 and OCP2 (mee Figure 4)
might directly detect such a change if the tooth row is
correspondingly shortened or moved posteriorly. Because Amynodon
{AM) ia morphometrically eimilar to Forstercooperia {(FO) and
Diceratherium (Dl-D3), which do not have reduced preorbital
regionsg, it may be concluded that the reduction in Amynodon did not
aignificantly affect other parts of the ekull. Increased relative
length of the cheek tooth row (NODE 13} characterizes hyracodontids
and rhinocerotids. This character is general and does not appear

to veontribunte to any morphometric Beparation of these two families.
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FIGURE &4. {anonical variates plot of living and feegil subgroup
means for askull data with eubgroups shown by phylogenetic character
atates. Meana are grouped by selected character states used for

the phylegenetic hypotheses used in Prothero et al. (1988).

Key to aymbolas (lieted alphabetically):

Al -~ ACER1S Aceratherium

A2 - ACER2S Aceratherium

AM - AMYNS  Amynodon

BI - BICOS piceros (black rhino}

CE - CERAS Cergtotherium {white rhino)
Pl - DICELlS piceratherium

D2 - DICE2S Dpiceratherium

D3 ~ DICE3S ODiceratherium

FO - FOKSS Forstercooperia

HY - HYCOS Hyracedan

IN - INDRS Indricotherium

JV - JAVAS Rhinocerqgs (Javan rhino)
L1 ~ APHE1lS Apheleops

L1 - APHE2S Aphelops

ME - MENCS Menoceras

Pl - PERAlS Peraceras

P2 - PERA2S Peraceras

$1 - SUBH1S Subhyracodaon

82 - 5SU8BH2S Subhyracodon

$1 - SUBH3S subhyracodon

sY - SUMAS  picerorhinus (Sumatran rhino)
Tl - TELEIS 7releoceras

T2 - TELE2S Telecceras

T) - TELE3S Talegceras

T4 - TELE4S Telegceras

TS - TELESS 7Teleoceras

TR — TRIGS Taleagcaeras

UN - UNICS Rhinoceras (Indian rhinc}
Y1l - HYRAlS Hyrachyus

¥2 - HYRAZS Hyrachyus

249



1] 34

10

-20

CANONICAL VARIATE MEANS - SKULL SUBGROUPS - CHARACTER STATES
NODE;_

@ axtended ccciput
anterodorsally infiectad baslcranium

@ overall slze Increase
€ dorsal shull profila flattensd
B tachycaphalic
@ oocipilal cresl < 100 deg
- @ occipital crest angle > 100 deg
interior berder of mandible convex
- mandibla ramus Inclined posteriorly
N
@ proorital skull reduced S \\\
@ tocth rowlengthenod B
@ increasod hypacdonly
— @ incressed hypsodonly
@ increas ed hy psodonly
hroad mandibylar ramus
L ! : { ! 4
-10 0 10 20 30 40

CvVi



from the others. Increased relative hypeodonty {tooth height) ia
another general character (NODES 19, 23, and 28). It probably has
mere overall affect on the mandible (ramus height for example) than
on the skull, but may affect face height since both maxillary and
mandibular teeth must increase in height (equally or
proportionally). There is no cbvious morphometric correlation with
this character, at least partly due to its non-exclusive use as a
takonomic character. Increased hypaodonty alone ia not likely to
account for the shape differences separating Indricotherium ([IN)
from the other rhinocercees along the second CV axis. A broad
mandibular ramus (NODE 28) distinguishes the rhinocerstids in thia
analysis from several genera not represented in the prasent
morphometric study. It is therefore difficult to assess ita
contribution to the uniqueness of the skull meorphology of the
rhinocerotids used here. Twe derived characters of Trigonias (IR),
cited as distinguishing it from later rhinocerotids, are an
extended occiput and an antercdorsally inflected basicranium [NODE
30). These characters would be expected to influence morphomietry
of the skull, especially measurements to the oceciput. However, the
Trigonias {TR) skulla are morphometrically very similar to the
Subhyracodon (51-34) and Diceratherium (D1-D3) and thue do not
reflect the changee morphometrically [given the measurementg used).
Roughly, as a group, the higher rhinccerotids (Aceratheriinae and

Rhinoceratinas) are characterized by larger asize (NODE 35).
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However, significant size variation within this "group™ reduces the
importance which can be attached to this character in defining the
group morphometrically. Flattening of the dorsal skull profile,
(NODE 38) characteristic of Aphelopa {L1-L2), Peraceras (P1-P2),
and Aceratherium {Al-A2), is not assoclated with any morphometric
unigqueneas of these genera as a group. The Teleoceras (T1-TE)
subgeneric groups are morphometrically unique from the remaining
chinocerotida. The taxonomic skull character asscciated with the
genus is brachycephaly (NODE 42). Because Teleoceras skulls are
among the largea® of the rhinacerotids, the brachycephaly is only
relative. This shape difference is reflected in the peparation of
Taleoceras (T1l-T5) from other genera along the mrecond axis. The
last two charactera [NOBDES 45 and 50} are polarized oppogitea of a
character with a threshold value. If this character influences
overall ekull morphology, then it should be reflected
mprphometrically by two separate groups, as is the case. When
Dicerocrhinus {5U) and Rhinoceros (JV,UN) are united (NODE 45), they
are diatinct (non-overlapping) with the Diceros (BI)-Ceratotherium
{CE} pair (NODE 50).

HMandible (Figure &65) =-- The same charactersa are diacussed in
this sectjon as were discussed for the skulle above. NODE 4
{reduced preeorbital skull) and NODE 13 {lengthened tcoth row)] are
aasgociated with the peparation of Zaisanamynodon (21-Z2) from the
other genera. Secondary effectas of preorbital changes in
Zajsanamynodon on the tooth row may contribute to the morphometric
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FIGURE 65.

means for mandible data with subgroups shown by phylogenetic

Canaonical variates plot of living and fossil subgroup

character states. Meane are grouped by selected character atates

used for the phylogenetic hypotheses in

Key to symbols (listed alphabetically):

Al
BI
oL

b2
Fl

FERESERD

Hl
u2
PE
Pl
P2
sl
52
53
sU
Tl
T2
13
T4
T5

Yi
X2
z1
32

ACER1M
ACERZM
BICOM

CERAM

DICE1M
DICEZ2M
FORS1M
FORSZH
HYCOM

INDRM

JAVAM

APHE 1M
APHEZM
APHE3M
ABHE4M
MENOIM
MENQ2M
PENEIM
PERAIM
PERA2K
SUBHIM
SUBH2M
SUBH3M
SUMAM

TELE1M
TELE2M
TELE3M
TELE4M
TELESH
TRIGM

UNICHM

HYRALM
HYRAZM
ZAISIM
ZATIS2M

Aceratherium
Aceratherium

Dicerog (black rhina)
Ceratotherium (white rhino)
Diceratherium
Diceratherium
Forstarcooperia
Foratercooperia
Hyracodon
Indricotherium
Rhinocercs (Javan rhino)
Aphelops

Aphelops

Aphelopsa

Aphelops

Nencceras

Mencceras

Penetrigonias

Peraceras

Peraceras

Subhyracodan
Subhyracodon
Subhyracedon
Dicerorhinus (Sumatran rhino)
Teleoceras

Teleoceras

Talecceras

Telecceras

Teleaoceras

Teleoceras

Riinocercs {Indian rhino}
Hyzachyus

Hyrachyus
Zaisanamynodon
Zaisanamynodon

Prothero et al., 198a.
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difference hetween the two groups. A= with the skulls, increased

hypaodonty (NODES 19, 23, 28} is not correlated with any clear
morphometric groups amsociated with the node individually. Taken
altogether, the genera characterized by hypsodonty nearly
correspond to the group defined by NODE 13 which is dietinct from
Zaisanamynodon (21-22}. Likewise, a broad mandibular camus {(NODE

28} among the rhinocerotids may contribute to their difference from

Zaisanamynodon. To the extent that the rhinocerotids are different

from hyracodontide (eee discusmion for Figure &3), NODE 28 may

contribute. The extended occiput and inflected basicranium do not
morphometrically distinguieh I'rigonias (TR) from the basal
rhinocerotida. The use of size increase as a taxonomic character
{NODE 35) ie probably weak and arbitrary given the size ranges
within the two "size” groups formed and the continucus nature of
the character. Unlike the sakull plot, flattened dorsal skull
profile (NODE 38) and brachycephaly (NODE 42} are associated with
groups which completely overlap. BAdditicnally, the groupse defined
hy NODES 45 and 50 are not as clearly separate as in the skull
plot. These last two facts provide further evidence that

rhinoceros mandibles are more evolutionarily coneervative (or at

leaat, have heen legs affected by changes in other parts of the

akully.
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Functional Pattarns - Horn Arrangement

Among the moat obvious external features of the living
rhinoceroses are the median sagittal horna located on the dorsal
aspect of the pkull. Although the horns are features of the head,
they are not osteclogical features of the bony skull (in contrast
to titanothere horns or bovid horn cores, for example). Rather,
they are unigue Epiderm%l specializations that are fairly loosely
attachaed to the underlying periosteum. Bony featuresa related to
horn presence vary from surface rugosity to elevated, rounded horn
bosses. The horns therefore, probably have little direct influence
on skull morphology, particularly from a mechanical veiw point. A
priori, correlation between horn morphology and non-boas skull
morphology could be attributed to developmental interactions and/ar
to shared phylageny. Because of these potential relationships., it
is of interest to compare horn morphologiea (i.e., number and
arrangement) with the merphometric patterna. In Figuresa &6 and &7,
the living and fossil genera are grouped according to three types
af recognized horn arrangement: paired nasal horns (aide-by-side on
the nasal bones); single nasal horns (single boag on the nasal
bonea in the median plane); and tandem horns {boss or rugositief8 in
the median plapne, anteriorly on the nasals and posteriorly on the
frontals).

Skull (Figure 66) —— Diceratherium (D1-D3) and Mencceras (ME)

have aimilar horn arrangements characterized by paired nasal
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FIGURE 66. Canonical variates plot of livang and fossil subhgroup
means for akull data with subgroups shown by harn arrangement.

Means are grouped by qualitative arrangement of horne.

Key to symbols (listed alphabetically):

Al - ACER1S Aceratherium

A2 — ACER25 Acerathorium

AN - AMYNS Ampnodon

BI - BICOS Diceros (black rhino)

CE — CERAS Ceratotherium {white rhing)
pl - DICELS Diceratherium

D2 -~ DICE25 Diceratherium

D3 - DICE3S Diceratherium

FO - FORSS Porstercooperia

HY - HYCOS fyracondon

IN - INDRS Indricotherium

JV - JAVAS Rhinocercs (Javan rhino)
Ll — APHElS Aphelops

L1 - APHE2S Aphelcps

ME — MENOS yenoceras

Pl — PERAL1S Peraceras

P2 - PERAZS pPeraceras

S1 — 5UBH1S sSubhyracodon

82 - SUBH2S Subhyracodon

$3 —~ SUBH3S sSubhyracodon

SU ~ SUMAS Dicercrhinus (Sumatran rhino)
Tl - TELE1lS Teleccaras

T2 - TELE2S Teleoceras

T3 ~ TELEIS Telecceras

~ TELE4S Taleocsras

= TELESS Telecceras

TAIGS Telecocaras

~ UNICS Rhinoceres (Indian rhino)
-~ HYRA1lS Hyrachyus

¥2 - HYRA2S Hyrachyus

RERAd
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bosses. Although the bosses are different in detail and represent
different lineages, here, the terminal side-by-side arrangement is
the uniting factor. Morphometrically, these genera form a unigque
group. However, the presumably hornless Subdyracodon (51-54) and
Trigonias {(TR) are associated with them in a morphometric gzaup af
more primitive rhinoceropee. Thus, Diceratherium and Menoceras are
probably similar more by virtue of primitiveness, less by virtue of
common anceatry. Additionally, it may aleo be concluded that
acquisition of paired horna did not significantly affect them
morphometrically, relative to the other primitive rhinocercses.
Another morphometrically unjgque growp united by harn arrangement
compr iaes Teleoceras (T1-TS), Peraceras (Pl-F2), and Rhinoceros
{JV,UN}). This grouping ie significant because these three genera
are not united by any of the taxonomic analyses above. The
classification of Perdceras in a different zubfamily
(Aceratheriinae) impliez a distant relaticonship with Telecceras and
Rhinocergz (Rhinocerotinae). If Peraceras (FP1-P2) really
representd a different lineage, then ita morphometric affinity with
sgme of the rhinocerctines may be explained by parallelism or
convergence., However, for this to be true, it would have to be
pogtulated that horn arrangement is constraining or "driving”™ skull
morphology. The latter argument is weak {as discussed above}
because of the epidermal nature of the horne. Alternatively, the
merphometric result may indicate that theee genera are more closely

related than previcusly believed. Similarly, although in the same
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subfamily, picerorhinus (SU), Diceros (81), and Cerarotherium (CE)
are not united at lower taxonomic levela. Dicerorhinus (SU) and
Rhinocervs (JY,UN) have been united at the gubtribe level (Protherc
et al., 1986, Table 4, NODE 44; this paper, Figure &4, NODE 45).
The non-overlapping morphometric unity of tandem-hcrned
rhinoceroses supports the view of a cleoser relationship than
previcusly hypothesized.

Mandible {(Figure 67) -- The morphometric diatinctneas of
horn arrangement groups observed in the skulla ia more evident with
the mandibles. This is good evidence for the reality of these
groups because in the previoua analyses, mandiblesa have been less
vnicquely differentiated (more uniform} in mcrpholegy than the
skulla. Further, if mechanical/developmental arguments were
plausible, the mandible would be less directly affected by horn
arrangement than the skull, Here alsc, Dicerorhinus {5U) has a
clear affinity with Dicerps (BI) and Cerarotherium (CE}. Hence,
merphoemetry of the mandible seema to have detected unigue groups,
correlated with horn arrangement, and most likely indicating common

ancestries for those arrangementsa.

Functional Patternsx - Harbivory Type

In the vertebrate foasil record, distinguishing herbivores
from carnivorea is trivial. Within herbivores, diatinguishing
dietary habits is more difficult. Primarily, herbivores are

polarized around two types: grazing (on grassges} and browsing
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FIGURE 67.

Canonical variates plot of living and fossil subgroup

meana for mandible data with subgroups shown by horn arrangement.

Means are grouped by qualitative arrangement of horna.

Key to symbola (listed alphabetically):

Al

BI
cE
Dl
D2
Fl
r2

he |

Ll
L2

L4
K1
u2
PE
Pl
P2
31
52
53

Tl

T3
T4
T5

Yl
¥2
3
z2

ACERI1M
ACER2ZM
8ICOM

CERAM

DICELM
DICEZM
FORS1IM
FORS2M
HYCOM

INDRM

JAVAM

APHE1M
APHE2M
APHE3M
APHE4M
MENO1M
MENO2M
PENE1M
PERAIM
PERAZM
SUBH1M
SUBHZM
SUBHIM
SUMAM

TELE1M
TELE2M
TELE3X
TELE4HM
TELESM
TRIGM

UNICM

HYRA1M
HYRA2M
ZAIS1M
ZAIS2M

Aceratherium
Aceratherium

Diceras (black rhino)
Ceratotherium {white rhino)
Dicerathsrium
Diceratherium
Forstercooperia
Forastercooperia
Hyracodon
Indricothesrium
Rhinoceros {Javan rhino)
Aphelops

Aphelops

Aphelops

Aphelops

Menoceras

Menaceras

Pegnetriganiag

Peraceras

Peraceras

Subhyracodon
Subhyracodon
Subhyracodon
Dicerorhinus {Sumatran rhino)
Teleoceras

Teleoceras

Teleoceras

Telecceras

Teleoceras

Telegoceras

Rhinoceros {Indian rhina)
Hyrachyus

Hyrachyus
Zaisanamynodon
Zalsanamynodon
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(on herbs, shrubs, and treee). Typically, the browaer-grazer
spectrum has been correlated to one character, relative cheektooth
height (iow, or brachydont, for browsers; high, ar hypscdont, far
grazers). Other features primarily or seceondarily related to diet
include position of the oeciput [related to head carriage) and
poBition of the anterior dentition (related to procuring
vegetation). Ewvoluticnary changeeg of diet may therefore result in
changes <of mandible and akull morpheology. Hence, it ia of interest
to investigate morphometric results in relation to hypothesized
diet (herbivory type}.

In Pigures 68 and 69, genera or groups of genera are
identified where possible by herbivory type. Classification is
derived from previcous authors' interpretations of diet based on
both direct and indirect evidence. If these determinatjona are
accurate and diet systematically influences morpholagy, then
herbivary types should be detectable marphometrically.
Primitively, there ig little daubt that Nyrachyus (Y1l-¥2) was a
browser and that subsequent "grazing morpholecgies”, therefore,
evolved from the browsing conditian. Here it s possible to
hypothesize that dietary changee were related tc the morphelogical
changee. Conversely, morphological changes between a primitive
brawser and an advanced browser cannot directly be attributed teo
diet {at leaat at the raesoluticon of this study).

Skull (Figure 68) =-- Hyrachyus (Y1-Y2) and #yracodon [(HY) are

not obviously different despite increased hypsodonty and a

263



FIGURE 68. Canonical variates plot of living and fossil subgroup
means for skull data with subgroups shown by herbivory type. Means

are grouped by hypotheaized type of herbivory.

Key to symbeols {listed alphabetically):

Al - ACER1S Aceratherium

A2 - ACER2S Aceratherium

AM — RMYNS Amynodon

BYI - BICOS Dicearos {black rhino)

CX - CERAS Ceratotherium (white rhinoj
D1l - DICE1S Diceratherium

P2 - DICE2S Diceratherium

D3 - DICEJIS Diceratherium

FQ - FORSS Forstercooperia

HY - HYCOS Hyracadon

IN - INDRS Indricotherium

JV - JBAVAS Rhinocercs (Javan rhino)
L1 - APHELS Aphelops

.1 - APHE2S Aphelops

ME - MENOS Menoceras

P1 - PERAlS Peraceras

P2 - PERA2S Peraceras

81 - SUBH1IS Swubhyraccdon

82 ~ SUBH2S Subhyracodon

§3 - SUBH3S Subhyraccdon

SU - SUMAS Oicerorhinus [(Sumatran rhino}
T1 - TELEl1l5S Teleoceras

T2 - TELE2S Teleoceras

T3 - TELE3S Teleoceras

- TELE4s Teleoceras

- TELESS Teleoceras

TRIGS T'elecceras

- UNICS Rhirocarns {Indian rhinao)
- HYRAlS dyrachyus

Y2 - HYRA2S Hyrachyus

R R 3-d
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presumed grazing habit in the latter {supported indirectly by post-
cranial adaptations for cursoriality associated with more open
habitats). Similarly, Forstercooperia (FO)} and Subhyracodon (81-
54) have contrasting diets but are not different morphometrically.
Thia respult is conceptually like that for hern arrangement (Figure
66) where primitive groupsd were also not differentiated. 1In
combination, these resulta imply that early evolution of teeth (or
horns) did not aignificantly influence other aspects of morphology.
The Eyracodentidae is somewhat problematic here for several
reagona. If it is true that Forstercooperia (FO) is both a grazer
and anceatral to Indricotherium (IN}, then Indricotherium
seccndarily evolved the browsing condition. Further,
Indricotherium (IN) provides an example of why dietary
clasaificationa based on tooth height are not absolute, and often
ppeculative: it belongs te a lineage at least partly defined by
increaned hypscdonty (MODE 1%, Figure &4). Of the remaining
genera, Teleoceras (TL-T5), Ceratotherium (CE), and the Indian
rhino (UN) are classed as grazers. Teleoceras and the Indian rhino
are a distinct group well-geparated from Ceratotherium (CE). Thia
difference indicates that diet alone is not "driving” the
moerphometric results. Indeed, Ceratotherium is more closely related
to the browsera Dicercs (Bl) and Aceratherium (Al-A2). The
remaining browsers ({later, larger rhinoe) together are ned}ly nen-—
overlapping with the grazers, but two of the hrowsera, the Javan
rhino (JV) and PERA2S (P2), are morphometrically associated with
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the upper grazer group. The dietary differencea betwaen the Javan
and Indian rhinos apparencly have no affects on their akull
morphclogy as measured here, In gummary, dietary groupings for
akulla are not unique. Rather, browsers and grazers are confounded
in tha morphometrlc apace within gzoups united by other important
factors.

Mandible (Figqure 6%) —- Mandible results for Hyrachyus (Yl-
Y2) and Ayracodon (HY) are aimilar to those for the skulls, with
the twO gQroups being essentially the same morphometrically.
Increased tocth height in Hyracodon does not seem to have affected
the mandible morphology quantified in this study. A different
reagult from the skull is obtained for the Sublhiyracadon (S1-53) -
Forstercooperia (FO)} contrast. For mandibles, the two genera are
somewhat separated along the second axis. Within the context of
this section, this can be hypothesized as due to the differences in
diet, The remaining genera are leas separated than the skulle,
with major overlap of two of the groups. Close inspection of the
plot reveals the same confounding arrangement as seen in the skull
plot. That is, both grazers and browsers are peparated along the
second axis with representatives of each dietary type asscciated
together. This result for mandibles shows that dietary type haa
not beeén important in determining the morphometric relationshipa of

living and foseil rhinocerocsee.
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FPIGURE 69.

Canonical variates plot of living and foesil subgroup

means for mandiple data with subqroups shown by herbivory type.

Means are grouped by hypothesized type ©of herbivory.

Key to symbols (listed alphabetically}:

Al
A2
BI

13§
o2
rl
w2

IN

EEEREY

N2

Pl
P2
s1
s2
53
str
T2
32
T3
]
TS

i1
¥2
21
52

ACERIM
ACER2M
BICOM

CERAM

DICE1M
DICE2M
FORS1M
FORS2M
HYCOM

INDRM

JAVAM

APHE1M
APHEZ2M
APHEIM
APHE4M
MENO1M
MENO2M
PENELHM
PERR1M
PERAZM
SUBH1M
SUBH2M
SUBH3M
SUMAM

TELE1M
TELE2M
TELE3IY
TELE4M
TELESM
TRIGH

UNICM

HYRA1M
HYRAZM
ZAISIM
ZAISZ2HM

Aceratherium
Aceratherium

Diceros {(black rhinc)
Ceratotherium {(white rhino)
Dicsratherium
Diceratherium
Forstercooperia
Forstercopperia
Hyracodon
Indricotherium
Rhinoceros {Javan rhino)
Aphelops

Aphelops

Aphelops

Aphelops

Mepoceras

Menoceras

Pepetrigonias

Peraceras

Peraceras

Ssubhyracodon
Subhyracodon
Subhyracodon
Dicerorhinus {Sumatran rhino)
Telpacsras

Telooceras

Teleoceras

I'sleocerasn

Teleoceras

Teleoceras

Rhinoceros {Indiaa rhino)
Ayrachyus

Ayrachyus
2aiganamynadon
Zaisanamynodon
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Tamporal Patterns - Iatergemeric Phylogenies

The last two gections of thia chapter discuas the skull and
mandible morphemetrie patterns in a temporal-phylogenetic context.
This provides an overall impression and comparison of morphological
evolution bketween and within genera. Straight arrows are used to
indicate a regultant morphological vector from earlier to later
groups in the CV morphospace. Where a genus has multiple
subgroupe, the arrowheads end at a point approximating the average
of those groups (for example, halfway between two sukgroups). The
arrows are not meant to imply that the actual evelutionary
trajectory was necesparily linear. Arrow length haa ne necessary
meaning in terms of length of time or rate of change {CV 1 is a
pize, not necesearily a time, axis). Length of the arrows does
indjcate relative amounts of size and shape change. In thia
section, the vectors correspond to phylogenetic arrowa shown in
Figure 3. 1In effect, Figqure 3 ie mapped, where possible, onto the
canonical variate plane represented by CVi-Cv2. HArrows from
Trigonias (TR) to Subhyracodon (51-54) and from Subhyracodeon to
Diceratherium (D1-D3) are not shown kecaugse of the cloge
morphometric affinity of those genera. Alseo, arrowse to the living
genera are nokt included because their phylogeny is poorly known.

8kull {Figure 70) -- This plot is a bapic aynthesis of
morphology, Phylogeny, and time at the generic level. The general

impremsion observed ia that rhinoceroceea diverge in beth size and
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FIGURE 710. Cancnical variates plot of living and foasil subgroup
means for akull data with showing intergeneric phylogenies.
Hypotheaized phylogenetic trends among genera are indieated by

AT rows .

Key to aymbols {listed alphabetically):

Al - ACER1S Aceratherium

A2 - ACER2S Aceratherium

AM - AMYNS Amynodan

BI - BICOS Dicervs (black rhino)

CE -~ CERAS Ceratotherium (white rhino}
D1l -~ DICE1S Diceratherium

D2 — DICE2S Diceratherium

D3 - DICE3S Diceratherium

FO - FORSS Forstercooperia

HY - BHYCOS Ayracodon

IN - INDRS Indricotherium

JV¥ - JAVAS Rhinocarca (Javan rhina)
L1 - APHElS Aphelcps

L1 - APHE2S Aphelops

ME - MENOS Menocorasg

Pl — PERAlS pPeraceras

P2 - PERA2S PpPeoracoras

S1 - SUBH1S Ssubhyracodon

82 — SUBH2S Subhyracodon

53 - SUBH3sS Swvbhyracodon

S5U - SUMAS bDicerorhinus (Sumatran rhino)
T} - TELELS Telacceras

T2 - TELE2S Teleoceras

T3 - TELE3S Televceras

T4 — TELE4S Telecceras

T5 - TELESS Telecceras

TR - TRIGS Teleoceras

UN - URICS Riinoceros (Indian rhinc)
¥l - HYRARlS Hyrachyus

Y2 - HYRA2S Hyrachyus
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gshape with time and that shape diverges with increasing size. It
alee shows {especially by comparison with the intrageneric analysis
helow} that most of rhinocerotcid trends in aize and shape
evolution cccur at the generic level. The trends toward size
increase from ancestral to descendant genera illuetrate well Cope's
rule of evolutionary slize increase which is obeerved in the fomsil
record for many groupa-

Mandible {(Figure 71) —-- Inapection of the time-phylogeny
vectors for mandibles shows lesgser degrees of divergence than
skulle. Size increase ig clearly the dominant change between
ancegtral and descendant genera. Thia result supporte eparlier
conclusiona about the conaervativeness of rhinocerotoid mandible

evolution.
Tamporal Pattorns ~ Intrageperic Time Vectors

Many of the subgeneric groups determined in Chapter 3 were
bapad in part on temporal-stratigraphic data {NALMA's)}. It i= thus
possible to track those aubhqroups threough time in the canconical
variates space. In this section, pairs of subgroups within genera
are connacted by arrgwe indicating direction from the earlier to
the later subgroup. &S in the intergeneric analysis, the arrows do
not indicate duration or rate, and CVI ia not a time axis. Many of
the arrows probably reflect some degree of phylegeny. ©Only those

gubgroups for which time vectors could be determined are shown.
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FIGURE 71. Cancnical variares plot of living and fosail subgroup
means for mandible data asahowing intergeneric phylogenies.
Hypothesized phylogenetic trends among genera are indicated by

AXrrowa.

Key to symbols (listed alphabetically):

Al - ACERIM Aceratharjum

A2 — ACER2M Aceratherium

BI — BICOM Dicercs (black rhino)
CE — CERAM Ceratotherium {white rhinc})
- DICE1M Diceratherium

— DICEZ2M Diceratherium

— FORS1M Forstercooperia

FORS2M Forstercooperia

- HYCOM Hyracodon

- INDRM Indricotherinm

— JAVAM  Rhinocercs {Javan rhino)
L1 ~ APHEIM Aphelaopsa

L2 - APHE2M Aphelops

13 - APHEIM Aphelops

L4 - APHE4M Aphelopg

Ml - MENQIM HMenoceras

M2 - HMENOZ2HM Mernoceras

PE - PENEIM Penetrigonjas

P1 - PEAALM Peraceras

P2 - PERAZM Peraceras

S1 - SUBHIM Subhyracodon

82 - SUBH2M Subhyracodon

83 - SUBHIM Subhyracodon

SU - SUMAM Dicerorhinus (Sumatran rhino}
Tl - TELEIM Teleoceras

T2 - TELEZ2M Teleoceras

T3 - TELE3¥M Teleoceras

- TELE4M TPTeleoceras

~ TELE5M Teleoceras

TRIGM Teleoceras

- UNICM Rhinoceros (Indian rhino)
— HYRAIM Hyrachyus

¥2 - HYRAZM Hyrachyus

4l - ZAIS1IM Zaisanamynaden

Z2 - ZAIS2M Zajisanamynodon
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The purpose of cbserving the time vectors is to compare the overall
generic and subgeneric patterns of morpholegical change, and to
detect any generalizations or trends they may reveal about
rhinocerotoid evolution.

Skull (Figure 72) —— The important features in this plot are

the directionsa and lengths of the time vectors where direction
indicatea the relative amounta of gize versus phape change, and
length indicates amount of change between two gubgroups. Of the
ten vectors shown, six indicate size increasea. Included in these
are all of the longer vectors of which one (¥1-Y2) shows a gize
increase without much associated shape change. Amang the shorter
vectors, two indicate size decreases (T4-T5, S1-52} amd two appear
to indicate mostly shape change (T2-T3, D2-D3). At face value,
these patterns show that changes in both gize and shape have been
predominant while changes moatly in size or meoatly in shape have
been less common at the subgeneric (species?) level. At least
three of the types of evolutionary change occur within the most
diverse genun Teleoceras (T1-T&). These changes correspond to the
changes digcuseed in the PcA for Teleoceras (Figure 47). The
diversity of vectors in thie plot distiactly contrasts with the
pattern in the intergeneric plot. Within rhino genera, evolution
appears to be less directed morpholegically.

Mandible (Figure 73) -- The characterizations of Figure 72
for gkulls aleso apply to Figure 73. The diversity of vectore ig a

mixture of gize increases, size decreases, and shape
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FIGURE 72. <Canonical wariates plot of living and foesil subgroup
means for skull data showing only those subgroupa defined whelly or
partly by time. Arrows indicate direction of time (earlier to

later) and connect age-adjacent ([time-sequential) subgroups within

each genus.

Key to gymbols (liasted alphabetically):

Al - ACERLS Aceratherium
A2 - ACER2S Aceratherium
D2 - DICE2S pigeratharium
D3 — DICE3dSs piceratherium
L1 - APHElS Aphelops

L1 - APHE2S Aphelops

81 - SUBH1S Sublhyracodon
82 - SUBH2S subkyracodon
83 - SUBH3S Ssubkyracodon
Tl - TELE1S Teleoceras
T2 - TELEZS Teleoceras

T3 - TELE3S TeleoCeras
T4 — TELE4S Teleoceras

TS5 - TELESS Teleoceras
¥1 — HYRALIS Hyrachyus

¥2 - HYRA2S Hyrachyus
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FIGURE 73.

Canoniral variates plot of living and feoasil subgroup

mean8 for mandible data.

whally or partly by time are shown.

only intrageneric subgroups defined

Arrowsg indicate directian of

time {earlier to later) and connect age—adjacent (time-sequential}

subgroups within each genus.

Key to aymbolse {listed alphabetically):

Al
A2
Ll
L2
L3
L&
Ml
N2
51
52
83

™
T2
T3
T4
TS
Yl
X2

ACER1M
ACERZNM
APHE1M
APHEZM
APHEIM
ARPHE4M
MENO1M
MENOG2M
SUBH1H
SUBH2ZM
SUBH3M
SUMAM

TELE1M
TELE2M
TELE3M
TELE4M
TELESM
HYRA1M
HYRAZM

Acaratheriam
Aceratherium
Aphelops
Aphelops
Aphelops
Aphelops
Nenoceras
Menoceras
Subhyracodon
Subhyracodon
Subhyracodon

Dicerorhinug (sSumatran rhino)

Teleaceras
Teleoceras
Taleoceras
Taleoceras
Teleoceras
Myrachyus

Hyrachyus
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changes but there are no clear trends. Telesocaras (T1-T5)} exhibits
several typen of change. Overall, the mandible vectors have
smaller angles with reapect to CV1 than in Figure 72. Thise
indicates less shape change which ia conaistent with earlier
conclusions about the coneservativeness of rhinocertoid mandibles.
Comparison of the time vector resgulte with the intergeneric wvectors
suggest that general morpholcgical trends in the Rhinocerotoidea
occur at the generic level, while at the subgenmaric and epecific
level, evolutionary changes are more variad. Much of these
evolytionary changes at lower levels may be considered noise

relative to higher level trends.
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CHAPTER 5.

DISCUBEION

This diacuaaion is an overview of iAsues related to
materials, methods, results, and interprstations, including
aapumpticns, problems, and caveats. Much of the detailed
discuggion of the prinecipal component and canonical variate results
was given in Chapters 2 and 3, reepactively. DiscuBsPed topica
related to pampling and Jdata included spacimen distortion and the
limitation of the measurement subset. The role and usefulness of
the living analogues is briefly discugsed in terms of implications
for future studiesp of foamils. A brief section on the nature of
morphological evolution in rhinoceroses ip followed by a discusaion
of partirular aspects ©f skull shape change. The latter is
illustrated by the results of a landmark morphometric method
applied to the Rhinocerotidae. Lasatly, some general systematic
implications are diecussed.

Methodologically, this study atffirma the power of
multivariate methods for discriminating among morphologies
correlated with significant biological and nonbiological variables.
The fidelity of the principal companent® method in digcriminating
Bimilar specimens of like geclogic age, sex, or geography from
dipimilar ones is a satiefying result given several anticipated,
but unrealized, problems. One prablem is that of ({plastic)
deformation of feesil specimens during the time they are embedded
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in sedimentary rock. Differential movementa of the rock may alter
(distort) the morphology of specimena in both regular and random
ways. Morphological variatior is, thus, alse affaected. It is
probably axiomatic that every foaseil specimen is distorted to some
degree. However, only a mingle instance waB recognized where an
outlying specimen appeared to be so because of distortion (see
Trigonias, Chapter 3). 1In general, the effects of distortion were
insufficient te obscure real morphological relationships. This
lack of any aignificant effect of distortion across many taxa from
many ages, and many eedimentary conditions is an important result.
It showe that rhino akulla that have survived the geclogical cycle
have retained most of their biclogically determined morphology.

A gecond important result deriving from the PC fidelity
relates to the suite of measurements upon which the morphologieal
discriminations were based. The majoerity of the original
measurements were excluded from analysis because of the number of
misaing values. For example, since premaxillae and the anterior
dentition were cften absent, measurements related to thoss areas
were excluded by neceseity from further consideration. The
remaining measurements are therefore a non-random selection
repreaenting those parts of the akull or mandible which moet often
survive the rigore of foesilization., It was a concern that this
subaet of muasurements might not contain encugh morphological
information to provide maaningful results. The PC analyees show

that the "gurviving” meagurements do characterize much of the
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biologically relevant morphology. Differences between the akull
and mandible results, however, might be partially attributable to
differences in the degree to which the reapective sets af
measurements adequately characterize the meorphology-. The minimal
effect of these potential problems shows that the "gignal-to-noise
ratio” in foesil rhino skulla is relatively high.

This study benefited greatly from the availability of living
rhino taxa to serve as true biolagical analogues, praoviding an
important link between biology and paleontology. The amount and
kind of variation in the mconotypic genera (black and white rhinosa}
turned out to be fairly repregsentative of recognizable monotypic
groupa or presumed populational aamples among the foasils. Thua,
the analaguea played more of a corrcoborative role since there were
noe cases were fosaila were arbitrarily made to "“fit™ them.
Ironically, the demonatration of similarity of analogque and fosail
variation suggests that studies of variation in similar foasil
groups without analogues (for example, titanotheres] may be
reascnable with as few as one good gengraphically and temporally
circumecribed gquarry sample to perve as a standard of variation.
of course, when living analogues are available, they should be
used.

The dispection of variation within the rhinoceros genera, the
nature of the pooled within-group dispersion, and the wvariaticnal
overlap within and among genera ahow that evolutionary change in

rhinoceros ekull form is more or less continucus. That is, the
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"avarage” morphology (from apecies to epecies, or genus to genug)
shifts acroee a continuum of morphospace and is characterized by
variatieonal overlap among temporally adiacent, phylogenetically
related groupa. It is significant that this pattern emerges when
what is considered a relatively gacd fossil record is cbserved.
Although, there ig much current interest in the presence or absence
iappearance or disappearance} of qualitative taxonomic characters
in regards to deciphering phylogeniea, the morphonlegical "base™ to
which characters are added or gubtracted appears to evolve
conservatively in rhinocerctoids. The complimentarity of overall
morpholegy to character gtudies provides a richer, more complete
picture of skull evolution. It may also provide insight inte the
relationghips of development and evolution. There does not agpear
to have been any major reorganizations of skull! morpholegy as might
be expected if early changes in development were the caueation eof
morpholegical differences. Rather, the kinda and amounte of
overall morphological change among rhino gpecies and genera appear
to be consistent with thoae expected from natural selection acting
on populatione of individuale who vary in their terminal
davelopmental morphologies. Although Indricotherium might be an
excaption, achieving large size and shape differences relatively
quickly, it is more likely that the gap between Indricotherium and
ita ancentors repreaents unfound (or unfossilized) morphologies
whoge variational patterns would be continucus acroaes the

morphometric gap. Even if Indricotherium was the product of some
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saltatory type process, it is the exception rather than the rule
among rhinocerctoids.

Inveetigation of more specific aspects of morphological change
in rhinoc mskulls was beyend the scope of this study. There are
difficulties amgociated with identifying these from multivariate
results, and aome details were certainly lost in the unused
measurements. One limitation is the number and distribution of
méggurements across the morphology; generally smaller, more local
maaguremente are more difficult to obtain. Ancother limitation
regults from correlations and redundancies of information in
multiple measurements making interpretation ef PC leadings
difficult.

Becaune of the difficulty in interpreting morpholeogy from
multivariate results, there has been much interest in the use of
landmark methoda for the characterization of shape changen.
Although the number and distribution of landmarks result in aimilar
limitations for characterizing details of morpholeogical change, the
graphical nature of the methods makes tham potentially easier to
interpret. Currently, such methods are more developed for two-
dimenmiona)l rather than three-dimenaianal'prcblemi. Together,
measurement and landmark methods provide a complimentary and mere
complete view of morpheleogy. A preliminary atudy of evolutionary
ashape change in rhinocerces skulla was undertaken uaing the methed
of Thin Plate Splines (TPS). Thia ia a recent computer

implementation of Thompeonian tranaformation grida based on
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landmarka (Beookstein, 1991). TPS was applied to the shape
transformation from Subhyracodcn to Rhinoceraos (Indian rhino), as
eeen in lateral view. This problem was originally studied by
Colbert (1935) who prepared the deformation grids manually (Bales,
19%2). The results of TPS analysis (Figure 74) illustrate scme
specific changes in this particular phylogenetic path (within
Rhinccerotidae). These changes include shortening of the distance
between the orbit apnd nasal incision, elevaticn and rounding of the
nasal region, coaversion of the dorsal skuall profile from
relatively flat to concave (saddle-ghaped), forward rotation of the
occiput and expaneion of the occipital region. Little deformation
in the region of the mandibular body supports the notion atated
earlier that the mandible is more evolutionarily conservative. The
concave doreal profile appears to be the regult two seaparate
effecta: the elevation of nasalse and the forward rotation of the
ceciput. The former is probably related to the pregence of horus.
Functionally, the oceipital change may have two effects. The
forward position of the occiput relative to the oceipital condyles
may allow a greater range of head extenmion. More significantly,
occiput poBition effects the direction of pull of the temporalis
muyacle, a major muscle of mastication which lies in the temporal
fossa. In Subhyracodon, many temporalis fibers would have a strong
posterior component (retraction) te their pull. In Rhinocercs,

much of the temporal foesa lies above the coroneoid proceas
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FIGURE 74. Thin-plate spline (TP5) analysis of shape
transformat ion from Subhyracodon to Rhinocercs (Indian rhino).
{a) Untraneformed Subhyracodon with landmarks and reference grid.
{p)} Transformed grid showing the deformation regquired to map
Saubliyracodon landmarks on to a homologous set of landmarks on

RRincceros (not shown; outline representa deformed Subhyracodon).
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resulting in a primarily vertical pull {elevation). Thus, one of
the major changes in skull shape in the Rhinocerotidae may have
been reliated to aspects of maatication, bite force, and diet.

Because only a subsample of the known rhinocerctoid genera was
analyzed, the question arises about how idiocayncratic the regults
of thig study might be. There remains the poasibility that acme of
the unanalyzed fopail genera and lineages might have unique aspects
to their biclogical variaticn and evolution. Thia ia probably more
true at the family level becauss the two main outliers
{Zaisanamynodon and Indricotherium) are each members of different
families and are outlying from Rhinocerotidae. It is clear that
one commonality among families is the evolution of larger sizes.
This phenomenon, generalized among all animals as Cope’a Rule, is
exemplified by the Rhinccerotoidea.

Taxonomic revision was not a goal of thia study. Indeed,
pome Aatabllity and accuracy of classification was desired a priori.
However, beCause many specimens are unallocated, egpecially at the
apeclee level, and because multivariate data has not played a
significant role in current taxonomies, the morphometric results
may be helpful in clarifying, supporting, or questioning the
taxonomic affinities of specimena to each other and to exieting
taxa. For example, in Bubgeneric groupsa where unidentified
specimens were grouped with specimens given epecies names, the
provisional aspumption is that they are the same species, in the

absence of contrary information. In terme of sorting out potential
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pyatematic relationships, the moat interesting results are the
morphometric affinities of the living rhinos with the feoasils. The
cloge similarity of morphology of Rhinocercs or Dicercrhinus to
extinct forms may help to clarify the phylegenies of extant rhinca.
The affinitiee also confirm the notion that these living rhinoa are
indeed “living foBsila”.

The many fogaile which recaord the long hiatery af the
Rhinacerotaidea, provide a rare observation inte the nature of
morphological evalution in a well-defined mammalian clade. This
natural sampling of the evolutionary procegs in rhinoceroees ahould
contimie to be a rich source for analyses of morpheological,
aystematjic, and evolutionary problems. Here, several specific
quantitative methods were used to characterize the nature of
variation in the skull and mandible using a limited sample of taxa
and measurements. The application of many methods, both old and
new, to cranial and postcranial elements, should continue to

improve our underatanding of rhinoceros evolution.
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APPENDIX 1.

SPECIMEN IDENTIFICATION

Specimene used in this study are listed by number in ascending
order with skulls liated firet. cCodes represent the firat four
letters of the subgroup codea liated in Tables 2 and 3. Identical
specimen numbers in both skull and mandible lietse indicate a
matched gkull-mandible pair.

HUSEUM

DMNH -
FAM -
FMNH -
KUVP -
¥Ccz -
USNM -

ABBREVIATIONS

American Museum of Natural History

Denver Museum of Natural History

Fricke Collection of the American Museum of Natural History
Field Museum of Natural History

University of Kansae Museum of Natural History

Museum of Comparative Zoology. Harvard University

Naticnal Museum of Natural History

SKULL SPECIMENS

Coda Spec. # Museum # Genus Spec. ¥ Muyseum #

HYRA 4 AMMN 11651 SUBH 15 ANNH 33955

HYRA 5 AMNH 137564 SUBH 13 AMMN 5D-211-3667
HYRA ] AMNH 12364 SUMA 113 ANNR S4TES

HYRA 10 AMNH 12371 uNIC 48 AMNH 54454

NYRA 2 AMMN 107978 UNIC 53 AMNM 54555

JAVA 17 AMNH 43 UNIE 55 AMNN 35759

JAVA 13 AMNH 146718 CERA 59 AMNH 51856

SUMA 2! ANNRE 31892 SEEN &3 AN 1744

CERA 22 AMNK 51854 SUEN o4 AMNH 12255

TRIG 23 ANNH 12389 CERA 99 AMNH [catrinet 940]
SUBH &7 AMNH 522 CERA 101 AMNH 51860

sLigi 28 AMNH 529 CERA 102 AMNA 518517

SUBH 29 AMNN 1489 CERA 103 AMMH 51859

SURM n ANNH 1131 CERA 104 AMNH 51857

T 32 Fam Y1282 ANYH 1n1t AMNH 13189
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Genus  Spec. #  Museum ¥

116
nr
120
124
127
130
1%1
142
143
147
149
150
151

152
155
157
158
181

186
167
168
169
170
17
172
174
174
177
178
18
185
187
188
195
194
197
198
200

203

205
229
229
2N

FaM

AMNH
AMNH
AMH
AMNH
AMNH
AMNH

FaM

AMNH
AMNY
AMNH

ANNH

112148
12296
3895
oo
26037
21608
518%a
51855
112228
0055
118802
oS
85181
85176
27755
4311
112255
27738
85174
8517y
85178
25180
5181
14235
112244
85182
90204
54383
e
34T62
112245
112250
112254
1shelf
Ishel f
27866
{shel f
86220
%213
11219%
112187
5544
1124
541
1137
11

3.133)
3139

3.3

245
255
258

267
6%
70
271

276

AMNKH
FaM
FaM
FAM
FAM
MC2
MCZ
=4

Mcz
FAM
FAM
FAN
FAN
FAN
FAN
FAN
FaM
Fam
FAM

FAN
FAN
Fam
FAR
FAM
FAM
FAM
USNM
USHN
USHN
USNM

1188%
7324
112176
26215
115297
18550
82591
Lusk 119-707
11513
Ains, 108
14314
104624
114315
108338
1122
114588
114590
1M&547
114577
2735
2n?
27324
26269
15895
14526
114526
114523
104209
M4540
114538
L2979
L2978
139380
115409
8380
114396
114317
14321
114327
114414
114416
156422
54587
156507
199709
4592
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CERA 37 USKs 164553 HYCD 450 FMNH P12011
CERA 388 USNM 165594 ANYN 461 FMNE F12184
CERA 6% USHN 1864595 TRIG Q62 DNNE 1746
CERA a7 USNM 164596 TRIG 453 DN 1850
CERA n USHM 164597 TRIG 458 DNNH 1029
CERA 3r2 USNM 164598 TRIG 469 PNNR 421
BILO 37y USKM 161924 TRIG 470 DMee T056
BICO 3az USHM 162931 TRIG 471 DMNH BRD g
BICO 384 USHM 162933 TRIG 42 OMMH 420 M
arco 386 LS 162635 TRIG 475 DMNK 1053
B1CO 7 USNN 162937 TRIG 475 oMMl 414
BILO iBE USHM 162936 TRIG 490 DM BE4
BICO a9 USMM 162939 TRiG 492 OMNN 878 §
BICO 390 USH 162938 TELE 496 DMNN 309
BICS 393 USNM 162943 TELE w7 MmN 715
gIto 394 USHN 1829%2

2160 395 USNM 162945

gIco 396 USHM 182944

|IcD 397 USNM 162944

BICO 398 USHM 162068

BICO 402 USKK 182018

A1Co 404 USNM 182029

BICC 405 UShw 182046

BICD 407 USNM 132154

AICO 408 USNM 199068

BICD +09 USHM 182195

BICO %10 USHM 1990567

BICD 411 USNM 1990949

BICO 412 USHM 19070

BICO 414 USHM 199522

alco 418 USNM 540004

TRIG [Y-r] USHM 15565

TELE 424 KUVP  [mounted]

uNIc 426 FNUH 25707

UNIC 427 FMNR 25708

UNIC 43D FMNK 57822

CERA 431 FRNR 274

Bico 436 FMMH 34278

BICO &37 FMNH 85429

aIco (¥4 FeNN 127849

MEND 452 FMN# PIS150

MEND 453 FMaM P1285D

wEND 454 FMNH OC1355

MEND 454 FMNH UC1352

MENQ 57 FHNE P15144

DICE [17.] FMNK »12018
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MANDIBLE SPECIMENS

FENE
JAVA
JAVA

CERA
SUdH
SUGH
SUBH
SUgM
SUBH

MERD
CERA
CERA
aIco
BICO
B1CO
BICD

m
102
103
104
wr
114
1"z
120
124
126
124
129
132
141
142
1<?
149
150
151

AMNH 114851
AMNE 12344
AMNH 12355
AMNA 1170

AMNH &3

AMNH 146718
AMNR 21892
AMNH 51854
AMNH 529

AMNH 1489

FAR 112162
FAM LUSK 0-717-2113
AMUK 38995
AMNH 5D-211-3667
AMNM ST-18-444
AMNH 1134
AMNBR 1128
AMNN 54743
AN 54456
AMNH 54455
AMNH 35759
AMNA 51BS4
AMNH 456-22185
AMNH [cabinet 940)
AMNH S1B&D
AMNH 51851
AMNE 51859
AMNN 51857
AMNY 26702
AMNH 99381
AMNH 12296
AMNE 3R99¢
AMNH 1000
AMNH 20286
AMNH 26680
RMRH 266456
FAM 115043
AMNH 51858
AMNH 51855
AMNH 90055
AMNH 118502
AMNY 35175
AMNH 85181

Genus  Spec.
a100 155
BICO 157
MHEND 158
|I1L0 141
BICO 165
BICQ 167
a1c0 168
a1ce 169
a100 170
MEND 172
arce 174
BICO 176
a21c0 177
HICD 178
AICO 1a1
BERD 186
MEND 139
MEND 1%0
MEND 1w
KENG w2
HEND 194
ACER 266
APHE 207
APHE 208
APKE 20
APKE ikl
ACER 212
APNE 213
APKE T4
APME 215
APHE 216
TELE 217
1ELE 218
TELE 219
TELE 22
TELE -rel:d
TELE 23
TELE 2%
TELE 225
TELE 226
TELE 27
j=0): L] 231
SUBH 232

AMNH
AMNH
AMNH

AMNH
FAM

FAM
FAM

FAM
FAN

AMNH
FAM
FAM
L]
Flp
AMMNE
FAN
FAN
FAM
FAM
FAM

27785
53N
11225%
277se
85174
a1
as17g
85180
25181
112244
85142
50204
54383
LTIV
1% ¥
M2245
Agate E
Agate L
Agate M
Agate AA
25218
25218
TLELT
114650
114851
114672
98034
14780
14826
114840
FLATAL-Z725
1152448
15267
15z
115618
13874
115782
115951
115958
117880
115567
1137
543
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SuaH 234 AMRM 1129 ARHE 3w FAM 114357
DICE 241 AMNH (box 117 - #710) PERA 3D FAM 118407
ACER 265 AMKH 26215 TELE 345 FAM 116436
TELE 249 AMNH 18924 TELE n? FAN 14437
YELE 250 AMNNH 21698 URIC 348 USKNM 545847
TELE 253 AMKH 115025 110 K9 USHM S4SBLA
TELE 254 AMKN 11507% CERA 360 USNM 19970%
YELE 255 AMNM 115207 CERA 188 LUSkM 164592
INGR 258 ARNH 18£50([see foctnote] CERA 87 USNM 164593
YELE 259 FAM 115379 LERA 348 USHM 164594
TELE 260 FAM 115371 CERA 369 USNM 164595
TELE 261 ANl 10878 CERA 370 USNM 156555
TELE 262 FAM 11509 CERA LYal USNW 156597
TELE 263 FAM 115582 BICD 37e USHM 161924
TELE 264 FAM 115252 aIco 382 USNM 1462931
AFRE 273 AMNH Ains . 74-2 [ 1]} 384 Ushi 162933
APHE e FAM 104623 aice 388 Uskm 362935
APHE 2" ANNH FLA 15852565 [:1{ss] 387 USHM 162937
PERA 276 AMNN 108332 aIco 138 USHN 182535
Sufk 27 AMNN 1109 aice 385 USN 1452939
HYCD 230 AMNH 14433 gico M0 uskeM 162938
TELE 281 FAN 114538 aleg 392 USKM 142941
TELE 282 FAM 1125385 slco 393 USNM 16293
TELE 283 FAM 114597 a1co %% USKM 162942
TELE 28BS AMNH 2523 sIco 396 USNM 162944
TELE 200 AMNH 3391 Blco N7 USHM 162965
TELE 202 FAR 114570 gI00 398 USKM 1462568
aico 294 MC2 41993 BIC0 402 USKM 182018
aico 295 MCZ 27135 arco 0% USHM 182045
CERA 297 Hcz 34350 a0 4p? USKM 182194
CERA 298 MCZ 2497 elo 408 USHM 199058
JAVA o mC2 27324 sl 410 USHM 199067
UNIC 303 KC2 26269 8100 &1 USNK 199089
81co 05 M2 15495 BICO 12 ussn 199070
TELE 32 FAN 114526 BICC W14 USHM 199502
TELE 33 FAN 114523 :] [=+] 418 USKM 540004
TELE k313 FAM 104209 TRIG (¥4 USNM 4815
PERA 39 FaW 114310 TRIG 423 USNM 5467
APHE 322 FAM 1143158 TELE 24 KUVP  (moun ted]
HYRA kb1 FAM 12854 suBH 425 KUvp 27B7
PERA 324 FaM B9340 UNIC 426 FMNK 25707
PERA 525 FAM 114412 UNIC w27 FMNH 25708
ADHE 330 FAM 116317 UNIC 429 FMNK 57639
APNE 33 AN 114119 CERA 431 FMNH 29174
APHE 13 FAM 114322 :1 81 0] 435 FHNH 3278
ARHE 313 FAM  F14352 BICD 437 FMNN 85429
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HYCO
TRIiG
TRIG
TRIG
TRIG
TRIG
TRIG
TRIG
TRI1G
TRIG
TRIG
™RIG
PERA

481
483
“BL
(3.5

a5

FMNR 127849
FMNH 127851
FHMH UCIBS
FMNKR UCT1355
FNN 15746
FrNH P12018
FHRR P12011
DMNN 1510
DMNH F-126
DMK 2712
oMK 267D
DMNH 412
DMNH 2695
DMNH 291
DUNH 2674
DHNH 1037
DMk 2726
DuN 1029
DK 732

Nate: AMNH 1B&50 is = cast.
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APPENDIX 2.
DATA BHERT

Data form used for each specimen {shown reduced in smize).
Measurementa were taken from top~to-bottom, left-to-right.
Ancillary data included genus/species/subspecies designations
{G\S5\8), collection information (COLL.), museum identification
{MUS.), field notes (FIELD), male/female {M\F), and locality-
atratigraphy {(LOCAL). Teeth present and first molar wear stage were

also recorded (p~ = first deciduocus premolar; P = first permanent
premolar).
aas; CoLL: GEDATE:
18 : FEn: My F
LOCAL:
MAXL H E%B’S’% W omw? E‘
LI -
Wwos || 2 B e e e
CRANIUM MANDIELE
agp]  oxol gPG cnez i
OXFZ oxLE cNPG cPPz
] Loxg Qv CNCN
| OXDR BICN QXAE ChNMA
BIGA ENINE _  epm CPMa
azy WOXB L gsgom | PRt
oy O sl e
PORG ﬂﬂﬂir——— smas |
O3 oMW MapL ;ﬁﬁ“"“*
=Nl ol ome ANGW
or | - 1=l I ooy
N Mxar | wora |
FHM1 | MMO weat |
Eﬂlﬂ____ 151" W I WN
UET waw[ —  DM—
a0 O TERR | e
oRTP L wata | [T 1L, A
- o T
BNAS | e
XA | PALH o S
QENDL: TERH PR
Py o | R
INFH PALE GOMI
WEw ) SpuT |
so@A
b2 I
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APPENDIX 3.

MEABUREMENT DEFINITIONS

APPARATUS

Roman numerala ipndicate inatrument (caliper) type or measurement
aid (plexiglas); lowercase letters refer to caliper subparts or to
different aida. The numerals and letters are referred to in the
degeriptions of measurements.

I. Fowler I2" Digital Caliper.{Swiss). Thiza allowa outgide
measuraments only uaing longer sgquared-tip jaws (I.a) or shorter

pointed-tip jaws (I.b). The metric range ies 0 - 369 mm, accurate
to 0.01 mm.

1I. Fowler (Sylvac) Uleracal IT 6~ Digital Caliper.(Swies)-.
Includes longer, pointed jawa for outpide measurement {(II.a),
shorter, pointed jawe for inside diameters (II.b), and a depth
gauge (II.c). The metric range is O - 153 mm, accurate to $.01 mm.

11X. GPM Anthropomerer.(Swiss). A apecialized caliper designed for
taking human somatic measurements. Jawd are long (22cm) and the
tip-to-tip measurement range ig 0 - 210 om, accurate to 0.5 mm.

IV. Helios ]2~ Dial Caliper.(West German). Similar to I, but non-
digital. Includes depth gage (IV.a) with maximim depth of 32 cm,
accurate to 0.05 mm.

V. Plexiglag Plates. Rectangles, 10" by 1", 2", or 3" (V.a]).
Oddeut, 21" X 3" with 2" X 8" corner removed {V.bj. 12" by 4"
rectangle with ruler attached to surface (V.c). Plate thickness is
5 mm {nearest mm}-
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LANDMARK DEFINITIONS

Uppercase letters identify apecific landmarke and are referred to
in the description of measurements.

A. Most posterior point in the median plane along the nuchal margin

Given the divereity and irregularity of the occipital region, some
judgement is required to locate this point. When there im a
distinct nuchal ridge, it is simply followed to the median plane,
and if the ridge ie thick, the superior margin ie used. Where the
ridge is leas diatinct, it must be decided where the dersal gurface
of the skull "ends™ and the cccipital surface "begins”. Because
the ridge may turn inferiorly as it approacheas the midline, thie
landmark does not necessarily correspond to the most superior point
of the occiput, nor to the moat poeterior point of the oceciput,
depending on the inclinaticn of the eccipital "plane™ and the
presence of tuberous and rugose areas.

Heasurementa to this point: OXTP, OXp2, OXPO, OXTO, OXLE, OXAE,
OXOR, OXM2

B. Posterior margin on the basiocciput

Between the occipital condyles inferiorly, the basiocciput presents
a rounded poaterior margin which is somewhat external and inferior
to the true foramen magnum aperture. The moat poaterior point of
the margin in the median plane is marked while observing the skull
poBtericrly at the level of the occipital condyles.

Meapurements tc this point: OXTQ, MGPL

€. Most latsral] point on the articular eminsence

The articular surface is usually smoother than surrounding bone and
may have a different hue. These two factors help in following the
margin to its most lateral extent. Thia point does not necessarily
correspond to the most lateral point of bore in the region, or of
the zygomatic arch.

Measurements to thie peint: OXAE, AFAE, AEPZ, AEUR
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D. Most anterior point on the margin of the crbit

This point ig difficult to determine for several reasons: the
orbital margin ia not well-defined, being rather rounded and
amoothly continuous with adjacent bone, and the lacrimal process
and foraminae may appear to occupy the position. In auch cames,
the pecint is considered as just inferior to the lacrimal process.

Heaaurements to this point: OXOR, AEOR, BIOR, ORP2, ORNA, ORTP,
QRMX

E. Nost anterolateral point on the alveolar margin of the second
upper premolar

The anterior and lateral margine of the alveolus are continuous at
the anterolateral “corner™. The eenter of this curved part is
determined by eye.

Measuremente to this point: OXP2, QCP2, REPZ, P2MX

F. Mnst posterior point an the palate in the median plane

This is atraightforward when the auture between the palatine bones
i3 tight or fused. If there is a cleft between the two bones, the
point must be imagined as lying on the plane tangent to the
poateromost medial pointe of both aides.

Measurements to this point: MGPL, PALL,

G. Most lateral peoint on the mandibular ceondylar articular surface
As with the articular eminence, texture and hue usually distinguish
it from the surrounding bone. It ig usually at or just medial o
the most lateral peint of bane.

Heagurements to this polnt: CNCN, MCNL, CNP2, CHM3
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8. Anterior margin of the mandibular ramua in the occlugal plane
of the tooth row

This point is conatructed by placing the broad part of V.c on the
mandibular teeth euych that the narrower gection padses along the
lateral surface of the mandibular ramus and the indented edge abuts
the anterior margin of the ramus. The inferior surface of the
plastic is used to mark the point.

Meapurements to this point: RAMD
I. (Note: "I" is omitted 32 & landmark identifier to aveoid

confusion with the Roman numeral I above, indicating an inetrument
type) .

J. Posterior margin of the mapdibular ramus in the plane of the
tootfs row

Position V.¢ as for 8. With the projecting flange againest the
ramug, mark the posterior margin of the ramus in the plane of the
inferior surface of the flange.

Measurements to this point: RAMD

K. Most pogtarclateral point op the grinding surface of the lower
third molar

When the posterior loph is worn, its most posterior point is easily
identified. In the unworn tooth, the grinding surface ip

conaidered to be the ridge of the loph.

Measuremente to thia point: OXM3

L. Most superior point on the corocnoid procass

From the side, mark the top of the arec of the superior surface of
the coronoid process. If the coronoid procesa is flattened
superiorly, the point is considered to lie midway along the
superiormost extent.

Measurements to thig point: CFCP, CPP2 , CPM3 , CPRH
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M. Anteriopr limit of the temporal line

The temperal line may be distinguished as a ridge or line
separating the relatively amooth bone of the temporal fossa from
the rougher bone of the dorsal skull surface. Anteriorly, the line
endes above and behind the orbit. Posteriorly, the line turns
laterally and may grade into the rugosity of the nuchal ridge.
Some judgement is therefore required to determine the exact points.
Measure uBing I.b. In Diceros biceorpis, the temporal line
intersects a aecond ridge coursing antercsuperiorly from the optic
and mandibular foraminae. The intersection is the marked point in
thia caae.

Measyremente to this point: TFLN

N. Posterjior limit of the temporal fossa

Ags the temporal line courses posteriorly {(See M)}, it eventually
arches laterally along the cceipital margin. Judging the most
posterior point of this arch requirea care, and it may be more
lateral or more medial depending on the species.

Measurements to this point: TFLN

0. Intersecticn of the alveclar margin with the plane passing
through the anterior margin of the orbit and perpendicular to the
tooth row

Use V.a to approximate the plane and its orientation.

Measurements to this peint: TFHT, LFHT

¥. Mogt anterior point on the maxillary bones

Where functional incisors are absent, this point is on a projecticn
of bone. Care must he taken to aessesg any breakage. In species
with incisors, the point is located sagittally between first
incisora.

Measurements to thia point: P2MX, ORMX
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Q- Host posterior puint on the alveolar margin of the third upper
molar

Measurements to this point: OXM3, M3IM3, MAGT, MXMO

R. Mast posterior point on the occliusal surface of the most
posterior molar

Measurements to this point: CNM3, CPM3, BIM3, MNGT, HNMO

8. Nost anterior extent of the attachment of the masseter to the
zygomatic arch

The inferior margin of the zygomatic arch is marked by ridges
andfor rugosities. The point is marked where these appear to end
at or near the maxillary reot of the arch.

Heasuremente to this point: ZYLN

T. ZFoint on the inferioxr margin of the mandible in the plane
passing through the mandibular notch and perpendicular to the plane

of the toagth row

Measurements ta thif point: RAMH

MEASUREMENT DESCRIFTIONS

The following descriptions are grouped by skull and mandible.
Within each group, meagurements are listed alphabetically.

Skull

ABAE - Bigrticular eminence breadth. Distance between the mast
lateral points of the articular eminences (€ to C).

AEBOR -~ Articular eminence to crbit. C to D using I.

ABP2 - Articular eminence to second upper premolar Most lateral
point of the TMJ articular surface ts mowt posterior margin of P2.

315



BICN - Bicopdylar breadth. Horizeontal distance between the moat
lateral points on the occipital condyles using I.a.

BIOR - Biorbital breadth. D to I using III. The orientation of
the caliper i8 not important as long 48 the tips are in the
gagittal planes through the pointa. If lacrimal procesaes prevent
Placement of the tips directly on the points, position the tips by
eye so that a line along the caliper jaw projects through the
point.

BIP8 - Bipostglenoid breadth. Inside distance between the
postglencid processea measured at their basea.

BIZY - Outer bizygomatic breadeth. Distance between the moat
lateral points of the zygomatic arches. Place jaw of III
vertically against the arch and ¢lose against the corresponding
point on the opposite side.

BNAS - Binagal breadth. Nasal breadth measured at an estimated
point 50% of the distance between the moet poasterior point of the
nasal inecision and the midline in the plane of the nasal tips.

CNLN - Occipital condyle length. Place I.a against the most medial
margin of the condyle and close down againat the most lateral
nargin of the condyle. This measyrement should be approximately
parallel teo the leong axis of the condyle.

CNPG - Condyle to postglencid process. Distance between the
occipital condyles and the postglenoid procegsses. Place III
against the posteriar surfaces of the ceccipital condyles and cloae
down against the processas anteriorly.

ENDO ~ Endeocranial IengthA. Endocranial length measured from the
superior margin of the foramen magnum (as defined for FOMH) in the
median plane to either aide of che cribriform plate using IV.a.

EXINA - External nasal aperture breadth. oOutgide diameter of the
anterior nasal aperture measured at its most lateral point® when
viewed anteriorly. Pace I.a against the lateral side of the naesal
wall and cleoB8e the opposite jaw against the analogous point aon the
oppogite side of the akull.
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PHMY - Face height including upper first molar. Distance from the
lateral occlusal margin of te firat upper molar to the dorsal
midline of the cranilum in a plane passing through D.

TOME - Fforamen magnum height. Foramen magnum height from the
superior to inferior margina uaing II.b. Place a jaw againat the
table of bone forming the floor of the foramen and spread the other
jaw to the supericor margin. The superior margin often includes
irregular bony outgrowths or a vertical slit in the midline. 1Im
either case, the "upper margin” ia cbtained by eatimating a
smoothly extrapolated curvature based on the remaining margin of
the foramen. Smaller specimens may require the uge of II.b.

FOMW —~ Foramen magnum width. Distance between the most lateral
margins of the foramen magnum. Uee the jawa of III ({either end)
as inside calipers. True distapnce is the reading plus 2C.C mm to
correct for the widkth of the caliper jaws {(as in ZYZY). Smaller
gpecimens may require the use of II.b.

INPB ~ Infraorhital] foramen height. Vertical height of the
infraorbital feramen. Using I.a, make a judgement as to the
boundary of the foramen and meagure in the mest convenient
orientation of the caliper.

INPW - Infraorbital foramen width. Horizontal width of the
infraorbital foramen. Measured aa for INFH but in the horizental
plane.

LFET —~ Lower face Reight. D to O using I.b.

LOXBR - Lower occipital breadth. Breadth of the occiput in the
horizontal plane passing through the superior margin of the
gccipital condyles.

MGAE - Foramen magnum to articular eminence. Posterior margin of
the basiccciput to tha lateral articular eminence.

HGPL - Foramen magnum tc palate. Distance from B to the posterior
margin of the hard palate in the median plane, Place a jaw of I.a
at B and the other jaw tip at the posterior median point of the
palate.
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MOIB - Middle occipital breadeh. Distance between lateral
occipital margins at a level between LOXB and UOXE and measured in
two waye depending on the nature of the occipital region: (a) where
the occiput i8 concave, the minimum distance is measured, (b} where
it is straight or convex, the distance is measured in an estimated
plane S04 of the distance between A and LOXB.

MIGT - Maxillary grinding tooth row length. Distance from the most
anterior point of P2 to the most posterior point of M3 along the
grinding surface,

HXMD - Maxillary molar tooth row length. Distance from the most
anterior point of Ml to the most posSterior point of M3 along the
arinding surface.

N1Ml - Breadth across upper firse molars, Distance acrogg acroag
the first upper molars measured between the buccal crown surfaces
at their most lateral points inferior to the alveolar margin.
Place tip or edge of I.a againat cone tooth and close againat
opposite tooth such that comparable parts of the jaws are in
contact with the tooth. If the teeth are loose, they must be
stabilised (with the free hand) in the position which is judged
most natural.

M3IM3 - Breadth acrogs upper third molars. Outside diameter across
the third upper molars measured at the distal root. Place I.a with
tip in the plane of the alveolar margin and side vertical against
mo8t lateral surfare of tooth. With calipers horizontal, close jaw
against opposite tooth. If the teeth are loose, they must be
stabilised (with the free hand) in the position which seeme most
natural.

OCE2 - Occipital condyle to second upper premolar.

Occipital condyle to D. Hold jaw of III against the poaterior
surface of the occipital condyle. Spread second jaw point to D of
same aide.

ORMX - Orbit to maxillary tip. D to the midline in the plane of
the most anterior projection of the maxillary/premaxillary bones.
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ORMA - Orbit to nasal incision. Most posterior point on the margin
of nasal incigicn to D. Place jaw of I.a against the margin of the
incision and the other jaw tip at the indicated point.

ORTP - orbit to pnasal tips. B to the midline in the vertical plane
of the nasal tipa using V.a.

QIAE ~ Occiput to articular eminence. A to C using I.a.

oXLE

oceipital length. Distance from A to B using I.b.

OIM3 - gcciput to third ypper molar. A to @ uming I,.b.

OXOR - Occiput to anterior orbital margin A to D using III.

OXP1 - Occiput to second upper premolar. A to D. Fram the eide of
the skull, place the tips af III at the indicated pointa. In cases
where both points cannot be seen at the same time, it must be

decided which point is moat easily held in place while out of view.

OXTO - Total occipital height. Total vertical length of the
accipital region measured from the external surface of the inferior
margin of the foramen magnum to A.

QITP - Occiput tc namal tipsg. Plane of the most anterior points
of the nasal bones to A. Place V.b acrosg nasal tips to define
plane. Place a jaw of III. against the plate in the midline and
close cpposite jaw point to A. This method does not account for
distances betwaeen the nasal tipe8 Or presence ar abeence of bone in
the midline posterior to the tipa.

PALD - Palaee depth. Depth of the palate measured across the first
molar. Place V.a across the first melars. HMeasure anteriorly from
the plate to the midline of the palate with II.c.

PGLE - Postglenoid prucess height. Place V.a (1") horixontally
acrogs the tip of the postglencid process. Uge II.c to measure
vartically from the plate to the bone at the base of the process.
Correct for thickness of the plastic.
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PLOR - Palate to orbit. Poaterior margin of the palate in the
madian plane (F) to the moet anterior point on the margin of the
orbit (D}.

PLP2 - Palate to gsecond upger premolar. Postericr margin of the
palate in the median plane to the anterolateral margin of the
alveonlus of the sgecond upper premclar.

PORB ~ Postorbital constriction width. Digtance across the
narrowest conatricticon of the cranium posterior to the orbits and
medial te the zygomatic arche. Judging from directly abave, place
one jaw of III vertically against one pide at the narrowest point
and close oppoBite jaw against corresponding surface on the
opposite side.

PlLE - First upper premolar length. Length of the upper firat
premolar measured with I.b. from the anterior to posterior margins
along the midtoothrow axis.

P2MX - Second upper premolar to maxillary tip. Anterolateral
margin of the second upper premolar to the midiine in the plane
passing through the tipa of the (pre)maxillary bones.

B2F2 - Breadth across second upper premolars. Outside diameter
acroes the second uppar premolars measured bewesn the most lateral
partat the distal root. Place I.a with tip in the plane of the
alveolar margin and side vertical againast most lateral surface of
tooth. With calipera horizontal, close jaw against opposBite tooth.
If the teeth are loose, they must be stabilised (with the free
hand) in the position which seems most natural.

TERB -~ Biterygoid process breadth. Breadth of the ptarygoid
procegaeg measured between their moet lateral pointa. Place a jaw
cf I.a againat the most lateral point of one procesa and close down
the other jaw on the corresponding opposite point.

TERE ~ Pterygoid process height. Vertical height of the pterygeid
processes. Place V.a (1") acrpas the inferior limits of the
pterygoid procemses and balance perpendicular to the processes. At
the poaterior edge of rthe plate in the midline, use II.¢ to measure
the distance to the baone.
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TPHET - Total face height. Distance from O to the midline darsally
in the plane paasing through the anterior margin of the orbit and
perpendicular to the tooth row.

TPFLN - Temporal fogsa lengeh. M to N using I.a aor III.

TFO8 ~ Temporal fossa opening. Distance acress the temporal fossa,
approximately anteroposteriorly, where the fossa opens inferiorly.
Place the jaws of IIT through the fossa and gpread to the widest
pointa, making aure that comparable parta of the jawe are touching
bone .

UPRT - Upper face height. D[Distance from D to the dorsal median
surface in the plane passing through D and Q.

UM1L - Maxillary first molar length. Length of the first upper
molar measured across the greatest extent of the buccal surface.

UMIW - Maxillary first molar breadth. Width of the first upper
molar measured between roots as close as poesible to both alveolar
margins.

OOXB - Upper occipital breadth. Breadth of the occiput asuperiorly
either: (a) where the nuchal ridge ends and the margin turns
anteriorly or inferiorly, or (b) where the margin has a maximum
distingished from the minimum in MOXB

3YHT - Zygomatic height. MeaBure vertically in the plane pasfing
through AE and approximately parallel toc the external surface of
the arch.

ZYLN - Zygomatic process length. Masseter attachment along the
length of the zygomatic arch measured from € to 8.

ZYZY -~ Inner bizygomatic breadth. Distance between the medial
sidea of the zygumatic archea in the coronal plane that passes
through the moat lateral pointe on the medial sides of the archea.
Uping IIT as an inside caliper, place cne jaw against the internal
aurface of the zygomatic arch where the internal surface ie
farthest from the saglttal plane. The true distance equals the
reading plua 20.0 om to correct for the width of the jawa,
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Mandible

ANQD - Marndibular angle depth. Distance across the lateral surface
of the mandibular angle measured from H te a point approximately
S0% of the distance along the arc between I and T,

ANGW - Mandibular angle width. Mediolateral width of the
mandibular rakus measured at a point 50% of the distance along the
arc between J and T. With I.a, grip the mandible at and gently
rock until minimum distance ig attained.

BDMl - Mandibular body plus first molar height. Distance from the
lateral upper edge of the first molar crown to

the inferior margin of the body in the plane between the roots of
Hl and perpendicular to the tooth row {as for BDET).

BDBT - Mandibular body height. Vertical depth of the mandibular
body measured from the wmargin of the alveolus between the roots of
Ml parpendicular to the tooth row and body along the external
surface. Place VI againet mandible inferior to the firat molar.
Place I.a tip at alvecolar margin and close opposite jaw againat
plaetic.

BDBR, - Nandibular body breadth. Mediolateral width af the
mandibular body in the plane through the roots of Ml. Place I.a
vertically against the body then close down jaw against opposite
surface.

BIM3 - Breadth across third lower molars. R to R using II.

BINl - Breadth across first lower melars. Distance across the
firat lower molare measured between the buccal crown surfaces at
their most lateral points above the alveolar margins.

BIP2 - Breadth acrosa secnd lower premolar. Distance across both
tooth rowa at the level of the second lower premolar mesaured from
D to D using I.a.
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CNP2 - condyie to second Jower premolar. Moat lateral point of the
occipital condyle to the most anterior peint of P2 at the grinding
surface.

CPCP - Bicoroncid process breadth. Distance between the the most
superior points of the coroncid processes {L to L) using I.b.

CPP2 - Coronoid process to second lower premolar. Superiormost
peint of the coronoid process to the most anterior point of the
second lower premclar at the grinding surface.

CRCH - Mandibuiar bicondyle breadth. Distance between the most
lateral pointe of the articular surfaces of the mandibular condyles
{G to Q). Position oppoBite jaw points of I.a at the marked peints
indicated.

CNM3l - Condyle to rhird lower molar. @ to K using I.b.

CPM3 - Coronoid process to third lower molar. Host superior peint
cn the coronoid process (L) to the most paaterior paint of M3 (K)
at the grinding surface. If the top of the ¢oronoid proceas
appears flattened then take the midpaoint.

CPRE ~ Coronoid process height. From a tangent plane pasaing
through the inferiormost part of the mandibular noteh and parallel
to the tooth row to L. Place a jaw of I.a adjacent to the lateral
side of the ramus in the appropriate plane of the notch, then close
down the opposite jaw to the top of the process. This measurement
is usnally slightly off vertical.

LEPl - First lower premolar length. Length of the first lower
premolar measured at the grinding surface aleng the axis of the
tooth row using I.b,

MCNL - Mandibular condyle length. Length of the mandibular
condylar articular surface meagured from the most medial point to
6. The digcussion of ¢ above also appliesa to the most medial
point.
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MHGT - Mandibular grinding tooth row length. Distance from the
mest anterior point of P2 at the grinding surface to the most

poaterior point of M3 along the grinding surface psrpendicular to
tha tooth row.

MNWO - Mandibular molar tooth row Iength. Distance from the most
anterior point of Ml to the moet posterior point of M3 along the
grinding surface perpendicular to the tooth row.

LM1L - Leower first melar length. Length of the first lower molar
at the grinding surface. Place the tip of II.b across the most
anterior point of the taoth surface with the jaw perpendicular to
the tooth row. Close dawn the opposite jaw ta the teooth or an
analogous plane.

LMIW -~ Lower first molar width. Mediolateral width of M1
perpendicular to the tooth row measured across the middle of the
diatal root. FPlace the tip of I.a at the alveolar margin midway
between the posterior margin and the tooth constriction. With the
firat jaw vertical, close the gecond jaw againat the lateral
surface of the tooth.

P2TF - Second lower premeclar to nasal tip. Distance from the
antarior margin of the occlusal eurface of the second lower
premolar to the gnterior limit of the mandibular symphysis in the
midaaggital plane. Use I.a.

RAMD - Nandibular ramus deprh. Distance from 6 to T using I.a.

RANB - Mandibular ramus height. Distance from the inferiormosat
point of the mandibular notch to the inferior margin of the
nandible, perpendicular to the plane of the tooth row.

SYML - Mandibular symphysis length. Greatest length of the
mandibular symphysis in the median plane. Place tip I.a against
the most anterior limit then cloee opposite jaw against posterior
limit such that corresponding partz of the caliper jaws are
touching bone. May measured from above ©or balow.
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SYww - Nandibular symphysis depth. Maximum Thicknesns of the
mandibular aymphysi®s in the median plane measured from the
poetericr aapect. From below and between the bodies, place I.a
againat internal (supericr) surface of asymphysie and clope opposite
jaw against external {(inferior surface) surface. Some rugoaity of
the lower surface may be included but any distinct ridge or other
boney exenaions not directly contributing to the connection of the
mandibular bodies should be excluded.
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APPENDIX 4.

RAW DATA

Raw data for specimens ueed in analyses. Skulle [N=184) are listed first, followed by
mandibles (N=1B7). Ganera and specimens are listed Ln ths same order as ln Tables 2
(skull) and 3 {mandibla). Skul) data is presented in two parts: AEAE ~ MXGT and MXMO -
2YLN. Estimated measuremente are indicated by brachkets (]. All msasurenents are in
millimeters.

SKULL (AEAE -~ MKGT)

o CENUS SUBGEN AEAE AEOR AERZ  BICH  BIZY LFHT  LOXB MIM1  M3M3  MGAE  MXGT

CERA 22 CERA CERAS 332 250 455 151 332 125 22 21 138 229 280
CEAA 59 CERA CERAS 331 235 &9 19 3% 123 3% 28 13 29 M
CERA 99 CERA CERAS 141 234 553 152 363 1% e w6 257 2w
CERA 1D1 CERA CERAS 344 247 451 154 57 13 287 2% 144 219 287
CERA 102 CERA CERAS 309 211 a3 123 M7 125 228 201 136 25 280
CERA 103 CERA CERAS 337 251 &hé 145 150 teb 242 20 134 234 263
CERA 104 CERA CERAS M0 242 448 150 358 151 241 2 132 244 203
CERA 161 CERA CERAS 39 242 451 Wy 342 112 245 220 146 234 265
CERA 1462 CERA CERAS 342 246 LAD 154 45 143 257 205 124 240 275
CERA 298 CERA LCERAS 330 258 451 154 134 s 255 207 135 233 251



LZE

10 GEWUS SUBGEN AEAE  AEDR  AEP2Z  BIEN  BIZY LFHT  LONE MWIM1  M3M3  WGAE  MIGT
CERA 350 CERA CERRS 324 262 439 152 325 130 2% 203 110 211 249
CERA 366 CERA CERAS 318 25) 457 139 18 138 23¢ 214 114 226 256
CERA 3A7 LCERA LCERAS 23 A4S 445 1“2 32 120 258 203 140 234 282
CERA 368 CERA CERAS  33B 282 455 W2 3B 139 246 205 138 228 27
CERA 369 CERA CERAS 320 241 435 134 14 128 242 197 1% 2 262
CERA 37D CERA CERAS 343 285 453 LLY S 125 259 219 139 241 s
{ERA 371 CERA CERAS 335 239 413 134 33 128 215 214 130 228 57
CERA 372 CERA CERAS 372 264 444 143 I 145 255 2 ws 255
CERA 431 CERA CERAS 336 255 443 145 340 138 248 207 g 242 272
SUMA 21 SUMA SUMAS 284 185 304 97 11 o6 198 a8 In 188 187
SLMA A8 SUMA  SUMAS 142 1846 100 123 300 Bé 194 t 115 i 204
8IC0 147 8I1C0 BICOS 5 22 I 138 30 100 227 20 138 228 255
BICO 149  BICO BIEQs 346 244 377 138 132 91 229 193 122 209 29
BICD 15¢ BICO BICOS 310 223 274 128 324 L/ .. 192 121 1w Mm
BICD 151 BICD BAICOS 317 232 1IN 159 322 1 255 % 119 210 2w
BICO 152 8ICO AICOS 328 238 362 132 ns g0 238 198 133 214 29
|1co 155 elck aicos 289 212 1584 1M 310 215 184 15 182 245
BICO 157 BICO BICOS LoT4 248 408 152 358 g5 249 1 126 221 251
BIca 181 AIC0 glcos  IN 230 31 125 M0 92 212 203 121 23z 2
PICO 166 RICO BIGOS 3913 237 386 132 3z 95 ] 192 135 202 2%
pICO 147 BICO AIgos 327 233 382 126 318 95 22 202 123 215 25
BICO 148 AICO BICOS 3F5 245 39 137 345 9T 237 183 135 223 24
alce 169  elco BICDS 311 232 4R 123 38 184 215 179 12¢ 195 24
BICO 170 3100 Bicos 314 21 s 134 3% & 235 220 129 217 X0
BICO 174 8Ico BICDS 330 211 I 137 343 100 22 208 132 208 A9
BIco 176 BIicD BICOS 317 248 375 128 327 97T 2% w3 117 205 259
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o GENUS SUBGEN AEAE AEDR AEPZ  BICN  BJZY LFHT  LONB MIM1  #3M3  MGAE  MKGT
8Ic0 177 8ICO BICOS 21 245 382 128 3312 ae 23 203 12§ 215 243
BICO Y74 BICO BICDS 310 215 357 1t 123 92 212 W 135 20 234
BICO 181 EBICP BICDS 318 228 3A3 1% 31p BT 233 187 1% 208 239
BICO 265 BICO BICOS b [1>] 214 353 121 2 7 217 184 156 195 238
@ico 305 8ICO &Icos 33n 244 367 hrs] 18 a3 2 198 127 213 263
BICO 379 BICO BICOS M0 226 354 128 123 80 26 Wr 120 23 2l
BICO 362 BICO alchs Iz 247 12 130 36 9 24 0 132 M2 2
BICO 385 BICD BLCOS 124 & 389 11 348 94 219 291 138 217 260
Ico M4  BICO atcDs 314 22 MY 1§ 340 BY 238 W?r 13 209 235
BiCO 187 BICO BICOS 113 252 m 136 329 @4 2k 203 121 2z 273
BICO 388 BICO BICDS 3312 224 384 149 32 100 242 " 137 214 219
plco 589 BICO BICOS 297 237 w8 112 W17 106 28 192 14 21 26
BICO 390 EICOD BICOS M 219 B3 m 134 95 241 197 123 220 253
BICC 353 BICO BLCOS T4 2% W 152 38 00 25 200 131 228 250
atco 3vL aicd alcos 324 2315 i 133 37 ar 251 209 121 214 25%
BICO 395 HICO HICOS M 23t 5 139 339 o2 213 214 128 213 263
BIlCO 3es aI1co aices 326 237 A0S tha 357 90 24D 208 123 214 27
pico 397 &0 aices W7 239 T w2 I s 229 210 118 212 272
BICO 398 @8ICO BICOS 310 2es 32 133 325 7a 220 17 114 209 258
BICD 402 BICO BICES s 229 ¥4 132 3N R0 220 195 135 206 24l
BICD 404 8I1C0 BICOS 34 244 in 115 E31] 85 222 199 130 215 252
BICO 405 @IC0 BICOS 299 23 3r0 158 33 9t 222 000 111 198 254
BICO 4D7 BICO BICOS 30A 210 30 2% 325 98 215 143 120 202 222
BICO A0 @LCO0 elCOS M7 227 I R 327 B7 210 % 116 205 A5
BICO 409 8ICO0 BICOS 304 218 340 135 ny 8 217 T 113 20k 2%
BICO 410 BICO BECOS 312 224 156 13 A a5 2 195 120 "Wy 56
BICO 411 BICO BICDS 44 27 ¥ 134 110 90 2. 177 137 198 22
BICO 412 BICO BLCOS 304 217 51 139 324 b 213 192 132 202 241



6ZE

10 GEMYS SUBGEM AEAE  AEOR AEP2  BICN  BI12Y  LFHI  LOXB  MIM1  M3MI  MGAE  MXGY
BICO 414 BICO BJCOS Ll 237 L 11 A1) 21 94 221 184 124 209 237
BICD 418 BICO BICOS 33 Fi 14 3 128 11 BS 232 w3 126 205 242
BiCO 436 BICO Alcos Pt 225 159 129 305 B7 226 182 14 196 23
BICO 437 BICQ aAlLos 315 226 3588 128 n a7 229 199 120 207 259
BICD 441 BICO aitoS nz 234 2 126 31 Nn 34 %7 121 206 a7
UNIC 4B  LUNJA UNICS 352 265 380 136 1556 B8 2 215 %2 217 260
UNIC 53 UNJA UNICS 328 239 365 141 347 109 270 204 127 2248 7
UNIC S5 UNJA UNICS X7 247 380 135 372 ?1 W& 222 weE 221 242
UNIC 303 UNJA UNICS 370 251 ws 1wl 3T oy oAt 22 15 240 264
UNIC 348 UNJA UNIES 365 268 409 137 312 126 294 2 146 2N 5
UNIC 426 UNJA LNIES 333 256 379 138 35%¢ 102 28S 215 152 216 2™
UNIC 427 UNJA LINICS L)) 267 381 138 340 110 2r2 227 145 217 53
UNIC 430 UNJA UNICS 352 29 385 e 30 1k 227 22 127 2 22
Javh 17 UKJA JAVAS 332 286 37 16 Mg 6 29 193 12 20 23
JAVA 8 WNJA JAVAS M9 23 317 13 I T  28% 190 10 188 21
JAVA 299  UNJA  JAVAS 332 242 ne 151 b [}] 276 197 110 215 223
JAVA 3ST  UNJA JAVAS 328 24A 323 143 334 & 282 191 e 206 220
ACER 245 ACER ACERTS 2¥0 252 352 114 291 n 226 (188) 102 210 239
ACER Y24 ACER ACERZS 385 196 342 136 357 2l 258 06 129 248 2S
AMYN 1% ANYN AMYHS 96 123 228 a5 130 48 102 123 %6 148 154
ANYN 447  ANTN AMYNS W95 130 221 B, 205 53 100 17 B2 138 140
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1D GEMUS SUDGEN AEAE AEON  AEP2  BICN  BI2Y LFHYT LOXB MIM1  MIMI  HMGAE  MKGT
APHE 205  APHE APMNE1S 262 189 286 8 236 86 40 1% " 1565 192
APHE 248 APHE APHE2S 315 194 345 115 krr] a5 235 180 128 196 226
APHE 249  APHE APHE2S 292 219 350 123 295 s 216 179 113 17 an
APHE 270 APHE APHE2S 294 209 k13 126 2w 80 202 180 124 185 226
APHE 271 APHE APHE2S 327 217 365 137 136 ] 27 184 147 196 240
APHE 272 APHE APHE2S 110 194 337 122 06 [al 208 184 167 m 217
APHE 330 APHE APHE2S 325 216 377 13 zt 107 241 172 124 192 219
APHE 334  APHE APHE2S 297 213 3¢ \ri4 300 92 212 186 e 180 245
APHE 335 APHE APHE25 283 188 330 124 284 [p) 194 184 15 183 243
DICE 23% DICE DICEYS 212 162 243 80 236 45 122 142 a7 154 1469
PICE 203 DICE DICE1S 194 167 241 B84 1226) 42 122 128 a3 132 144
DICE 20& DICE DICE1S 267 158 259 93 229 55 127 141 (L 138 195
DICE 256 DICE DICERS 24 181 268 I 224 45 125 130 B? 156 182
0ICE 240 pICE DOICEAS 242 206 nz 118 a7l 54 149 130 a9 174 Fits
QICE 247 DOICE DICEds 271 195 20 112 265 al 158 159 1"* 164 204
FORS 127 FORS FOWSS piLi] 1860 2715 84 249 (Y4 133 138 102 154 165
FORS 13D FORS FORSS 24 135 255 Te (23 o5 104 127 1] 132 157
HYRA & HYRA HYRAIS 111 Ba 139 48 122 n a7 e 59 s L]
HYRA 5 HYRA HYRAIS T 76 123 13 ) 27 55 54 35 46 72
AYRA 1D HYRA HYRAZS 124 103 148 5 133 55 F4l &8 82 20 104
HYRA & HYRA WYRAZS 162 112 184 58 e 32 byt 114 i 108 1146
HYRA 12 NYRA HYRA2S 192 116 167 1Y 82 ko 67 B 13 T4 92



TEE

1o GENUS SUBGEN AEAE AEOR AEFZ  BICH BIZY LFHT  LOXB MiM1 HM3H3  HGAE  MKGT
HYCO 116 Wyco NyYcos 130 95 150 sz 135 33 & & 55 101 o4
KYCO 117 HYCO WYCOS 107 88 150 49 128 38 66 90 42 B3 I
NYCO 120 HYCO NYCOS 108 94 160 46 15 45 M 8 52 93 113
HYCO 480 HYCD HYCOS 195 B8 161 46 125 38 71 8 51 &x 01
_INDR 258 . INDR .INORS 570 374 432 309 588 |65 358 2 2% 498 378
MEKO 171 MEWO MENDS 208 164 257 79 40 4% 43 130 69 1% 7S
WEND 195 MEWD WEWDS 171 17 226 71 175 41 109 1 5B 118 159
MEND 996 MENO WEWOS 156 139 220 70 181 %2 113 17 5% 06 156
WEND 197 MEWQ MENDS 131 135 226 7D 18 42 1 111 &9 115 ef
WEND 198 KEKD MENDS 155 129 2% 71 206 50 131 D0 60 t21 958
NEND 200 HEND MENDS 160 129 212 65 2 47 108 We 81 113 154
NEND 201 HEND MENOS 178 W7 236 7% 182 55 1% 102 At 114 183
WEWD 453 MEND NENOS 177 129 2S¢ 7B 213 51 126 129 87 128 180
WEHD 45¢ MEWO MENOS 201 142 238 B4 238 46 138 2 77 110 158
WEHD 456 WEND MENDS 180 146 @2 73 18 43 1 W3 W 12y 1%
HEND 457 WENO WENDS 192 133 241 81 198 41 ;) 8 81 10 187
WEHWO 432 MEND WEWCS 18D 135 217 T4 189 (W) N3 ;1 &2 M1 tes
MEWD 143 KEND MENOS 188 145 231 7a 23v 47 1% w7 m a2l 152
MEND 156 MENG MENOS 198 152 %3 B0 20 56 129 128 720 119 163
MENO 172 MEWO WENDS 168 153 236 &5 170 49 109 105 S0 113 18
NEWD 1BS MEWD MEWOS 191 %46 23D 76 200 48 122 Wz 86 134 180
WEND 187 MENO MEWOS 198 180 25t B4 227 49 130 1A 72 1% N
MEND 182 MEND MEWOS [1B1) 157 236 7D 156 51 1% 108 52 1T 184



ZEE

1 GENUS SUBCEN AEAE AEOR  AEPZ  BICN  BIZY LFHT  LOWE  MIM1  MIM3  NGAE  WXGT
PERA 324 PERA PERAIS 228 174 12891  BS 237 &3 142 {1481 %% 40 182
PERA 274 PERA PERATS 280 186 305 90 53 79 176 156 % 145 208
PERA 324 PERA PERA2S M5 210 352 140 359 4] 239 209 152 25 243
PENA 327 PERA PERA2S 405 258 ko4 i) 429 6 268 280 153 234 272
FERA 120 FENA PEAA2S 397 250 o7 162 #12 b 279 234 140 238 2827
SUBH 26 SUBH SUBH1E 19 152 242 72 194 S0 1% M7 171 130 163
SURH 29  SUBW SUAHIS 170 145 238 7 176 57 1m 105 [s] 124 146
supt 31 suBH SUaK1s 194 180 242 7y 54 125 129 a 135 178
SUEY 27 SURH SUBKIS 188 136 217 n 197 L 11é 112 % 13 143
suBH 32 SUBH SuemIs 189 152 254 76 200 7 12 E1| B 137 170
SUBH 38 SUBH SUBH2S 195 Vus 247 80 200 64 114 114 85 401 183
SUBH &4 SudH SUBH2s 221 154 252 94 235 [¢] 14 130 93 164 149
SUNH 35 SuBH SuEH2S 208 158 257 95 220 & 130 1468 2 13a 174
SUBH 43 SUEW SUAHRS 190 142 264 ] 197 54 122 106 [ 140 186
SUBN 228 SUBH SuBals 239 189 I 10s 280 LY S TN 140 102 166 77
SUBH 229 SUBH SuBW3s 235 175 295 9% b4 56 152 124 L} 1| 182
SUBH 231 SUBH SUEW3s 232 171 271 110 24 55 145 151 107 140 192
SUBH 233 sulH SUEN3S 225 147 285 % 243 1) 147 140 10z 133 158
SUBH 235 SUBH EuBHls 244 145 281 Lo 1 60 355 164 107 15 180
sUpH 278 SUBRH SUBH3S 227 175 2r 102 237 52 139 144 95 154 183
SUBH 458 SUBH SUGH3IS 244 10 278 95 260 821 143 11 [, 162 192



£EE

1] GENUS SUBGEW AEAE AEOR  AEPZ  BICN  BIZY  LFHT  LDNE MIMT  M3M3  MGAE  MAGT
TELE 341 PELE JELEIS 281 232 328 124 320 70 198 181 102 143 225
VELE M2 TELE TELE1S 288 221 325 9 106 5% 21 178 %8 14 230
TELE M7 TELE TELE2S 333 2 351 132 30 93 i) 185 123 207 245
TELE 31® TELE JELE2S M8 278 385 64 355 78 a7 185 07 192 254
TELE 344  TELE TELE2S 347 2% 37 134 38 94 289 181 18 AFr 237
TELE 255 TéLE TVELEZS 1308 243 Ir2 12r 19 88 2% 163 115 180 250
TELE 311 TELE TELEDS 296 24B 361 m 305 m 204 173 122 192 FLE ]
TELE 312  TELE TELEYS W& 251 1369 123 m 9 216 183 127 190 a0
TELE 13 TELE TELE3S 307 230 359 124 n o 26 9% M 19 180
TELE 314 TELE TELEIS 12 244 M 1M LFi] a0 237 173 ™M .14 a7
1ELE 315 TELE TELEdS 300 268 94 130 323 87 228 194 130 70 253
TELE 316 TELE TELEIS 273 251 376 113 245 m 198 149 N 141 23
TELE 281 TELE JELE4S 294 288 w»r 1352 305 128 22% 170 B4 158 258
TELE 494 TELE TELEAS 1319 %6 412 181 340 108 236 213 125 190 27
TELE 497 TJELE TELE4S 332 270 420 128 552 111 & 209 128 190 256
TELE 2B4 TELE TELESS I35 2fh 428 12 37 15 357 19 128 205 260
TELE 287 FELE TELESS 34] 265 416 136 W7 90 t+14 198 mnr 19 (240
TELE 2% TELE TELESS 370 P43 420 145 2 s 283 205 133 224 280
TELE 424 TELE TELESS 298 i 356 113 34 93 22m1 192 (1 16 269



vee

e GENUS SUBGEN AEAE  AEOR  AEPZ  BICN  BIZY LFHT  LOXE  MIM)  M3ME  MGAE  MNGT
TRIG 462 TRIG TRIGS Fi:)] 154 254 ar 227 54 128 152 36 148 V87
TRIG 422 TRIG TRIGS 208 162 245 n 228 53 121 149 8z 168 194
1RIG 463 TRIG TRIGS 12 140 52 7 179 & 47 105 74 130 159
RIG 408 FRIG TRIGS 212 135 230 8% 234 65 136 313 B4 158 170
TRIG 469  TRID TRIGS 206 175 285 7 2% [ 1h3] 126 k3 150 184
TRIG 470  TRIG TRIGS a9 170 261 T4 21y &5 121 13 3 154 174
TRIG 47t  TRIG TRIGS 20t 73 241 ] 208 &9 105 124 80 137 170
TRIG 472 IRIG TRiOS 193 175 250 b& 205 87 a2 118 72 M 177
TRIG 474 TRIG TRIGE 226 156 262 a7 %9 41 124 152 9 149 168
TRIG 475 TRIG TRIGS 23 70 260 85 2t 42 120 148 B4 140 186
TRIG 482 TRIG TREGS 221 162 273 (B4l 2u4 5t 129 50 106 E 18] 189
TRIG 490 TRIG TRIGS 234 w7 262 45 260 &8 114 1 @5 157 1.}
TRIG 23 TRIG TRIGS 244 143 Pl a2 2% w 128 s 108 159 174



SEg

SKULL (MXMO - ZYLN}

10 GENUS SUBGEW MXMO OCP2 ONAE OXOR  PORB  TFLN  ZYHT  ZVLW
CERA 22 CERA CERAS 147 428 ns 480 1% 35T 66 286
CERA S% CERA CERAS 181 626 330 484 105 MY 49 270
CERA 99 CERA CERAS 172 641 33§ 492 wa 370 &9 278
CERA Y01 CERA CERAS 161 a32 335 492 D2 %0 77 278
CERA 102 CERA CERAS 158 580 301 &35 Mo 15 A 264
CERA 103 CERA CERAS 162 420 210 470 W12 14 73 205
CERA 104 CERA CERAS 166 643 341 504 "o 33 M 268
CERA 1451 CERA CERAS 51 804 M3 514 14 383 78 283
CERA 142 [CERA CERAS 180 448 35 520 119 32 & 282
CERA 298 CERA CERAS 151 638 338 498 116 I ™7 m
CERA 350 CERA CERAS 16% 603 303 445 10 32 T 256
CERA 344 CERA CERAS 157 &7  JtT 479 112 355 58 ar?
CERA 367 CERA CERAS 142 634 2% 503 115 349 [ ] 295
CERA 348 CERA CERAS 149 624 o W72 112 347 65 70
CERA 369 CERA CERAS 147 599 299 43¢ 19 ;9 &5 237
CERA 370 DERA CERAS 155 644 325 488 121 3ITA 76 292
CERA 371  CERA CEWAS 154 610 21 473 112 359 5 243
CERA 372 CERA CEkasS 150 (51 56 %16 11% 372 ™ 298
CERA 431 CERA CERAS 143 832 127 484 LI P 11 B 1 257
SUMA 21 SUMA  SUMA M9 400 222 33 OMS 21V 44 1
SUMA 48  SUMA  SUMA 120 A4 212 89 16 149 43 16%



2€e

] GENUS SUBGEM MKMO OCPZ ONAE ONDR PORB  TFLW  ZYRY  IYLN
BICO 147 BICO BICAS 155 550 295 411 122 295 53 220
RICD %49 RICO BECAS 46 S26  2a 185 117 282 4B 227
BICe 150 RJCO BICOS 145 509 247 384 Ny 280 S 210
BIco 151 @IcO BICOS 182 S16 276 3BT 1B 290 52 2n
Blco 152 @JCO BIC@s 151 529 274 408 118 280 42 215
BICO 155 BICO BICOS 143 480 256 347 103 0 A8 204
atco 157 alco Blcas 148 §55 10 435 124 306 57 226
glco 161 @Ico Blcas 159 53 299 139 140 2% A0 218
Alco 186 AICO BICAS 146 528 270 &1F 122 280 49 225
BICO 147 BI1CO eICHE 160 S20 279 97T 122 e S 42
Bico 168 DRICO BICAS 145 547 209 42 131 ¥z 55 222
BICO 149 BICO BICOS 147 493 285 3 116 295 49 215
BICO 170  @ICD BICAS 149 522 209 46 120 27h 53 212
Bico 175 BlcA BICAS 152 521 279 Ms 13 M 49 218
gica 176 BICO 8IS 156 510 27 ¥ 1M a8 50 201
BIOQ 177 BICB BICDS 157  52a 284 426 122 W0 4 23
Bica 178 GICD @Icos 135 488 259 ML 116 @2 &7 198
gico 1B1  BICO BiCOS 162 SOB 2F 383 102 249 4B 238
Alco 295 BIcA BICOS  1RY 4A2 250 35 110 264 52 207
BICO 305  BICD BICDS 154 514 279 (31 125 296 50 240
g)ico 379 4ICE BICOS 168 %05 255 3T 1Mo I 51 228
BICO 382 BICO 8Icos 103 532 268 409 127 3w 51 234
Bico %84  BICO BICOS 156  S42 284 412 128 A 49 227
dico ¥4 OICO BICOS M6l 520 276 415 114 323 45 235
BICO 387 BIcO BICAS 144 530 2T9 414 12D 298 4 226
BicA 388 BICO BlcOs 141 515 286 403 19 277 ST 2re
BICO 389 BICO BICOS 149 552 261 395 118 293 46 228
Blce 390  BICo BICOS 156 542 276 33 112 M5 Sk 262



LEE

o GENUS SUBGEN MXMO OCPZ HXAE OXOR PORE  TFLW  2VRT  2YLW
Aalco 391 EfCco BIcos 150 545 298 445 123 3 57 239
aIco 394 BILO AICOS 153 585 275 414 1y 210 4 263
BICO 395  BICO BICOS 165 537 270 LaT 1a 278 48 224
BICeE 396 BICO BICOS 162 580 2E5 420 125 298 45 iy
picB 397  BIco BIcos 153 540 28¢ e 118 2m 51 238
@ice 398 BICO BICOS 154 516 23 338 m Fad] LY 235
Blco 402 BIco BICos 141 509 265 ki Tal 15 261 5e N
BICE 404 BICA SIC0S 144 552 268 MW7 124 20 %0 227
BICB 405 Bice 9Iices 152 511 259 403 15 a7 &5 218
gico 407 BICO BJCRS 134 &T4 aLe 55 110 250 45 192
BICO 408 BICO BICEBS 145 518 271 s 16 29 %2 222
BICO 4O09 BICO EBICOS 1486 490 249 349 15 253 50 209
BICO 418 Blco BItOS 148 488 255 158 103 23 53 203
8100 411 BIcO BICOS 136 493 250 348 111 A4S 45 2464
Bico 412 AIcB BICOS 149 505 270 e 123 261 e a2r
BICO 414 AIL0 BICOS 145 525 275 ki M4 2m 54 207
BICO 418 AICA BICOS 14B 510 270 3N m ar2 1) 21
BIOO 438 BICO BICOS 144 495 257 367 W07 263 46 207
BJC0 437 BlcA BICOS 151 513 275 36 135 6 45 215
BICO 447 BIcO eICOS B 513 288 &oB 117 29D 46 208
UNIC 4B UNJA UNICS 145 512 243 L1y ] m 258 n 32
UNIC 53 UNJA LNICS W5 S50 25¢ 156 10 283 VO 225
UNIC 55 UNJA UNICS 17 S17 2N B 119 2517 B8 226
weic 303 UNJA UNICS 150 519 284 A4S e 250 &0 236
WIC 348 UNJA UNIEs 155 556 261 m 120 284 (£ as7
IWIC 426 UNJA UNICS 145 5B 256 167 112 289 T2 37
UNTC 427 UNJA UNICS 155 517 269 A78 126 292 72 242



8EC

10 GENUS SUBGEN MIMO DCP2 OKAE O¥OR PORB  TFEN  ZYHT  2YLN
UNIC &30 UNJA UNICS W7 333 262 558 108 T &7 240
JAVA 17 UNJA JAWAS 126 456 233 k10 121 2% 52 193
JAVA 1B UNJA  JAVAS 130 432 229 299 10 205 56 162
JAVA 299 UNIA JAVAS 131 463 252 519 a3 28 54 204
JAVA 351 UNJA  JAVAS 129 461 229 3% 114 254 54 207
ACER 245 ACER ACER1S 145 484 2r I 91 W .14 219
ACER 124 ADER ACERZS 146 517 294 3 138 277 83 192
ANYN 111 AMYN AMYNS 192 523 170 284 81 a0 b L] 120
ANTN 461 ANTH  AWYNS ¥ 326 160 268 63 208 35 121
APHE 205 APHE APHEYS 115 Iy 192 29 72 230 52 e
APHE 288  APHE APHEZS 134 455 250 382 106 283 &9 213
APHE 26%  ApHE ARHE2S 132 L11Y 241 559 1o &34 75 215
APHE 270 APHE APHE2S 135 480 2310 L3 13y 2% N 214
APHE 271 APHE APHEZS 145 13 235 354 192 B? M 219
APHE 272 APHE APHEZS 124  43B 260 574 197 283 L) 20%
APHE 330 APHE APHERS 125 493 243 383 121 %6 &7 29
APHE 334 APHE APHEZS 144 508 241 381 102 259 &7 a1
APHE 335 APHE APNE2S 141 445 229 296 9% 218 &4 184
DICE 239 OICE BICEYS 99 350 178 %4 L3 215 34 164
OICE 201 BI1CE DICEYS 182 334 164 23 73 181 37 148
DICE 204 DICE DICEYS 117 336 155 260 LAl 200 41 111
DICE 266 ODICE DICE2S 18?7 m 184 97 84 2312 49 159



6EC

[} GEKUS SUBGEN MMMO OCP2 ONAE OKOR PORE  TFLN  2YHT  ZYLN
BICE 240 DICE DICE3S W0 451 229 337 1n 260 85 186
pIcE 267 OICE BICEZS 129 &2¢ 223 1713 13 2@ W 177
FORS 127 FORS FORSS 104 388 15 2% M6 220 34 149
Fors 138 FORS FORSS 105 348 187 285 & 17 139 %2
WYCO 116 WYCO HYCos 59 2384 K0 205 57 158 2 [
HYeD 117 HYED hycos 43 219 116 185 42 146 36 B&
WYCO 120 HYCO HYCOs 62 240 125 205 40 152 1% 94
HYCO 480  HYCO HYCOS 58 215 110 179 13 145 32 84
HYRA & HYRA HYRAIS 52 190 100 158 48 2 2 Ul |
HYRA 5 HYRA HYRAIS && 167 n 13t 17 92 f21) [£]
HYRA 10 HYRA HYRAZS &8 232 106 176 49 132 5 108
HYRA & HYRA HYRAZS 73 261 134 205 1 183 25 10q
HYRA 12 HYRA HYRA2S 58 216 a4 183 43 %0 2a 105
IvDR 258 IWDR NGRS 232 1025 523 A02 196 68z W1 i
MENO 171 HEWOD MENOS 105 338 149 2N v 173 45 149
MENG 195 MENO MENDS %0 31 1“2 2w 0] 161 o 149
MEND 195 MENO MENOS 97 306 138 226 &5 144 w139
MEND 197 MEND MERDS 88 279 138 2 &8 160 0 137
HEND 198 MENO MENCS W 303 153 w7 52 160 51 13§
MEND 200 HMENO MENOS 9V o, 128 212 68 145 w129
MEMD 20 NEWD MENDS 18] W2 116 223 a3 144 52 %3
MENG 453  MENO MENOS 97 327 137 230 BO 168 84 11
MEND 454  MEND  NENDS 1] ns 141 240 g2 172 4é 132



o¥E

12 GEWUS SUBCEN MNMO OCPZ OMAE ONOR  PORR  TFEM  2YNT  2¥LN
MEND 436  MEND MENDS B 319 136 219 T 160 37 141
HEMO 457  MENO MWEWDS 98 315 1S 219 a2 159 42 141
MEND 143 MEND MENCS w2 nz 152 225 90 151 42 127
MEND 158  MEND MENOS 97 323 164 234 B0 160 S2 126
MEND 172 MENQG MEWOS 4] 320 (13n 2 63 162 44 141
MEND 184 MENO MENDS 9% 129 b 234 7l Y4é 81 138
MEND 187  MEWO MEWOS 101 32 157 214 i 150 35 150
MEND 188 MENG  NENOS 9% 324 144 2345 58 167 53 138
MEND 452 MENO MENDS 103 5 L] 189 74 148 42 132
PERA 324 PERA PERA1S 107 355 175 255 LI 14 bl 164
PERA 274 PERA PERAIS 132 415 202 280 a2 229 # 185
PERA 328 PERA PERA2S 155 495 250 320 102 216 78 214
PERA J27 PERA PERAZS 177 53 V4 352 128 245 B2 250
PERA 329 PERA PERAZS 184 352 2a1 31 124 248 76 254
suoH 28 SuBH  suH1s 104 341 140 285 55 an 42 128
SuUBH 29 SUBH SUBHIS 8B 136 146 254 54 177 43 135
S5UBHW 31 SuBH SUBRIS 103 350 153 258 ir 174 46 1354
SUBH 27 SUBH SUBKWIS &7 314 151 247 ir 172 40 142
SuBH 32 suBt sUBMIs 00 357 17% 217 [.>] 1466 4B 139
SUBH 38 SUBH SuBH2S 95 340 I 280 72 192 44 129
SUBH &4  SuBH SUBH2ZS 101 369 184 280 48 215 41 149
SuBH 3% SuBH SUBH2S 114 354 177 2e5 72 a9 b4 136
SuBH 63 sush Sumwes 110 356 s 2a7 63 208 53 148
subh 228 suBh SUBNHIS 105 95 281 326 10 227 Lt 133



T%E

10 GENUS SUBGEM MYMO OCP2 OXAE  OMOR TELN  2YHT 27N
sUEn 220 sSUBH SuUEN3Is 116 387 216 336 T? 245 61 184
SUBH 231 suaW SUANIS 119 410 208 322 8 2% 47 168
SUBH 2X1  SuAN SuBNIS 109 364 208 M sa 208 5 154
SLBh 236 suBH SUBHAS 118 383 222 33 ™ 25¢ 59 m
SUBH 278  SUBH SUBM3s 114 381 185 37 a0 229 44 162
sUBH 458  SuBH SUBHIS 115 395 188 2% B 210 B 185
JELE 31 TELE TELEYIS 138 428 2m0 oy 18 213 7o 204
TELE 342 TELE TELEIS %6 408 205 304 9 217 5% 184
TELE 317 YELE TELE2S 181 450 228 335 P 23 T 174
TELE 318  TELE TELE2S 170 &M 219 3.2 B 259 9 205
YELE 346 TELE TELE2S 152 490 247 358 m 247 % 220
TELE 2%% TELE TELEZS 12 505 214 350 B9 241 84 229
TELE 311  TELE TELEIS 147 499 252 34d g2 2 T 205
TELE 312 YELE TELE3S 148 [4BT)1 238 350 84 228 a0 219
TELE 313  YELE TELEXS [131]1 480 227 3537 T 3% e 200
TELE 314 JELE TELE3S 149 48B3 243 355 a7 26 A 206
JELE 515 TELE TELE)s 148 493 213 338 M 6 M 229
TELE 316 JELE TELEAS 151 (%51 209 33 59 254 a7 203
TELE 281 TELE TELE4S 181 S19 238 M5 69 253 8 235
JELE 4% TELE TELE4S 177 S19 228 162 BS 232 Th 221
JELE 497 JELE TELEAS 18 54D 241 187 Br 256 80 a9
TELE 284 TELE TELESS 173 558 242 64 102 268 A7 268
TELE 287 TELE TELESS 17%  [944) 242 m s 27 W2 252
TELE 291 YELE TELESS 185 542 280 382 s & 7% 254
TELE 424 JELE TELESS 184 4%t 0 3N nr 2NN 2n



Zve

10 GENUS SUBGEN MYMO DCP2  ONAE OXOR PORE  TFLN  ZYHT  2YIN
TRIG 422 TRIG TRIGS 125 370 13 298 n 232 56 159
TRIG 4462 TRIGC TRIGS 119 3N 280 nr & AT 50 140
TRIG 483 TRIGC TRIGS 9 M& 160 254 56 17 1t 127
TRIG 468 TRIG TAlGS 116 331 192 262 67 204 &5 175
TRIG 649 TRIG TRIGS 114 413 190 320 T o262 &1 169
TRIG 470 TRIG TRIGS tia 388 192 383 | 62 156
TRIG 471 TRIG TAIGS 118 64 184 305 a7 245 65 15%
TRIG 472 TRIG TJRIGS 113 33 %0 324 64 267 LT 164
TRIG 474 TR1G TRIGS (12 359 175 255 nsooat 14 /17
TRIG 475 TRIG TRIGS 121 367 e 298 T2 220 v 163
TRIG 492 TRIG 7TRIGS {32 376 [} m st 242 44 143
TIG 490  THIG TRIGS 139 363 253 10? ot 226 114 154
TRIC 3 TRIG TRIGS 109 358 183 L[ 13 93 235 [ 143



(% 43

HANDIBLE

1] GEWUYS SUBGEN ANGD  ANGM  BDER  BONT BOMT  CNM3 LMIL LMIN  MNMG  RAND  RAMH
CERA 22  CERA CERAM 152 54 59 16 HWe 250 43 I 50 158 224
CERA 59 CERA CEAAN 147 53 59 121 148 243 A7 15 153 159 223
CERR 99 CERA CERAW 153 & Fit) 17 152 264 k) kL] 15 n 251
CERA 1D1 CERA CERAM 184 61 64 122 157 m 44 » %a 173 225
CERA 102  CERA CERAM 141 59 58 109 133 262 29 33 124 184 208
CERA 103 CERA  CERAM 163 52 85 121 157 268 %] 29 144 174 240
CERA 104 CERA  CERAM 152 &z 58 132 181 256 5 B 119 166 232
CERR 141 CERR  CERAN 185 1 &0 He 152 264 11.] 28 14) 189 215
CERA 142 CERA CERAN 166 0 &3 "7 154 280 32 33 %7 186 21
CERA 297  CERA CERAN 1144 55 40 127 148 258 1 28 133 177 248
CERA 298 CERA CERAN 160 62 41 120 134 2re 5 34 138 178 2%
CERA 350  CERA CERAN 146 55 59 12 144 51 37 2% 147 157 218
LERA 366  CERA CERAR 1o 48 62 110 138 265 32 k1] 143 175 riil
CERA 347  CERA CERAM 182 55 &2 12 144 s k4 28 146 182 2%
CERA 348  CERA CERAM 175 42 58 112 141 254 11 24 152 187 222
CERA 349  CERA CERAM 154 48 55 14 142 ue i3 27 138 770 212
CERA 370  CERA CERAM 164 50 &5 1"y tap N &7 27 14k 184 2%
CERA 37! CERA CERAN 59 54 57 1"? 146 2N W L1 140 185 210
cera 431 CERA LCERAM m 49 81 121 150 258 49 e7 152 ki) 24y



v

Hi] GENUS SUBGEN ANGD  ANGW  B0BR BOAT aom1 ChAd LML LMIW MNNO  RAND AANH
Sumk 21 SiMA  SUMAN 113 L] Y &3 a3 189 4“0 22 166 165 152
SUMA 46 SUMA  SUMAM 112 7 34 &1 134 145 36 21 120 117 11
BILO 147  BICO AICOM 123 L) 5 B9 124 185 52 32 155 124 17e
1D 15% aI1Ch BILOM 140 49 52 B7 124 194 50 30 152 142 181
aico 15¢ BICO BlooM 127 43 [1:} &y 114 217 41 26 133 135 17
ajo 13 Afce BICOM 145 49 51 .1 123 Fdirg 46 2% 143 155 188
aco 155 AICQ BICoM 1 4T 44 ™ 1w 4 48 Jo 146 114 160
arco 157 Arca BICOM 140 a7 5 85 120 227 48 28 1\ 155 202
BI0o 141 BICC BICOWM 137 56 Y 1o 132 204 48 27 147 140 182
BICO 166 BICO BICOM 130 45 51 83 10 2% 13| a9 1 143 176
aico 167 gico BICOM 132 4B 54 80 116 196 4B h 155 140 160
BICO 158 BICO BICOM 135 50 54 58 121 225 L)) 30 135 142 191
BICO 159 plco  AlcoM 13 &7 54 8 112 203 43 I 133 127 166
8ico 170 BlCO BICOM 118 47 LY ] 19 £05 114 26 138 133 162
alco 174 BICO BICOM 130 51 52 a 123 195 59 29 158 136 184
Blico 178 BICO BiCOM 135 51 57 B9 126 197 46 3a 151 139 1»?
aIce 177 BILO BICOM 125 48 23 a8 121 2m &9 29 154 132 183
Bico 178 BICO BlcoM M4 1 57 3 96 197 42 29 135 123 148
BICD 181 BICO BICOM 126 47 49 [E 1a8 197 45 or 15 1% 1
BICO 294 BICC BIloM 123 40 1. 76 110 167 43 21 148 125 180
BICO 295 BICh  AlLOM 115 48 51 ™ 109 187 43 29 137 15 13
8I1co 195 BICO BJCOM 135 4 51 a5 123 209 50 Jo 151 132 180
a1co 379 BICO AICOM 140 9 53 T LARI 182 4B 29 150 147 15%
aico 382 BICC BICOM 140 48 55 $e 126 214 &7 27 147 143 194



Gve

o GENUS SUBGEM ANGD  ANGW  B0BR  BDHT  BBuil CNM3  LMIL LK NNMO RAND  RAMH
83C0 384 aICD BICOoM 132 50 54 B7 119 213 45 28 144 140 18¢
aICcD 386  BICD BICOM 124 50 50 B1 108 20y 42 A 113 119 18%
alco 387 BICO  BICOM 139 41 56 &8 123 201 a3 Pi] 141 130 184
BIcO 388 BICG BICOM 129 55 49 101 123 283 40 7 m 140 189
AICO 389 BICD BICOM 1461 40 1] 93 1e 2l L3 27 142 150 1M
BICO 350  BICO BICOM 141 45 53 [ 125 220 4“9 0 147 145 20
Bico 392 BI00 BICOM 133 [ 58 a5 113 198 43 28 148 15 188
RILO 393 aico BICOW 149 49 53 92 122 224 1) n 143 156 186
B83C0 394 BICO BICOM 134 41 58 100 132 207 48 27 1hd 137 180
8ichd 395 aiCo BICON 133 48 54 a2 109 178 52 26 154 133 17y
a1co 397 BICD BICOM 142 B S0 84 122 192 114 F] 149 147 192
8300 398 BICO BICOH 131 44 48 B4 118 188 114 27 149 137 182
Atco 402 BICG BICOH 122 L1 50 81 105 194 L1} F1] 141 130 172
BICO 405  BICO BICOM 12% 40 57 9? 130 %3 & 28 151 128 187
BICD 407  BICO BICOM 106 43 48 B8 104 204 41 28 133 121 183
p1co 408 BICcD BICOM 124 k1 49 T4 106 199 4 28 147 130 183
pICh 410 BICD BICOM 128 35 31 BS N4 192 45 7 140 126 1L}
BILO 411 BIco BIOCH 121 W% 44 81 93 199 i¢ 22 128 127 (b4
BICO 412 @ICO BICOM 13 42 54 BS 113 21 a3 i g 140 140 195
BICO 4145 gico BICOM 129 50 50 %0 115 208 40 e? 13 134 183
Bico 418 BICO A3C0H 127 1) 52 a3 14 207 11 Fad 133 124 1"
aico 436 BICO BICOW 120 41 48 B4 118 181 114 28 144 130 114
aico 437  picH BICOM 128 52 5? ey 125 189 it .S 150 130 189
BICO 441 Bico BICOM 13% 4p 57 B3 122 204 by 27 138 148 177
BICO 443 Bicc AlCOM 140 45 57 Ba 118 227 43 30 133 150 179



S¥c

o GENUS SUBCEN  ANGD ANGW  BOBR BDHT BDNT CNM3 LML LMIY  MNMD  RAND RAMH
UKIC 48 UNJA  UNICH 151 19 51 63 na 2B 42 24 143 158 238
UNIe 53 UNJA  UNICH 140 (14 49 89 120 22 41 3t 141 154 213
UNIC 55 UNJA  UNICH 150 LT 18 83 16 23 43 & 147 151 251
uKit 303 UNJA  UMICH 160 45 5 92 125 51 48 27 155 143 250
UMIC M8 UNJA  LMICH 165 4 55 P 13 253 42 L1 145 mn 249
UNIC 349 UNJA  uMICH 159 6h 51 bl 118 256 7 FY g 134 170 247
URIC 428 UNJA  UNICM 145 4“9 53 93 16 254 37 3 133 155 239
UNIC 527  UNJA UNICH 142 92 50 83 108 %7 41 0 %o 153 223
UNIC 429 UNJA UNICM 181 1] 56 102 18 243 43 A 135 167 247
JANA 17 UNJA JAVAM 129 i7 &1 " 10 184 40 23 12¢ 133 17e
JAVA 1B UNJA  JAVAM 163 36 LY &6 96 175 L)) 22 129 144 181
JAVA 299 UNJA  JAVAM 141 9 42 ] 95 185 1 24 128 144 184
ACER 208  ACER ACERTM 150 28 T az 112 198 W2 28 135 13 212
ACER 265 ACER  ACERTM 151 12 42 a5 107 204 W1 27 134 152 197
ACER 124 ACER  ACER2M 156 a8 111 7% 109 201 [1] o 125 15D N
ALCER 232 ACER  ACERZM 152 L L)) a7 106 218 34 24 12 152 220
APHE 20% APHE  APHETM 137 a 51 89 m 194 k] 26 123 137 20%
APKE 211 APHE  APHE1M 138 23 49 ™ o7 209 34 24 15 1450 192
APKE 207 APHE APHEIM 133 4| (451 b6 a7 e r 25 124 135 195
APHE 204 APHE  APHE1M 14 20 b1} n 109 193 3% 28 121 13 202
APHE 213 APHE  APHE2M 150 26 45 8 107 186 L] 25 1% %0 200
APKE 271 APHE  APHE2M 150 15 42 L) 112 199 37 2 121 %2 204
APHE 2% APHE APHEW 151 10 51 1l 108 205 3] 30 130 152 220
APHE 330 APHE APHE2®  [154] 13 45 105 121 234 38 24 7 150 229
AFHE 331 APHE  APHEZM 153 32 L] w7 17z 210 41 28 15 135 210



LPE

{1 GENUS SUBGEW  ANGD ANGH BDER BOHY acM1 CHM3 LMIL LMW MAND RAMD RAMH
APHE 333 APHE APHEZW 141 32 L1 a2 108 213 32 10 126 152 trid
APHE 214 APHE  APHEIN 150 28 55 . m 224 46 b H b 154 224
APHE 295 APHE APHE3M 83 35 58 105 128 225 49 18 158 169 a
APHE 218 APHE  AFPHE3M 175 29 55 88 121 233 54 n 162 178 235
APHE 275 APHE  APHE3M 201 32 57 116 153 252 54 n 143 181 a7
APHE 322 APHE  APHEGH 182 34 &1 121 i3] 229 58 [38] 180 s 2
APHE 338 APHE ARHESM 1%0 32 1] 138 189 53 S8 19 1) 156 264
AFHE 339 APHE APHELM 88 28 65 15 149 220 51 15 162 m 280
APHE 494 APKE APHELM 168 29 %8 120 "% 224 49 n 172 160 228
DICE 251 DICE DICEIM 134 1% 9 [£] 04 152 43 23 136 12 n
DICE 451 OICE DICEM 104 &0 25 57 n 144 F1) . B5 88 138
FORS 126 FORS FORSIM 1541 18 25 &8 74 145 32 22 104 m 153
FORS 128 FORS FORSN 127 1" 23 56 &6 130 26 7 .9 102 137
FORS 129 FORS  FOAS2M o7 H 26 50 62 or 27 15 80 7 124
HYRA & HYRA  HYRAIH 1] 1" 17 35 &5 69 15 9 1] & 82
HYRA 323 HYRA  HYRATIM 63 ? 15 28 19 62 14 10 &4 52 3
HYRA & HYRA HYRAZM 103 9 20 (1] 50 97 2 % 54 89 118
HYRA 8 HYRA  HYRAZM 92 [8) 8 [11 %2 ™ " 15 1] 54 m
HYCD 147 HYCD  HYCOM 90 [ 21 42 54 n 8 12 59 78 107
HYLO 320 HYED  WYCOM 8 [4 2] & 53 a7 19 11 60 7% 2
Hyco 280 HYCD  HYCOM a5 [ 20 &2 “9 a2 1w 12 50 i 98
HYCD &B0 HYCD  NYCOM a [.] Frd &0 1 74 8 12 57 &8 100
INOR 258 INDR  [WORM 255 AT ™ 129 148 153 i 58 223 26 130



B¥E

b GENUS SUEGEM ANGD  ANGW  BDBR  BOH? st ChM3 LHIL LMW MNMO RAMD  RAMH
MEWR 188 HEWB MENDIM 98 35 24 53 67 m 0 19 9 b 137
MEKD 190  MEHO MENOTM 52 10 25 51 69 110 26 18 86 74 129
MEND 191 MNEND MENOIM 108 39 25 55 ] 129 25 17 90 B5 14
MEKD 192 HENB MENDTM 9 er ét 52 63 1R 23 % 90 ™ 138
MEWD 194 HEND MENQIN 96 29 F. 51 &4 120 25 1B 90 92 132
MEND 454  MEND MENOIM 113 41 Py 51 &5 4N 24 19 a9 v 144
MEMO 457  MENO MENDIN 103 42 2% 54 70 11411 27 18 90 75 138
HEND 153  MENOD MENGIMN 108 k. 28 59 78 129 by 20 ¥ a9y 138
MEND 172 MEWD MENDIN 100 24 27 1] 4 115 n 20 100 100 147
HEND 184 MENO MEWODIN 9 111 n a7 Te 134 &4 a o 9% 148
MEND 132 HEND NENOW 10a n 15 &4 a3 141 H 22 114 9% 158
PENE 15  PEWE PENEIM Al 10 22 47 ST 105 20 17 i B2 115
PERA 276 PERA PERAIM 113 1w 43 ™ im 180 al 29 134 135 8¢
PERA 340 PEAA PERAIN 121 22 1] .14 997 1482 42 7 135 m 148
PERA 324 PERA PERAIM 113 13 3 az 94 173 5 28 1 1z 144
FERA 319  PERA PERAZM 155 Fad 52 90 15 219 43 i 148 147 210
PERA 325  PERA PERAZN 182 26 53] ¥ 119 216 S0 1 167 163 209
SUBH 35 SUBH SUBMIM 101 19 28 52 &8 17?7 38 22 (314 jla) 113
SUBH 43 SUBH SUBMTM 128 19 Ja 55 7a 135 k ) 8 105 m 146
SUBH 44  SUBH SUBHIM 126 7t 13 n B4 154 27 25 o 102 159
SURH 23  SUBH SUBHIN 102 15 27 52 7 120 28 18 97 B3 127
SUEH 29 SUBk  SUBHTH 103 13 2a 57 70 141 25 18 8% 102 K]
suaH 38 SUBY  SUBHIM 108 18 ar 55 &5 138 27 19 Be 107 129
SUBH 40  SHBH SUBHIW 121 14 22 n a4 127 30 20 104 12 158
SUBH &5  SUBH SUBHIN 104 1% 27 58 72 125 28 19 By 58 133



6¥E

4] GENUS SUBGEW ANGD  ANGW  HDBR  BOWT  BON] CHHE  LM1L LMIM  HHMO  RAMD  RAMH
suph 32 SURH SUBHZM 120 13 1 &3 n 128 7 21 % 115 146
SUBH 33 SUBH SUBHNM 114 15 L[] [.] 76 120 28 20 95 105 141
supt 231 SUBH  SUBNIN 133 18 15 &0 ™ sy 33 21 112 108 148
suph 232 SURH  SUBRHN 1? 114 34 56 bl 146 37 24 113 9% V48
SUBH 234 SUDH SUBW3N 129 24 383 w ] 148 27 22 98 125 154
SUBH 279 SURH  SUBN3N 129 3 b 14 57 {1 137 32 21 108 112 149
SUBH 458 SUBH  SUENSM 122 25 L' 64 8¢ 155 33 25 112 " 148
SUBH 425 SUBH  SUBHIN 121 2 24 s1 {7 139 » 21 104 108 148
TELE 249 TELE TELEH 144 2] &5 w fod 17 48 ki) 157 123 ‘ag
TELE 250 TELE TELEIM 154 21 42 7e 102 184 (13 0 140 148 183
TELE 253 TELE TELEIM 149 28 39 [.1:] 104 207 w 20 L1} 142 183
TELE 34b TELE TELE2M 152 30 49 BS 114 20 [1.] 38 150 144 21a
TELE 347  TELE TELE2M 149 25 49 B3 e 18% 48 34 159 132 183
TELE 259 TELE TELE2W 141 3 53 103 LF3| 215 41 29 153 124 227
1ELE 240  TELE 1TELE2M 144 30 &9 ) nz F41 S0 n 160 128 28
TELE 254 TELE TELEZ2M 167 32 46 1m > 221 i 32 143 172 282
TELE 255 TELE TELEZ2M 154 I3 45 94 14 ez¢ 41 k1] 138 153 216
TELE 217  TELE TELEZN 152 20 i 0 124 188 4B 2% 155 3| 202
TELE 218  1ELE TELE3N 184 23 &7 152 125 247 44 7 144 148 240
TELE 21%  TELE TELEIW 136 1 46 118 136 218 48 X ] 155 144 210
TELE 2214  TELE TELEZN v 24 4B 8 "2 196 48 ar 154 128 200
TELE 2218  TELE TELEIN 138 1% [ 13 59 100 [L:)] 1] 25 155 115 175
TELE 242 TELE TELEM 133 24 48 74 12 191 1] 27 157 142 18
TELE 253 TELE TELEZM 139 3m 47 a3 113 2% 49 1 143 140 2n
TELE 264 TELE TELEZM 115 1] 49 BT 13 188 13 3t 158 135 208
TELE 312 TELE TELEIN 162 7 S0 105 125 221 42 a7 142 153 235
TELE 113 TELE TELEIN 148 24 48 95 e 20 45 i 144 1% 205



0se

1] GENUS SUBGEW  ANGD ANGH 20BR BOHT BoM1 CHM3 LHIL (L 11Y] Ll RAMD AAMN

TELE 314 TELE TELEIM 150 3¢ 54 a1 102 226 47 29 145 162 03
TELE 261 TELE TELEIM 152 34 55 109 123 27 40 &4 (10) 147 232
TELE 226 JELE VELE4H 150 33 5 %0 10§ 246 43 28 142 165 213
TELE 281 TELE TELE4N 158 35 45 12 132 239 1Y) 32 159 140 249
TELE 282 TELE TELE4GM 141 52 60 113 135 24 52 12 124 141 g1z
TELE 283 TELE TELESW 157 19 70 120 133 250 54 35 173 178 255
TELE 284 TELE TELESM 138 24 50 98 121 202 45 13 160 129 218
TELE 424 TELE TELESM 154 27 45 P8 [124] 9 49 n 170 123 o7
TELE 223 TELE TELESM 167 46 &0 n2 15 64 46 32 163 [1a2) 20
TELE 224 JELE TELESM 141 22 48 102 136 214 37 10 181 n 221
TELE 225 TELE TELESM 164 27 48 98 n 215 53 2 178 e 228
TELE 227 TELE TELESM 146 3 57 3 122 213 46 n 162 148 230
TELE 290 TELE TELESM 138 2 55 109 123 2n 49 Ll 163 134 Fra
TELE 292 JELE TELESM 152 % &5 99 134 210 58 L) m 152 ]
TRIG 421 TRIG THIGN 125 12 32 L.+ a0 156 33 21 115 120 188
TRIC 491 TRIG TRIGH 124 15 3 &7 a 148 27 a2 102 126 154
TRlG 423 TRIG TRIGH 134 12 % 42 76 132 2 a2 10 120 147
TRIG 470 TRIG TRIGN 128 15 n 85 an 167 n 22 104 129 142
TRIG 474 TRIG TRIGM 15 17 n ] e 145 28 20 98 112 134
TRIG 477 TRIG THIGM 12 17 32 7o 85 159 28 20 W 122 154
TRIG 479 TRIG VRIGH n? 20 Wi n 85 138 32 22 m 106 170
TRIG 480 TRIG TRIGM 120 18 2 b6 a3 137 0 23 12 116 152
TR1G 481 TRIG TRIGM 121 18 0 &9 -] 152 33 20 m 114 148
TRIG 483 TRIG TAIGH 10 11 ir 63 75 154 30 e 19 104 14d
TRIG 484 TRIG TRIGM 128 11 15 75 ay ne 3 4] m 118 155
TRIG 4B5 TRIG TRIEGM 123 n 32 80 T4 136 L] ] 2 13 nz 16
TRIG 4B& TRIG TRIGM y22 19 29 b4 an 164 28 20 106 107 159



TISE

[ GEWUS  SUBGEN  ANGD ANGW Brar BDKHT BOM1 CNM3 LMIL LMIW  MNMO  RAMD RAMH

ZAIS 107 ZAIS ZIAISIM 232 26 57 8y 120 200 46 n 1465 196 257
IALS 114 2A1S ZAISaM 225 18 33 %8 19 202 52 32 1w 170 an



APPENDIX 5.

UNIVARIATE STATIBETICS

Summary univariate statistics for skull and mandible subhgeneric
groupe respactively.

aame order ad in Table 2 {skull) and Table 3 (mandible).

SKULL

19
19
19
19
19
19
19
19
19
9
%
19
19
19
”
1%
19
15
9

211

134
nr

216
197
124
215
251
142
$90

435
103
35

b1
237

Within each Bection,
followed by fosail groups.

living groups are

Subgroups are listed by code in the

L ¥rd
265

154
s
163
267
224
146
257
2ar
180
-1
156
520
121
376

3m

14,80
12.56
.33
6.53
16.82
10.71
12.75
7.56
5.99
1096
in.2
9.43
16.50
17.05
24 87
4.59
16.26
6.10
8.3

7.9

3.6
6.3
Gt
3.8
5.9
2.6
5.2
5.1
&.0
4.5
8.5
6.5

352



BIcos

4B

AEAE

AEP2
BICN
BIXy
LFKRT
LOME
NINY

MGAE
wiGT
L1, ]
P2
OXAE
X

TELN
ZYHT
FAIR ]

MR A MMM RMNBRMPMORNMRMNMN NN MNRN

48

4“8
48
48

L1
<4
48
42
8

&E5&&

48
&3
[1:]
[}

142

300
o7
300

19%
i
m
159
187
11%
400
212
289
15
189

&3
5%

29
210
330
m
308

210
177
m
182
222
o3
474
249
138
103
240

42
192

30

198

115
1m
204
120
414
222
313
118

21

44
17y

37
252
(43
152
358
10
254
214
144
228
273
165

‘560

m
447
140
123

278

213.0
185.%
302.0
119.0
I05.0

9.0
196.0
174.5
13.0
170.0
195.5
19.5
W70
217.0
101.0
115.5
204.0

43.5
174.0

315.9
o317
L5
133.5
5.5

0.9
231.7
195.7
125.3
208.8
249.0
147.7
$19.1
.
92.4
118.5
281.3

9.7
2.7

100.40
a.7a
2.82

18.38
T.07
7.a7
2.82
4.94
2.82
1.41

12.02
9.70
9.89
7.07

16.97
a.70

15.55
9.70
7.07

11.56
140.80
15.13
8.23
12.41
7.33
12.61
9.33
7.8
B.93
12.24
9.38
20.59
13.26
26.12
7.57
17.66
4,00
16.26

47.1
0.3
4.9

6.7
2.5
T.7
1.5
2.8
2.5
0.8
5.7
0.5
2.4
5.2
5.6
0.5
.7
1.8
4.0

3.5
4.6
&.0
&1
3.7
8.0
5.4
4.7
6.2
4.2
4.9
8.3
39
4.8
6.5
6.2
6.2
8.0
7.3

353



JAVAS

BICN
BIZY
LFHT
LOoxa
L3l

NGAE
MXGT

otP2
OMAE
O%CH

TFLR
ZYHT
ZTLN

4  AFAE
AEDR
AEP2
aicx
RIZY
LFHT
LoXa
L ALY

MGAE
MRGT

TFLK
IYHT
ZYLN

[T T LT T LR R L L R N I I R I R R

135
%7

227
204
115
216

145
508
256
354
100
250

&7
225

319

3T
125
m

&1
278
190
110
183
220
126
432

299
w
205

52
182

370

«09
147
iy
126

152
240
264
155
554
284

126
a9

257

32
248
327
151

g y§

197
114
21%
231
131
463
252
33
121

56
207

3.7
255.2
38z2.0
139.2
3861
10a.3
274.6
218.8
137.2
224.5
255.7
1%8.6
522.7
248.1
366.7
1n2.8
270.5

7.8
236.8

2r.7
240.0
3.5
138.7
319.7

58.0
285.7
w7
115
203.2
228.7
129.0
453.0
235.7
318.5
115.7
223.2

5.0
196.5

13.28
10.59
12.46
3.
10.19
1114
2r.27
7.37
12,1
8.40
9.52
4.27
15.54
014
12.06
7.88
17.49
6.54
10.%7

6.13
6.32
4.43
11.02
673
6.83
8.465

.9
11.23
4,99
2.1%
14.30
10.99
14.43
4.7
14.59
1.63
11.38

3.7
2.8
2.9
3.7
3.2
6.9
6.4
8.8
4.2

1.8
2.6
1.3
7.9
1.9
10.0
3.0
1.6
1.7
5.5
2.2
1.6
3.1
[
4.5
4.1
6.5
3.0
5.7

354



ACER1S

ACERZS

N Variable

1

TFLN
2YHT
2YLR

I T I e e e i ]

i T B T R |

352
114
293

226
186
102
a0
259
145
L1 8
27
3%
L'a)
267
ar
219

194
342
130
»7
121
58
e0s
129

245
144
317

3
138
a7

192

226
186
Ll F
210
23¢
L)

270
%
9
287
57
219

196
32
130
357
gral
258
206
129
268
o
144
517

377
138
277

192

365.0
1960
2.0
130.0
357.0
121.0
258.0
206.0
129.0
268.0
245.0
144.0
517.0
4.0
77.0
138.0
277.0

43.0
w20

355



AFHE TS

1

AEDR
AEP2
BICN
BIZY
LFHT
LOXB
winl

MGAE
MEGT

oce2
DXAE
ONOR

TFLW
2YHT
IYLN

AEAE
AEOR
REF2
B1CK
arar
LFHT
LoWE
RN

MGAE
MEGT

TFLN
2YAT
YL

™ NN R R R NN NG N RN NNW

P T T e P e S Y

a21

130

&8
100
167

138
140

323

&1
an

120

262
169
288

]

140
19
N

we
113

92
291

230
52
179

%8
156
112
328
170
281

208
s
10

262
169
286

140
119

N
145

115
99
w2
N

52
17

194.5
124.5
226.5
8.5
167.5
SD.5
0.0
115.0
£9.0
143.0
147.0
103.5
325.5
165.0
2765
62.0
204 .5
R.5
120.5

262.0
169.0
284.0

5.0
236.0

8.0
140.0
119.0

9.0
165.0
192.0
115.0
399.0
192.0
9.0

2.0
230.0

$2.0
17e.0

7.07
V.89
12.02
3.53
7.97
919
1.41
4.9
9.7
Q.70

0.3
3.9
2.2
9.8
h.é
7.0
1.4
.8
1.1
5.9
6.7
1.6
1.0
4.2
33
2.2
2.4
2.0
0.5

356



APHEZS

DILETS

B AEAE

3

AEOR
AEPZ
aice
arzy
LFHT
LoNB
HINT

MGAE
MXGT

OCR2
OXAE
axX0R

TFLN
ZTRT
ZYLN

AEAD
AEOR
AEPZ
AN
BI2Y
LFHT

MM

GT

ocr2
OXAE
OX0R
PORA
TFLN
2YRT
ZYLN

o ® DmmiDmeEPH®NGEGDEEG N xD

Wb L bk WM L M LN Lk L W LW L LN W W W N

122
2A3

Eal
194
166
107
171
217
12%
%38
229

9%
218
54
184

194
162
241

228
42
122
128
%
132

gg@

155

3]
13

147

145
500

121
263

78
229

13
158
259

55
127
142

87
154
195
n?
358
178

93
215
&3
186

2045
165.6
247.8

BS.4
2330.3

47.3
123.4
137.0

81.3
%13
176.4
1056.0
348.0
165.46
258.3

23.3
1984

38.5
153.0

15.23
11.34
17.84
5.92
17.48
12.15
16.30
7.54
12.18
8.%8
18.38
7.62
22.0t
12.95
28.44
8.02
16.12
5.7t
13.24

¢.n
k e |
9.8
6.65
5.13
6.80
2.88
7.81
6.63
11.37
15.94
.64
11.13
11.5¢
22.67
&.62
17.03
3.7
9.53

74
6.5
a.3
4.2

4.7
1.9
3.9
7.7
2.2
14.3
2.3
5.7
8.1
2.0
2.0
9.0
L)
&.9
8.6
7.2
a.5
9.7
6.2

57



BICEZS

DICE3S

1

2

AEAE

AEF2
BICN
BIZY
LFHT
LOxB8
Hint

MGT
L]

OKOR
PORE
TFLN
2¥4T
ZYLN

R e |

fORE A R R A PO R R AR NN RN NN

Fal
48
165

243
195
37
"2

54
149
130

164

129
429

3w
m
260

51
177

i

162
w2
13+
395
1a8
2%

21a
4B
165

&n
208
120
na
285

41
158
59
nr
174
a7
140
451
29
373
113
73

&5
186

19.29
$.19
2.12
4.24

26,87
4.94
6.35

20.5Q

19.79
7.07
9.19
7.

15.5%
6.24

25,45
a.48
9.1%
9.89
6.36

7.7
4.5
0.6
3.6
0.1
B.&
41
1%.1
19,2
6.1
.3
5.7
3.5
1.8
r.1
7.¢
3.4
7.0
1.5

isg



FORSS 2 AEAE 2 B J3& 2338 42 1.8
AEDR 2 135 180 TS 17.687 1.9
; agP? 2 255 WS 5.8 1414 5.3
: BICH ¢ 76 B4 B0.E 5.65 7.0
' BrZY 2 6 U9 H2S 9.19 3.7

LEWT 2 &7 45 54.8 12.72 22.7
LOXB 2 04 13 1185 2050 17.3
MM 2 12r 138 1325 . 5.4
; o3 2 81 12 LS 4B 15.2
: MGEAE 2 132 1% 1440 16.97 1.7
; MXGT 2 157 165 161,90 5.65 3.5
; MG 2 104 W05 1045 0.7 D.6
P2 2 366 388 377.0  15.55 i1
E ONAE 2 175 187 8.0 B.4A 4.6
! OXOR 2 285 266 289.5 £.35 2.1
FORE 2 & 16 835 3889 419
TFLH 2 217 26 2185 2.12 0.9
2t 2 36 39 3% 2.12 5.6

; Zn 2 W42 169 5.5 4% 3.4
|
!

: HYRA1S 2 AEAE 2 T M 0 %.& 2.2

AEOR 2 76 a3 B2.0 B-4B 8.3
. AEPZ 2 133 137 130 nm 8.6
' BICM F A 630 7.87  16.4
BIZY 2 122 1040 25.45 2h.4
LFHT 2 n 29.0 2.82 ?.7
Lexa 2 55 &7 610 B.48  13.9
ning 2 56 T8 658 1697 25,7
W 2 3 50 &8 69T 361
MGAE 2 46 75 605 050 338
MXGY 2 T2 8 7N 7.7 0.0
M0 2 & 52 48.0 54 1.7
ace? 2 67 190 1785 16,26 vt
OXAE 2 71 w8 855 20,50 239
OXoR 2 131 188 149.5 /.14 175
PORS 2 3 <8 &5 7.7 1.3
TFLY 2 120 1080 T9.79 8.6
2YHT 2 0z 2 ns 0w 5.2
: 21N 2 91 BB 127?155

a59



HYRAZS

AYCOS

N Variable

3 AEAE
AEIR
AEF2
arcN
ey
LFHT
LoXB
L3l
w33
MGAE
MGT
MM
ocp2
OMAE
axoR
PORE
TFLN
2YHT
arue

e L Lk bed bl b L L kel e e bel b ek L W W LW AN

B o B B B B B b BB DB b

216

178
43
132
25
100

war

141
5
115

R
42

101
58
215
110
1
40
145
2%
86

162
118
184
58
7e
9

110

74
186
&

261
134
205

&1
163

28
104

130

160
5¢
135
43
a2
90
55
101
113

240
140
205
s7
156
k1A
9%

135.1
110.3
173.0
51.6
1313
5.3
76.0
95.3
62.3
N0.0
105.&
643
2363
108.3
183.0
51.0
145.0
25.0
104.3

115.0
2.2
150.7
4B.7
125.7
3.5
.5
8.7
50.0
.2
106.7
60.5
227.5
122.7
193.7
45.7
149.7
32.0
.7

10.61
5.05
7.7
2.50
4.30
4.93
&.75
3.5%
5.59
7.67
5.31
2.38

12.34

13.04

13.30
7.67
5.18
2.16
[

9.2
3.4
5.1
5.1
6.6
12.8
9.3
L}
"
B.¢
4.9
i.®
5.4
10.6
6.8
16.7
3.4
8.7
4.8

360



INDRS

MEHOS

1B

acrZ
OXAE
ONOR

TFiN
ITHT
ZTLN

TFLN
2YHT
2YLN

P T T R R . T I I e )

18
8
18
18
8
18
18
18
18
18
18
18
18
18
18
18
18
8
13

45
358
e
214
498
376
a2
1025
25
&02
194
662
m

156
129
212

65
161

%
103
102

50
104
1%7

116
18%
62
144
37
126

W5
158
279
214
498
s
232
102%
55
BO2
194
562
m
n

208
164
257

240

56
143
130

a9
134
75
106
338
164
248

175
61
150

1313
1%3.6
235.0
Ti.6
1977
46.7
122.1
115.7
638.1
118.8
160.7
9.8
313.5
143.8
223.1
7.2
159.2
46.6
137.6

1&.10
10.73
13.17
5.78
26.59
4.688
11.¢0
2.73
11.35
7.10
7.08
4.76
16.34
13.31
13.73
7.93
P21
&.72
733

7.7
7.5
5.6
7.7
12.4
0.4
%.0
8.4
6.6
5.9
&.4
4.9
4.5
9.2
6.1
0.5
5.7
1o .l
5.3
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PERAZS

W variable

2 AEAE
AEDR
AER2
BICM
.1F44
LFNT
LoxS
WMl
MEMS
MGAE
mxcT
00
ocp2
QXAE
axXDR
PORE
TFLN
2YNT
LN

AEP2
BIEN
aLzy
LFNT
LOx8
niny
LLLE]
MGAE
GT

ocPe
OXAE
OXOR

TFLN
2YRT
ZYLN

N R NN NN MMM N MN NN R

W A b L L W e ek G WY e N W b b W AW L

%2
18

140
=2
107
355

255
b
92
1
168

345
210
52
g
i

239

140
225
263
155
95

320
102
216

76
214

176
156

98
165

132
415
202
280

229
&1
185

%05
258
4t7

w29

96
29
260
153

287
177
552

ECY)
125
248

254

253.0
182.0
29T.0

87.5
2:5.0

71.0
159.0
152.0

95.0
152.5
195.0
119.5
385.0
188.5
267.5

76.0
210.5

$6.0
176.5

379.0
219.3
389.3
151.0
400.0

9.6
262.0
235.0
148.3
2.3
274.0
165.3
526.0
268.3
344.3
17.0
235.3

78.8
232.3

33.18
5.63
1.1
3.53
1.3
14.31
26.04
5.65
2.82
17.67
18.38
17.67
42.42
19.09
17.67
8.48
26.16
7.07
12.02

J9.78
a7
31.56
11.400
35.51

5.50
20.68
25.51

7.33

6.45
12.12
11.06
28.82
22.89
21.54
13.00
17.67

3.05
22.03

15.49
3
3.8
4.0
4.6

15.9

15.1
3.7
2.9

1.5
9.4

14.7

1.4

10.1
6.6

11.1

2.4

12.6
6.8

a.1
10.7
a.a
7.2
2.1
6.0
7.8
10.8
4.8
2.8
4.4
5.4
5.4
a3
4.2
.1
7.4
5.9
9.2
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SUBHZS

&

AEDR
AEP2
BICN
BL2Y
LFHY
LOXB
niml

RGAE
miGT

ocp2
OMAE
DR

TFLN
2YNT
2YLN

AEAE
AEDR
AER2
HicM
BIZV
LEHT
Loxe
L1 3

MGAE
MXGT

acp2

TFLN
ZYHT
fnn

WV LA LA W L WL T W W U VWV A W W

o LI R L A A AT T LR T R U U

217

176

I
101
10%

126
143

34
1eh
247

35
166

4]
128

190
1B
267

197

556
118
10&

&1
38
1463

340
175
280

192
&1
129

219

125
13

137
178
103
357
174
arn

48
142

221
162

235

181
146

1564
184
1"e
349
184

215
S3
149

203.5
155.0
255.0
2a8.75
213.0
&6.1
127,25
1246.5
82.75
145.5
173.5
105.0
157.25
173.0
285.5
&a.7
205.2
45.5
140.5

13.91
6.83
7.25

7.0

17.85
8,06
0.8

17.38
14.9

12.36
.88
B.50
13.2
&.08
&.20
b2
9.7
5.1¢
9.87

5.2
6.0
5.8
31
7.7
20.7
7.5
°.3
7.3
3.4
9.4
7.9
4.8
5.9
4.2
18.3
7.5
7.2
3.9

6.8
[
2.8
7.9
8.3
2.4
8.4
1359
18.0
2.5
5.6
a4
3.4
2.2
1.4
8.2
4.7
1.4
4.8
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TELETS

2

e I T B B M B e T " B e e B B B e B B

P N N AR R R R R R R R R R R R R RS

263

27

k14
139
124

13
158
105

185
294

£ ¥y

151

281
221

306

59
198
178

151

128
408
205
304

213
59

110

62
161
151
107
166
192
119
410
222

m
250

41
B4

232
328
124
320

21
i1
162
163
230
144

210
306
114
217

74
204

235.4
173.5
275.a
100.4
261.4

82.2
148.8
1739.4

99.2
153.1
181.0
1137
385.0
202.8
31220

8.2
227.5

50.8
147.0

204.5
226.5
326.5
1.5
3.0
& .5
204.5
179.5
10d.0
162.0
227.5
142.0
418.0
207.5
305.0
104.5
215.0
§7.5
195.10

8.0%
..M
9.97
5.56
13.10
a.92
2.58
.19
.34
11.92
12.47
5.02
20.53
1384
17.40
B8.07
16.2%
6.95
11,10

.54
777
.12
17.67
9.89
7.7
.19
.12
2.82
1.49
151
5.65
%. 1%
3.53
1,41
15.26
2.8
12.02
12.7R

14
5.5
5.0
17.0
5.0
§.5
B.4
7.7
6.8
4.4
5.3
.7
5.4
9.4
7.1
134
6.6

1.7
L
0.6
15.8
39
12.0
4.4
1.1
2.a
o.a
1.5
3.9
3.3
1.7
0.4
15.5
1.3
17.8
&.5
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TELE2S

TELE3S

[

]

AEAE
AEOR
AEFZ
BICH
BL2Y
LFRT
Loxp
LE L

AEAE
AEOR
AEP2
A1cN
Bizy
LFRT
LOXB
LAl

F R I R LB R O R T L L

LT T R - S - T - T - - - I

107
80
o7
152
459
214

SR

273
230
s
tm

198
9%
1

161

180

31

&7

2

313
5%

222

200

207
254
1

27
358
m

229

s

m
EX 1]
m
237
194
130
196
53
168

R

87

324.5
5%.7
3455
125.2
355.0

a3z
264.0
17a.7
115.7
194.5
2465
161.2
481.2
227.0
343.7

9.7
265.7

as.¢
208.0

1.0
264.5
367.6
122.0
309.5

96.0
215.8
161.0
13.8
182.6
217.3
149.3
485.5
230.6
361.1

82.0
242.0

™.6
210.3

17.09
14,45
1040
1.8
27.58
12.52
3B.95
.
&.70
13.07
7.32
7.3
2033
14.53
14.10
1.2
aLn
B_0&
22.31

15.84
12.35
15.79

8.39
3.7
10.95
146.17
35.03
15.43
13.9¢
»2..m
1.87

9.87
14,86
15.58
12.06
15.5%

4.96
1.3

5.2

2.8
.4
7.7
15.0
1.7
5.9
5.7
8.6
2.9
4.5
4.2
6.4
&1
7.9
4.0
9.4
10.7

S.2
4.9
&2
&.B
7.6
11.4
6.5
22.3
13.%
7.6
15.1
7.9
2.0
7.2
4.8
1%.7
6.8
&.2
3.3
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TELE4S 3 AEAE 3 2% 332 115.0 19.31 6.1

AEDR 3 /& 270 2646 7.57 2.8

) AEP2 I MW7 M L0eE 1,67 2.4
BICN 3 128 14 113.6 4. 85 4.9
BizY 3 305 352 1323 24.41 7.3

LENT 3 108 128 115.6 9.29 a.0

LOXB 3 2 2% 3.3 &.62 .7

Nim 3 170 233 wr.o 23.51 11.%

wind 3 B, 128 123 24.53 21.8

MGAE 3 188 190 82.4 12.70 5.9

oGT 3 2% 2ZM 261.3 ?.57 2.4

MXMO 3 1 177 1Ee.aD 3.0 4.7

ocp? I 519 540 526.0 2,12 2.3

OXAE 3 228 261 2380 7.0 2.9

Inow X X5 382 364.6 18.61 5.1

PORB 3 & 97 a3.6 15.04 15.7

, TFLK 3 22 6 7.0 7.81 3.1
2YHT 3 74 a3 9.0 &.58 5.8

LR 3 221 23¢ N6 9,45 4.0

TELESS & AEAE 4 298 I 3245 29.M 3.8

AEOR & 2 T NS 20.72 7.6

AEPZ 4 35 28 4ps.0 3304 a1

HicM & 13 145 15, 49 10.8

A12Y & 3N 3% 3517 28.00 7.9

LENT [3 o0 NS 1w0.7 1.5 11.419

LOxB & 241 M3 247.0 8.n 1.6

LR L 192 205 197.5 5.56 2.4

33 [ 17 13 1242 7.5¢ 5.0

MGAE & 17Ts 224 200.0 20.34 1.1

NXGY & 280 280 249.0 B.28 3.0

HXMO & 173 185 180.2 5.5 .05

acP? & 491 S&2  5I9.2 .87 .0

OMAE & AT 280 237.7 22.18 2.3

QXOR 4 331 3 3480 25.585 8.9

PORB & 72 s 91.2 15.73 17.2

TFLN & 267 282 2TR.S 5.85 2.5

! FATH & ™ wm g7 8.42  10.1
ZYLN & N 288 252 264 .5% .9
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TRIGS

13 AEAE
AEOR
AEP2
BICN
BIZY
LFNT
Laxe
MINT

TFLN
TYNT
2YLN

12
12
12
12
12
12
12
2
12
12
12
i2
12
2
2
12
12
12

)

130
159

N
160
254

56
195

33
125

154
125
413
253
326

&5
169

212.5
164.0
262.8
0.4
a3n.3
58.2
120.7
134 .8
ar.i
49 9
177.0
11%.5
3187.0
1889
299.8
73.0
229.8
50.1
151.4

18.55
13.70
17.87
7.50
28.22
.37
15.78
14.34
11.72
11,44
i0.23
&.B4
AN 4
21.65
20.63
1¢.53
1972
11,14
14.39

a7

6.8
9.3
12.1
16.0
13.0
10.6
13.5
7.6
5.7
5.9
5.9
14
6.9
14.4
8.5
22.2
2.5

367



MANDIBLE

1=

47

ANGD
ANGY

BOM1T
anHT
N3
LMIL
LM
LL ]

BDER
BDM1

CNM3
LML
Luiw
MNNG

Y
w5
19
1%
%

19
19
19
19
19

M A MM N MNR N

&7
&7
&7
(44
[ 14
&7
LY
&7
(Y4
&7
&7

141

157

1z

-

4
120
"z
152

106

&4
kL]

167
39
21

128

115

155

161
132
2598

5t

153
188
251

113
ia

13

189
&0
22

186

168

149
55
59

132

m

233
32
32

135

156

202

160.5

41.3
143.6
1"r.v
285.3

41.1

30.2
1%3.7
173.8
228.7

12.5
3.3
35.0

108.5
§2.0

177.0
38.0
21.5

143.0

%15

159.0

130.2
45.5
52.0

116.8
B4 .4

201.8
45.3
28.0

143.0

135.9

180.2

10.13
5.87
3.7
r7.05
5.77

12.93
&5.81
2.86
7.09

10.01

12.96

.70
6.70
1.41
36.06
141
16.97
2.82
.70
32,52
346.64
2.69

9.17
5.23
3.56
8.15
6.81
14.57
1.2
2.06
7.28
9.96
16.90

%.8
16.5
P.4
4.9
5.7
5.5

0.6
1.4
4.0
3.2
2.2
2.5
7.4
3.2
22.7
26 4
&.2

7.4
1.5
6.8
6.9
7.8
7.2
7
7.3
5.0
7.3
6.0
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JAVAN

ACERTH

2

LMTL
LM
MARO

ANGW
BOBR
BON1
BONT
Cls
EMIL
LMl
MRMO

ANGD
ANCW
ansr
BoM1

CHm3
LR
LMW
MNMO

Ml W W WL W W W W W W LB IR - B - - NI R R R ]

AR AR R NN R R R

140

49
108

a21e
L ¥4
25
133
51
213

12%

A8 R

1
3

124
133

150
28
42

1a7
a5

198
&1
2z

134

13

197

102

4B
I
15%
173
251

143
9
42

hith]
74

184
a1
24

2%

164

185

151
32
47

12
BY

42
28
135
152
212

152.5
46.3
5.6

116.2
9.0

2611
415
29.2

141.6

1604

2396

137.6
7.3
416
/.3
9.3

182.0
40.0
23.0

127.0

140.3

182.0

150.%
0.0
&5

109.5
B&.0

202.0
1.5
27.5

134.5

141.5

204.5

s.07
3.50
2.50
4.9
7.08
15.97
31.32
2.04
6.43
4.0&
11.33

T.57
1.52
0.57
1.2
4.6
6.08
1.00
1.00
2.64
6.35
3.60

0.70
2.32
3.53
3.53
1.4
5.65
0.70
8.7
0.70
14.84
10.60

4.7
4.2
7.7
&.5
7.9
7.0
4.8
5.0
5.5

5.5
4.0
1.3
3.3
6.0
1.3
2.5
.3
2.0
4.5
1.9

0.4
9.4
7.9
3.2
L&
2.8
1.7
2.5
8.5
10.4
5.1

3639



APHE 1M

APHEZM

4

&

ANGD
ANGY
BOBR
BOWY
BOWT
CRME
LML
[LAL

ARGD

BOBR
BOM1
BOHT
CNM3
LnIiL
LMW
HNMO
RAMD
RAMH

b oo e LTI VI VR VI VR VR VI VI VR VR Y]

- O T U T T - T

152

&1
106

201

12
150
220

%3

107

134
32
19

1721

135

200

218
43

725
152
221

141

b3
11
91
209
37
28
124
%0
205

156

E)
L3
105
34

44

3o
135
152
229

154.0
36.5
2.5

107.5
8z2.5

209.5
58.5
26.3

Ma.5

151.0

220.5

137.2
2.7
&5.7

101.0
B1.2

%3.7
35.7
2%.7

120.7

135.2

198.5

150.5
31.5
43.8

2.1
.6

207.8
3.8
25.3

126.3

145.1

215.0

2.82
0.70
2.12
2.2
6.36
12,02
6,36
353
e.19
1.41
0.70

3.3
3.9
5.73
11.19
11.44
12.2%
1.25
1.70
.03
2.98
6.02

&.32
3.20
4,21
5.70
9.81
15.99
4.16
.7
5.42
716
12.13

.7

16.5
133
7.7
0%
0.3

2.4
135.6
12.5
1.0
1.0

5.3

3.5

6.6

3.3

2.1

3.0

2.8
10.1
9.6
5.0
10.8
7.8
10.7
%.9
4.2
4.9
5.6

370



APHELM

DICEIM

[

1

BOBR
BOWY

CRR3
LML
LMW
MNMO

& o e

PR LR T I ]

L JE R )

m

224
45
n

154
226

58
149
ns
24

4

3
162
160

134
14

152
43

136
112
17

2m

58
153
114
252

54

143
181
278

190

65
18
128
270

58

181

L]
28D

14

4

152
43

136
112
17

1.2
.2
56.2

128.2
8.2

233.5
50.7
130

157.2

170.5

2&1.2

18z2.¢
3.7
61.0
155.0
123.5
246.0
§3.5
3.5
173.7
173.0
263.5

134.0
4.0
5.0
.0
n.o

152.0
43.0
3.0

136.0

M2.0

7.0

2.7
3.59
1.5

7.9

16.84

12.97
3.9
3.38
7.80

12.12

2.9

9.93
2.75
2.54
9.33
10.m
2148
4.20
2.64
a.an
13.49
2.2

12.6
n.s
2.6
13.%
15.1
3.5
7.7
10.2
4.9
7.1
0.3

5.4
8.9
4.8
&.0
8.1
8.7
7.8
1.2
5.0
7.7
6.9
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Subgroup N variable N Min  Mex Mesn 5.0. C.v.

DICE2M T ANGD 1 04 64 7660
ANGY 1 40 &0 50.0
EDER 1 a5 a5 5.0
BOMT 1 Tt m 71.0
BORT 1 57 57 5T.0
CW3 1 16 M4 1440
LlL ] 23 Fi{ 23.0
LMW 1 18 i3 18.0
MWMOD 1 85 a5 85.0
RAND 1 88 Bs aa.p
RAMH T 138 138 1380

FORS 1M 1 ANGD 541 141 141.0
ANGY 1 18 18 18.0
soER 1 25 25 5.0
oM} 1 m 74 740
BOHT 1 &5 &5 &5.0
CNME TS 5 145.0
LMIL 1 12 32 32.0
LM 1 22 22 22.0
L] 1 W06 106 105.0
RAMD 1 (] 10 1810
RAMH T ¥3 153 1530

FORS2M 2 AN 2 97 127 2.0 21.2% 1.9
ANGH 2 ? Lh] 2.0 2.82 3.4
BDER 2 23 26 24.5 2.12 a.6
BOMT 2 62 & 64.0 2.82 ok
BOKT 2 50 56 53.0 4.24 4.0
ENM3 2 Br 130 113.5 Z5.33 205
LHIL 2 24 2? 5.5 2.12 a3
LMW 2 15 17 16.0 1.41 4.8
MNMO 2 80 B4 B2.0 2.82 3.4
RAMD 2 7 w2 50.9 16.97 18.8
RAMH 2 124 137 1305 9.1% r.0
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HYRAZH

2 ANGD
ANGY
BDBR
abmM1
BONT
CNM3
LMIL
LM
L]

LAV VR VI U VR VI VI LU R VI Y] LYRE TR YR VI VI TR TR VI VI VR Y]

B T LI T T o I I ST R

92

18
52
&4

19
14
61

101

81

20
49
40
kAl
17
12
57

38

103
20
49
97
2%
15

89
118

121

7.5

9.0
16.0
w5
n.s
63.5
145

9.5
45,0
57.5
7.5

9.5
a.5
9.0
56.0
46.5
B3.9
2t.0
16.5
45.5
.
1095

8.2
6.2
22.0
51.7
&1.2
8.3
8.0
12.2
59.0
Te.2
106.5

6.35

1.7
0.70
.41
5.65
3.53
2.
1.41
0.70
3.=3
16.26
12.02

&1
G.50
1.41
2.21
0.%5
7.32
0.1
0.50
1.41
4.50
1640

7.9
a.3
7.4
10.1
7.6
14.4
T.D
4.8
5.5
209
10.9

4.7
8.0
6.4
4.2
2.3
9.3
4.9
4.0
2.3
6.0
9.7
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HENDTM

1a

(L1 S
LN
KNMO
RAND

ANGD
MGW
BDBR
a0M1
BDHT
CNMS
eIl
a1
HNMD
RAMD
RAMH

ANGD

80BR
BDMY
GOMT
CHM3
LML
M1
HNNO

T A A A e e )

10
10
10
10
10
10
10
10
14
10
10

- A o = S S a4

353

53
223
226
330

NS

10

a8

129

1co
n
k1
83

141
n
22

114
92

158

353

53

226
330

113

L3

5%
147
H
21
100
100
148

100
n
L 1
&5

141
n

114

158

1011
5.0
2.3
&9.0
53.3

125.3
26.6
8.9
9.6
8.9

139.0

190.0
n.g
5.0
5.0
64.0

141.0
3.0
22.0

114.0
92.0

158.0

68.72
7.43
2.58
459
3.3
12.73
2.54
.19
§.22
a.87
48.12

&.6
2.2
g.8
a7
6.3
10.1
2.5
6.3
4.6
10.4
4.4
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PERATH

PERAZM

3

L
LM
L]
RMMD
RAMK

ANGD
ANGY

[E R T R TR Ry U E ] P J R G R

e NN N

105

13

a2
115

113
3

Vh
&7
162
35
26
118
m
154

155
25
52

s
ar

216
(%]
n

147
209

34

s

133
22
(X}

101

18D
42

136
133
189

52

3
"y

21%
50

147
153
FA LY

165

13

a2
115

122.3
18.6
&0.3
97.3
746.0

171.6
39.3
7.3

12%.0

1210

175.8

154.5
25.5
52.5

117.0
8a.5

7.5
46.5
32.6

157.%

155.0

209.5

10,06
.58
.5
5
7.93
9.07
.m
1.52

1.28

12.48

13.42

4 .94
9.70
0.70
2.a82
2.12
2,12
.9
1.41
13.43
M.
0.70

a.2
8.4
.2
3.8
10.4
5.2
.8
5.5
a.7
10.3
2.7

11
2.7
1.3
2.5
2.3
0.9
10.6
4.4
3.5
7.2
0.3
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SUEHZn

SUBHIM

6

BONT
o
()8
LM
Himg

ANGD
ANGY

BOWY
80HT
NG
1,318
R 31T
L
RAMD

NN NMANN M RN N PmohoeoemmDm

- . . R .

102

g2
&5
§2
117

18
a5

127

114
3
i

120
&7
20

105
141

"z

26
fai
58
137
27
a1

&
146

d&8Y

150

i

ne
112
159
120

k4
7é

128

21

H5
14%

133

J8EwH

113
125
154

11,6
16.2
7.7
3.7
59.3

131.8
28.6
9.8
97.0

102.6

%0.3

117.0
14.0
30.5
75.5
61.5

124.0
7.5
20.5
¥5.5

1.0

143.5

125.1
18.1
3.5
.5
62.5

4.t
32.3
22.3

wr.8

07.0

%a.8

1,78
2.96
3.10
7.53
8,65

1.8
z.m
2.47
8_B%
7F.70

12.60

&.24
1.41
.70
g.70
2.12
3.65
.70
0.70
.70
7.07
3.53

6.3
.41
4.35
6.83
7.65
6.79
1.4
1.75
5.87
11.52
2.71

9.6
18.2
1.1
10.2
14.5

8.5

9.5
2.4

?.1

7.5
8.97

is
18.1
2.3
a.?
34
4.5
2.5
3.4
g.7
&.4
2.4

4.5
0.8
2.5

a.7
1.2

&.7

¢.9

7.8

5.4
0.7

1.8
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TELETM

TELEZH

TELE3#

3

12

Varighie

ANGE
ANGW
doBR

gouy
a3
LML
LMW
MNRO

ANGD
ANGY
BOAR
oW1
annT
M3
LML
LMW
HAMO

ol b W W W W W W

LT I R e

12
12
12
12
12
12

12
12
12

192

175
k14

13
123
183

123
26
45

0%

185

E38

1
124
1a3

13
L1}
160

1
(13

142
s
173

157
148
a9

87
33
53

121

Wi

229
50

160
172
223

154
41
53
136
118
¥4

33

162
240

149.0
2.6
42.0

105.3
™.

188.5
43.0
6.5

1%2.6

1376

85,0

1511
3o.3
48.5

115.0
3.8

2108
44,0
32.1

150.5

142.5

215,46

b4
.0
4B.3
116.0
918
207.3
5.3
.5
151.5
139.9
208.0

5.00
3.78
3.00
3.05
5.18
16.58
5.5
5.7
13.20
1B.05
3.46

918
2.42
2.,
.64
7.98
15.45
4.69
2.48
8.7
B9
16,59

.73
B.05
1.
11 .28
14,67
19.88
3.1
.54
6.73
12.42
19.28

33
15.9
7.1
2.9
16.3
8.7
2.9
1.6
9.2
V.4
1.8

6.0
1y
5.7
&.0
a.5
7.4
.6
1.7
5.8
2.7
1.7

8.1
27,6
7.0
9.7
3.9
9.3
6.8
1£.3
4.4
B8
0.2
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TELE&4H

TELESH

TRIGM

N variable

A

13

BDNT
BOHT

LML
Ll

ANGW
SpER

BOHT
C
LMIL
LMV
NHNT
RAMD
RANH

M~ 4 B

Mm@ P @m0 %@

13
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APPENDIX 6.

Sh8~IML PROGRAMB

Statistical programs written in SAS Interactive Matrix Langquage
{SAS Institute, 1988). Program comeents are bractketed by slashes
and stars {/*comment*/).

PRINCIPAL COMPONENTS ANALYSIS, GENERMALIZED DISTANCES, Q=0 PLOTS,
NORMALITY TESTING, AND ANGULAR DIFFERENCES ROUTINES.

* MILTIVAR.IML VER. 5-23-9% =/
/* MULTIVARIATE ANALYSIS PROGRAM IN SAS IML */
PO LRt RSP P SET WORKTNG ENVIROWMENT +---=-e-sscmomaooman mamy
DPTIONS MDSOURCE; /*EXCLUDE PROGRAM LINES FROM OUTPUTT/
LIENAME SASDAT *Cz\ZBALES\INPUT\SAS';
LIBMAME FLOPDAT °*B:xy!:
FROC PRIMYTO LOG = ‘PRN'; /% SET OUTPUT DESTINATION ™/
PROC IML WORKSIZE = 2T0; /* SET SPACE FOR MATRIX OPERATIORS ™/
RESET LINESTZE = 175 PAGES[ZE = %5;
TWELVE = {123;
NEWPAGE = BYTE(TWELVE); /* PALE BREAX CONTROL CODE */
F*SEY*/ TRUMCLEV = 95;
F*--BET--%y AXISPERC = {5); /* PERCENTAGE CUTOFF FOR PC ANES %7
F4==SET--"4 PLOTTYPE = "GRPSYNRY; /% «SEXT NGRRMAME" FERPSYMA® MLOCT *[wO"™ */
F--SET--%7 ANALYSE = YASY™: /* [AG] ALL GEMERA  [AS] ALL SUGGROUPS */
/™ (5G] SOME GENERA [SS] SOME SURAGROUPS */
IF ANALYSE = “AG™ THEN 00;

PRINT Me-m-mnemmamen ANALYSIS OF ALL GENERA -+»-vveve-v- -y
PRINT Mrsst-mmc s aramacmrccrerss seme s e mrrmTre e mm mr === LT
END;
IF ANALYSE = "a5" THEN DO;
PRINT M-----wsm---e- AMALYSIS OF ALL SUBGROUPS =<+=--w--r-ras L
PRINT ™e- - o= m ot s e et e s mma e ote e e e -
EXD;

IF AMALYSE = "SG" | ANALYSE = uSS* THEN Qo;
DOGRPS = {MENC);
/™ DOGRPS = {UNTLM JAYAMY; */
/ DOGRPS = (TELE); =/
/™ DOGRPS = {UNICM JAVAM}; ™/
/* DOGRPS = (AMYN DICE FORS WYCO LOPS MEND PERA QACE RIGO TELE
WSUB TRAH); */
/* BOGRPS = {ACER DICE FORS HYCO LOPS MEND PERA RIGO SUBW TELE */
/® DOGRPS = {TELEYS TELE2S TELE3IS TELE4S TELESS TELESS); */
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/*  DOGRPS = {TELETM TELE2M TELEIM TELEGH
TELESM TELESM TELE?M TELEOM TELE®M); *f
/* DOGRPS = (BICOS TELE1S TELE2S TELE3S TELE4S TELESS TELEAS); */
#* ODGRPS = {BICOW TELEIM TELE2M TELEIM TELE4M

TELESM TELESGM TELEVW TELEEM TELESM}, */

" BOGRPS = (AICOM CERAM UNICM JAVAM SUMAN}; */

fid

DOGRPS = (BICOS CERAS UNTCS JAVAS SiMas): <~/

/* DOGRPS = CACERTM ACERZM APHETM APHEZM APHE3IM APHELM

APHESM DICEIM DICE2W DICE3M DICE4M OICESM
FORSTM FORSZM HYCON HYRATM HYRADW MENDTN

MENO2M PERATM PERAZH PERASM SUBHTM SUBHZM
SUBH3N SUBHGM TELE1M TELE2M TELEIM TELELM
TELESM TELE&M TELETM TELERM TELEM TRICH

ZATSTM ZAISAM)}: %/

/® DOGRPS = {ACERTS ACERZS AMYMS AFME1S APHE2S DICE1S

DICE2S DICEIS DICELS DICESS DICESS FORSS
HYCOS HYRATS HYRA2S HYRAJS MENOS PERAIS
PERAZS SEBH1S SUBH2S SUBHIS SLBWAS SUBHSS
TELETS TELE2S TELE3S TELE4S TELESS TELESS
TRIGTS TRIG2S XAMYS); */

PRINT "™---arua FOLLOWLNG GROUPS SPECLFIED FOR ANALYSLS --------- H
PRINT Meo-vmenareamcrer e e s ettt bt v vmn v mm e e :
PRINT DOGRPS;:
PRINT Mottt e e s rr s m e oo rmrmaa i e oo - i
END;
FYSET®/ REFEAT = "yh; /™ BYFASS "CREATE" STATHENTS [Yles [Nlo */
FESET*F RUN = Mm% [S)kull mpandible =/
LF RUN = "g* THEN DD;
PCLIMITS = (28D 125, -2B0 -12%);
BLANKS = (' ¥ A W}~
PRIMT fh=mcmmmcuamonaaan ¥ SKULL €t----—=smscamacmceoaan ne
END;
[F RUN = “M" THEW DO;
PCLINIYS = {100 40, =100 -40);
'L‘"‘s = (- ll'll H);
FRINT s o-cmmemmamuan o a» WANDIBLE €<c-------=--mwracsran -
END;
FESET=7  TFORWM = {"NF}; NO = {"NM}; YES = ("Y"); £ TRANSFORMATIOM */
F*SET*/  PLEV = "MED@; /™ PRINT LEVEL [MIN)imum [WEDIfum {MAX] imum *7
/*SET%s  USE SASDAT.MANOSUBS; /* GATA SET FOR ANALYSIS®/

READ ALL INTO TEWPDATA (ROWNAME=|D COLMAME=VARNAME];
IF TFORM = YES THEN DATA = LOG[TEMPDATAYID.L3S29458;
IF TFORM = MO THEN DATA = TEMPDATA;

FREE TEMPDATA;
CASES = HROW(DATA); /™ WKUMHOER OF CASES */
NAR = MCDLIOATA); /* WUMBER OF VARTABLES &y
ROWVASR = WARNAME: /* Colum of varisble nemes */
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L Rk e b SET GROUFINGS AND LABELS ----wsa---v-cman=== .y
READ ALL VARCLOCAL) INTO LOCSEX;
SEXCOL = SUASTRCLOCSEX,2,1);
LOCALCOL = SURSTRCLOCSEX,1,1);
FREE LOCSEX;
[F AHALYSE = "AG" | AMALYSE = "SG" THEN DO;
NEAD ALL YARCGENUS} INTQ GRPLABLS;
END;
IF ANALYSE = “AS® | AMALYSE = "S54 THEN DO;
IF RUN = "N" THEN 0O;
READ ALL VAR(SUBS) INTO GRPLABLS;
Eap;
IF RUN = "$“ THEN DO;
READ ALl VAR(SUBG) INTO GRPLABLS;
END;
END:
IF AKALYSE = "AG™ | ANALYSE = “ASM THEN 0D;:

GRPSADW = UNIDUECGRPLASLS)}:  /* ROM VECTOR *//* fow of unique group names
GRPSCOL = GRPSROMW ; /% COLUMN VECTOR */ /% unique group names =7
END:

IF AMALYSE = "SG" | ANALYSE = "S5" THEMN 0O;
GRPSROM = DOGRPS; /% ROM VECTOR *f
GRPSCOL = GRPSROM™; * COLUMN VECTOR */
END;
NGRFIKIT = NRDW{GRPSCOL};
VARCOL = VARNANE®; /* COLIMK OF VARLABLE WAMES */
PRINT "NUMBER OF VARIABLES " NVAR;
PRINT "WARIABLE NAMES ", VARCOL;

IF ANALYSE = MAG™ ] AMALYSE = "s5G'" THEW DOD;:
PRINT "HUMHER OF STARTING GENERA " NGRPINIT;
PFRINT “GENERA NAMES ", GRPSCOL;

£ND;

IF AMALYSE = maS™ | ANALYSE = "55" THEM OO;
PRINT “NUMAER OF STARTING SUBGROUPS * NGRPINIT;
PRINT “SUBGROUP WAMES ™, GRASCOL;

END;

NROOTS = NVAR; /* NLMBER OF PRINCIPAL COMPOMENT ROOTS */
PCLABD = (FC); /* PC AXIS LABELS ROUTINES %/

PLLABY = REPEAT{PCLABD, T ,NRDOTS);

PCLaBZ = DOCT,HRODTS,1);

PCLAB2A = CHAR{PCLABZ,2);

CALL CHANGE{PCLAB2A," v, myw);

CALL CHARGE{PCLABZA ' 2V, m2");

CALL CHANGE{PCLAB2A ™ 3" r3n);

EALL CHANGE({PCLARZA,"™ 4%, "eM3;

CALL CHANGECPCLABZA,' 5" b34);
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CALL CHANGE{PCLAB2A " &M rigw)~
CALL CHANGE(PCLAB2A,“ T4 n7mys
CALL CHANGE(PCLAB2A," 8","B"};
CALL CHANGE(PCLABZA * Pu ugu)-
FCLABL = COMCAT(PCLAEY, PUCLAB2A};

fE- e SUB-GENERIC GROUP ROUTINES =---------=------me-ano- 7
.fl .................................................................. "f
CRTSKIP = {03;
CNTGRPS = {03;

GRPHUM = (0);
O0 [TERA = % TG NGRPINIT BY 1; 7% CYCLE THROUGH GROUPS */
CNTCASES = {0);
CRENUM = GRPHLM+(1);
GRENAME = GRPSCOL (GRPNUM) ;
00 ITERR = 1 TO CASES; /% COLLECT GROUP INFO %/
IF GRPLABLE[ITERB] = GRPNAME THEW DO; /* FING OATA FOR GROUFP *f
CNTCASES = CNTCASES » {1)};
ROMDAT = DATACITERB,); /¢ SPECIMEN DATA */
IF RUN = uSH THEN DO;
SIZEDATY = DATACITERE, V3] ;
END;
IF RUN = “M" THEN DO;
SIZEDATY = DATA(ITERY,&];
ERD;
ROMID = IDCITERB]; /% SPECIMER IB */
SEKCHAR = SENKCOLLITER®]; /~ SPECINEN SEX */
LOCALCHAR = LOCALCDL (ITERBI; F% SPECIMEM LOCALITY =7
IF CHTCASES = 1 THEN DO; /* SETUP MATS FOR THIS GROUP */
SUBDAT = ROWDAT;
SIZEDATZ = SIZEDATT;
SUBGRPID = GRPKAME;
SUBTWDID = ROMID;
SURSEXS = SEXCHAR;
SUBLOCS = LOCALCHAR;

END;
IF CNTCASES » 1 THEN ND; /= ACCLM FOR THIS GRP *¢
SUBOAT = SUBDAT//ROWOAT;
SIZEDATZ = STZEDATZ//SIZEDATY;
SUBGRPID = SUAGRPID//GRPRAME;
SUBINDID = SUBIKDID//ROWID;
SUBSEXS = SUBSEXSS/SENCHAR;
SUBLOCS = SUBLOCS//LOCALCHAR;
END;
END:> /% GRPLABLS = GRPMAME LOOP */
EMD; /¥ END ITERB */
SUBSTZE = HROM{SUBOAT);
PRINT M SIZE JF GROUR" ITERA SUBSI2E;
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IF SUasiZE > T THEN DO; f* ACCUM ACROSS GRPS FOR POOLED =/

CNTGRPES = CNTGRPS+{T1};

iF ITERA = 1 THEN 00;
GRPSKERT = GRPNAME;
GSIZECOL = SURSIZE;
ACCGRPID = SUAGRFPID;
ACCINDID = SUBLNOID;
SEXIDS = SUBSEXS;
LOCALIDS = SUBLOCS;
SIZEDATS = SIZEDATZ;

ENO;

[F ITERA > 1 THEN DO;
GRPSKEFT = GRPSKEPT//CRPHANE
GSIZECOL = GSIZECOL//SUBSIZE;
ACCGRPID = ACCGRF IO/ /SURGRPID;
ACCINDID = ACCINDID/ /SUBLNDLD;
SEXIDS = SEXIDS//SURSEXS;
LOCALIDS = LOCALIDS//SUBLOCS;
SIZEDATS = SI1ZEDATI//SIZEDATZ;

END:
END; /® SUBSIZE > 1 LOOP */
FREE ROWDAT;
IF SUBSIZE = 1 THEW DO; F* KEEP TRACK DF SKIFPED GROURS ¥/

NAMESKIP = GRPMAME||ROWID;
CNTSKIP = CNTSKIP + {133

IF CATSKIP = 1 THEN 00O;
SKIFMAT = NAMESKIF:
END;
[F CNTSKIP > T THEN DO; /% MORE THAN ONE SKIFPED GROUP =/
SKERMAT = SKTPMAT//NAMESKIP;
END;
END5
IF ITERA = NGRPINIT THEW Bo;
[F CNTSKIP > D THEN DO;
PRINT “SUMMARY OF SKIPPED 1-SPECIMEN GROUPS ™;
PRINT SKIPMAT;
END;
END 3
If SUBSIZE = 1 THEN GOTO LEAPFROG;  /* NO ANALYSLS FOR OME SPECIMEN */
if PLEV = “MAX™ THEN DD}
FRINT NEWPAGE;
PRINT, GRPNAME:
PRINT, SURSIZE([FORMAT=2.D];
PRINT, SUBDAT [FORMAT=3.0 ROMWNAME = SUBIKDIDS COLMAME = VARNAME]:
END;
SUBMEANS = SUBDATL:,); /" ROW DF VARIABLE MEANS */

384



FREE

FREE

FREE

MEAHMAT = REPEAT(SUBMEANS,SUBSIZE,13; /% MEAN WATRIX T/
SUBDEVS = SUBDAT - MEANMAT; /* NEVIATIONS FREM MEAN =/
SUBSSCP = SUBDEVS ™ * SUBDEVS; 1% SAMS-OF -SOUARES AMD CROSS-PROGUCTS */
SUBCOV = SUBSSCF ™ ({SUBSIZE-{1))**-1.0); /% GROUP COVARIAHCE MATRIM */
IF PLEV = UMAX" THEN 0O}
PRINT YEWPAGE;
PRINT “COVARIANCE MATRIX FOR  GRPNAME;
PRINT SUBCOVIFORMAT=S.2 ROWNAME = ROMVAR COLNANE = VARRAME] ;
END ;
IF PLEV = "MAX® THEN DO;
VARIANCE = VECDIAG(SURCOV); /® COLUMN VECTOR OF VARIANCES =/
STODEV = SORT{VARIAMCE);
STOIWVRS = STODEVE#-1.0;
STOMAT = DIAGCSTO[WVRS);

CORREL = STOMAT * SUBCOY * STOMAT; /* CORRELATION MATRIN FROM COVARIANCE MATRIX */

PRINT NEWPAGE:
PRINT CORREL[FORMAT=3.1 ROMMAME = ROWVAR COLMAME = VARMAME];

£ND;

MEANMAT SUBMEANS SUBSSCP CORREL;

IF ITERA = 1 THEN DD; 7* SAVE MEAN-CORRECTED DATA FOR POOLED-WITHIN PCA */
FOOLDAT = SUBDEVS:

EHD;

IF ITERA *= 1 THEN DO;
POOLDAT = GDOLDAT/ SUBDEVS;
END;
FCLABO PCLABY FCLAB2 PCLABZA;
CALL EIGEM(SUBEIGVAL, SUBEIGVEC, SURCOV);
SUBVALS=SUBEIGVALI1:NRDOTS,]; ™ COLUMN OF EIGENVALUES ™/
SUBE 1GS=SUREIGVECT, t:NRDOTS] ; /* COLLMH OF EIGENVECTORS *7
SUBEEIGVAL SUREIGVES;
1E ITERA = 1 THEN bO;
PCS = SUBEIGS[,1]; /% ACCUMULATE #T 1'S FOR ANGLE CALCS */
VALSUMM = SUBVALS; /% ACCUMULATE EIGENVALUES FOR SUMMARY */
END;
IF ITERA "= 1 THEW DO;
pCs = PCSl|SUBELGSTE,11;
VALSUMM = VALSUMM | | SuBVALS;
EWD;
ADDVALS = SUBVALS[+,1; /" SUMMATE EIGENVALUES */
PERCENT = (SUBVALS * ADDVALS**-1,0) * 100; /* EIGENVALUE PERCENT OF TOTAL */

CNTSUR = {03;
ITVAL = WRQW(SUBVALS);
DO ITERG = 1 TO ITVAL;
PERCVAL = SUBVALS [ITVALI;
[F PERCVAL > 1 THEN DD;
CHTSUE = CHTSUB + 1;
NG
END:
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IF ITERA = 1 THEN DO;

PERCS = PERCENT; /% ACCUMULATE FERCENTAGES FOR SUMMARY @7
ADDSUMM = ADDVALS:
END;
IF ITERA “=1 THEW CD;
PERCS = FERCS|[|PERCENT;
ADOTIMM = ADDSAMM| |ADOVALS;
END;

VALMAT = SUMVALS | |PERCENT;
NAMECOL = (EIGENVALUE PERCENT);
FREE PERCENT;

IF PLEV = "NED™ THEN DO
FRINT “GROUP SIZE “ SuBSI2E;
PRINT WGROUF [5 % GRPMAME;
PRINT *GROUP E[GENVALUES™ , VALMAT [FORMAT=7.3 ROMMAMESPCLABL
PRINT “SUM OF THE EICENVALUES * ADDVALS{FORMAT=7.3];
PRINT NEWPAGE;
PRINT "GROUP EIGENVECTORS FOR * GRPUAME;
FRINT SUBEIGSIFORMAT=6.3 ROMNAME = ROWVAR COLMAME = PCLASLI:
END;
VLAGST = ROWVAR; 7* SORTING ROUTINES *7
EIGS) = SUBEIGSL,11;
ABEIGS = ABSCEIGS1];
R1 = RANK(ABEIGS);

SORTPCY = EIGS1;
0O ITERA = 1 TO NVAR BY 1;
RJ41 = R1E(TERGD;
SORTPCTIRJ1,] = EIGSTIITERG,];
YLABST(R41,] = ROMWMREITERG,];
END;
FRENT MEWPAGE;
PRINT “SORTED EIGENVECTORS FOR FIRST PRINCIPAL AX)S";
PRINT VLABST SORTPCIEFORMAT=S 21;
FREE ADDVALS FERCEWT WALMAY MAMECOL;
1F SUBSIZE > 2 THEN DO; /* CORRELATIONS OF VARIABLES WITH PCS #f
DO FIRSTIT = 1 TO NVAR BY 1;
DO SECONDIT = 1 TD NROOTS BY 1;
EIG = SUBEIRS{FIRSTIT, SECORDITI;
VAL = SUBVALSISECONDIT,];
VAR = SUBCOVIFIRSTIT, FIRSTIT);
IF  vAL = 1 THEN
CORRPE = EIG * SQRT(VAL)/SGRT(VAR);
ELSE CORRPC = D;
1F SECONDLIT = 1 THEN DO;/* CONSTRUCT ROW MATRIX */
ROMCORR = CORRPC;

COLNAME=NAMECOL] , ;
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EXD:
[F SECONDIT ~=1 THEN 0O;
ROMCOAR = ROWCORR | |CORRPC;
ExD;
EMD; /= SECONDIT %/

TF FIRSTLT = 1 THEM DD; /™ APPEND ROMS TO MATRIN =/
CORRMAT = ROMCORR;
END;
TE FIRSTLT “=1 THEN DO;

CORRMAT = CORRMAT //ROMCORR;
END;
END; /* FIRSTIT */
FREE SUBVALS SUBCOV CORRPC ROWCOAR;
If PLEV = “sAX" THEN 0O;
PRINT MEWPAGLE;
PRINT “CORRELATIONS OF VARTABLES WLTH PRINCIPAL CUMPONENTS “;
FRINT CORRMATIFORMAT = 4.3 ROWMAME = VARNAME COLNAME = PCLABL];
END;
END: /™ END VARTABLE-CORRELATION ROUTINES */f
FREE CORRMAT
SUBSCOR = SUSDEYS ™ SUBEIGS; /% IMDIVIDLMI. SCORES =/
FREE SUBDAT SUBEIGS;
FREEE SUBDAT SUREIGS SCORMEAN SCORMODES;
IF SUBSIZE = 2 THEN DO;
HPLOTS = 1;
END;
[F SMWSLZE > 2 THEN DO;
1F CHTSUB < 3 THEN Da;
WPLDTS = |;
EWD;
TF CNTSUB > 2 TWEN DO;
KPLOTT = CHTSLB/2 + 3/4;
NPLETS = INTL{NPLODTI);
IF RUN = "MW THEW LF WPLOTS = & THEW NPLDTS = 5;
IF BN = "S™ THER [F WPLOTS = 10 THEN WRLQOTS = 9;
END
EMD; /* SUBSIZE > 2 LOOP ~/
WAX = {13
YAM = (23;
IF PLEV = "MED" THEW DO;
DO ITERC = 1 7O WPLOTS 8Y 1; /* SORT SCORES FOR EACH PLOT */
XYMAT = SUBSCOR [, XAX:YAX);
PCX = SUBSUOR [ XAX]; f* SORT ON X-ANIS PCS */
RS = RANKC(PCK};
SORTIOS = SUBTNGIOD;
SORTVALS = XYMAT:
0D [TERG = 1 TO SUBSTZE 8Y 1;

387



AJ = ASLITERY];
SORTIDSTRJ,] = SUBINDIDCITERG,];
SORTVALS[RJ,] = NYMATLITERR,];
END;
PRINT NEWPACE;

PRINT "SORTED SCORES FOR PC ™ TAX{FDRMAT=2.01 °VwS" MAX[FORMAT=2.0];
PRINT SUBIMDID XYMAT(FORMAT=4.1] SCRTIDS SORTVALSIFORMAT = 4_11;

PRINT NEWPAGE;

IF PLOTTYPE = USEX® THEM PLOTLABL = SEXIDS;
If PLOTTYPE = HLOC™ THEN PLOTLABL = LOCALIDS;
If PLOTTYPE = "CRPHAME® THEW PLOTLABL = SUBGRPID:
If PLOTTYPE = “jM0" THEN PLOTLABL = SUBINDID;
If PLOTTYPE = HGRPSYMA" THEN DC;

PLOYLABL = SUBSTR(SUBGRPIDS,1,1];
EXD;

PLOTLABL = PLOTLABL//ELANKS;
XYMAT = XYMAT//PCLIMITS:

CALL FGRAFCMYMAT, FLOTLABL, PCLABL (XAX], PCLABL (YAN] };

ILDXAX = XAX;
OLDYAX = YAK;
¥AX = OLOYAK+{1);
YAK = DLDXAX+(3)};
END;
/* PLEV LODP */

LEARFROG: ;

ENO:

/" EWND ITERA *;

NGRPKEFPT = CNTGRPS;

HIDS = WROWCACCINDID;

PRINT “GROUPS SKIPPED I[N ANALYSIS " SKIPWAT;

FRINT “NUMBEER DF GROUPS REMAINING™, NGRPXEPT;

PRINT "REMAINING GROUPS & S[2ES™, GRPSKEPT GSIZECOL;

------------- TOTAL VARLANGE VS SAWPLE SIZE ~-ve----v-asvee---ty

LF NGRPKEPT > 1 THEN DO:
XYMAT1 = GSIZECOL| [ADDSUMK " ;

IF PLEV = "MED™ THEN DO;
PRINT NEWPAGE;
CALL PGRAFOXYMATT, GRPSKEPT, 'SAMPLE S12E', 'TOTAL VARIANCE');

END;
FREE XYMATI:
1Y e - PC1 EIGEKVALUE VS SAMPLE SIZE ~------ R *
A i Rtk R L T AL L * s

IF PLEV = “MED" THEN DO:
IF MGRPKEPT > 1 THEN DO;

PRINT NEWPAGE;
PCIVALR = VALSIMM(1,1;
PCIVALLC = PCIVALR';
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ATHATZ = GSIZECOL||PCIVALC;
CALL PGRAF(XYMATZ, GRPSKEPT, ‘SAMPLE SIZE', 'PCY VARIANCE');

END;
. END;
! FREE XYMATZ PCIVALR PCIVALL;
: F T POOLEG -WITHIN GRAOUP UEUTIRES ------------zrssssnns vy
! T .y

POCLALM = MAOW{POCLDAT);
PRINT “NUNBER CF PODLED DATA CASES P PODLMM;
POOLSSCP = POOLDAT™ * PODLDAT;
POOLLOV = PDOLSSCP * ({PCOANUM-NGRPLEPT)*™*-1.0}; /™ POOLED CCVARIANCE MATRIX®/
/* HRODTS = MINCHVAR,PODLHLM-(1}); */
NROOTS = NVAR;
PRINT "™ NURBER OF ROOTS FOR POOLED ARALYSIS " NRDOTS:
PCLABG = (PLY; /* PC AXIS LABEL ROUTIRES =/
PCLAGY = REPEAT(PCLABOD, 1, NRDOTS);
PCLABZ = DO(Y, KROOTS,1);
PCLAAZA = CMAR{FCLABZ, 2);
CALL CHANGE(RCLABZA, ™ 14 1ny;
: CALL CHANGE{RCLAB2K,™ 2% wauy;
CALL CHANGE{PCLAB2A,™ 30 m3w):
CALL CHANGE(PCLABZA, ™ & Wweny;
' CALL CHANGE(PCLABZA ™ 5" w5w).
i CALL CHAHGE{PCLABZA,™ &% PEw);
CALL CHANGE(PCLAB2A ' 7= W7n)-
CALL CHANGECPCLAB2A, ™ 8¢ "an)-
CALL CHANGECPCLAHRA M 99 agn);
FLLABL — CONCAT(PCLABY, PCLAB2A);
I FREE WSSTP;
CALL EIGENC(PCEIGVAL, PCEIGVEC, POOLCONY:
POOLEVAL = PCEIGVAL [1:NRDOTS,);
ADFOOVAL = PCOLEVAL[*+,]; /* SUMMATE EIGENVALUES */
POCLPERC = (POCLEVAL * ADPOGVAL**-1.0) * 100; /= EIGENVALUE PERCENT OF TOTAL *;
CLUMUPERE = CUSUN({PODLPERC);
KPS = MROW(CUMRIPERC);
DO ITER = 1 TO NPS;

n

/eSET/ If CUMUPERCILITER,T < TRUNCLEV THEN 00; /* SET TRUNCATION LEVEL™/
TRUNCROM = TTER;
ERD;
END:

/" 00 ITER = 1 TO NPS WHILE{POOLEVAL{ITER,) > G.GOODYY;
TRUNCLEV = ITER;
END;
IF TRUMECLEV < NVAR THEN DO;
PRINT * ZERD EIGENVALUE TRUNCATION LEVEL " TRUNCLEY;
END; b
COUNTVAL = (0);
00 ITER = 1 To WROOTS 8@Y 1;
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IF POOLPERCEITER] > AXISPERC THEM DO;
COUNTVAL = COURTVAL » {1);
END;
END;

FIRSTCOL = PCEIGVECE,11; £* SAVE FIRST PC »/
POOLSCOR = POOLDAT * FCEIGVEC;
FREE RCEIGVEC;
MAXISCOR = MAXCPODLSCOR(,11); /* SETUP FOR FIMING AXES */
MINISCOR = MINCPOCLSEDRC,113;
MAXZSOOR = MAK(POOLSCOR(,2));
MIN2SCOR = MINCPOOLSCOR(C, 2] );
MANVALS = MAXISCOR | |MAX2SCOR;
RINVALS = MINTSCOR] [WIN2SCOR:
BLANKS = (" u' 1 u]:
FREE MAMISCOR MINISCOR MANZSCOR MINZSCDR:
VALMAT = POOLEVAL | |POOLREAC | | CUMUPERC;
COLMAM = {EIGENVALUE POFTOTAL CUMULATIVE);
FRINT NEWPAGE;
FRINT, "SUMMARY DFf EIGEWYALLES FOR POOLED-WITHIN PCA
PRINT VALMAT[FORMAT = 9.6 ROWNAME = PCLADL COLNAME = COLNAMI;
IF REPEAT = “N" THEW OD; /® SAVE PDOLED SCORES IF RUN 15 MOT REPEAT */
IF RUN = "M™ THEN DN
CREATE SASDAT.POOLSCOR WAR { PCY PC2 PC3 PC4 PCS PCS FCT PCE PC PCIO PCY )
END;
IF RUN = "S5 THEN DO;
CREATE EASDAT.POOLSCOR VAR { PCY PC2 PC3 PC4 PLS PCH PCT PCB PCS

RCID PC11 PCI2 PCII PCI4 PCIS PCTE

PCI17 RCIEB PLTT )
END;
RPPEND EROM POOLSCOR;
CLOSE SASDAT .POCLSCOR:
EKD; 7™ END REPEAT IF */

FREE PCLAHL! PCLABL2 PCLABLS PCLABLA
KEEPEIG RPCEIGMAT PCEIGYAL PLEIGVEL;
NFLOTSY = COUNTWAL/Z + 374;
NELOTS = INT(NPLOTST);
PRINT "NUMGER OF PLDTS FOR POOLED-WITHIN PCA " NPLOTS:
AAX = {1);
TAX = (2};
be ITERZ = 1 TO NPLOTS BY 1;
XYMAT = POCLSCORC, XAXN:TAND ;
PCX = PODLSCORL,XAN]; /* SORYT OM X-AXIS PCS *7
RS = RANK(PCN);
SORTIDS = ACCINDID;
SORTVALS = XTMAT;
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SOATSIZE = SIZEDATS;
DD LTERQ = t TQ POOLNUM BY 1;
RJ = RE{LTERO};
SORTLDS [R4,) = ACCINDID{ITERQ,2:
SORTVALS[RJ,] = WYMAT{ITERQ,1;
SORTSIZE(RS,]1 = SIZEDATI(ITERA,];
END;
FRINT NEWPAGE;
FRINT “POOLED SCORES FOR ©L # YAX(FORMAT=Z.0] “W5™" MAX(FORMAT=2.0);
FRINT ACCIRDID XYMAT (FORMAT = 4.1] SORTIDS SORTVALS (FORMAT = 4.1]
SORTSIZE (FORMAT=3.0];
FRINT NEUPAGE;
FREE SORTSIZE;

1F PLOTTYPE = “SEN THEN PLOTLABL = SEXIDS;
iF PLOTYIFE = “LOCY THEN PLOTLABL = LOCALLDS;
IF PLOTTYPE = “GRPMAME™ THEN PLOTLASL = ACCGRFID;
IF PLATTYFE = "GRESYMB" THEN DO;
PLOTLABL = SUBSTRCACCGRPLD,1,1);
END;
1F PLOTTYPE = MIND® THEN PLOTLABL = ACCINDID:
IF ITERZ = 1 THEK DO;
CALL PGRAFCKYMAT, PLOTLABL, PCLABL[KAXK], PCLABLLYAX3); /*PC SCATTER®/
END;
IFf ITERZ > 1 THEN DD;
XTEIXEDA = NYMAT//MAXVALS:
XYFIXED = XYFIMEDAS/MINVALS;
PLOTLABL = FLOTLABL//BLANKS;
CALL PGRAFCNTFINED, FLOTLABL, PCLABL EMAX], PCLABLIYAX]);

END;
FREE PCX PCXY RS SORTIDS SORTVALS XYWAT XYFIKEDA XYFIXED;
OLDXAX = XAX;

OLDTAX = YAX:
XAX = OLOYRX+{1};
TAX = OLOXAXN+{3)};
END; J/* RLOT LODP *;
i FREE PLOTLABL XYFINEDA XYFINED;
FARSEL LR SUMMARY QF GROUF AND PDOLED EIGENVALUES »-~ren===- 7

IF NGRPKEPT > ¥ THEN 00; /* SPLIT LARGE TARLE LWTO TwO*/
LEFYNUM = NGRPKERT/2;
RITENLM = LEFTNLM « (1);
LEFTLABL = GRPSKEFT' [,T:LEFTHUM] ;
LPODLAG = ™ POOLN;
LABLLEFT = LEFTLABL | [LPOOLAB:
RITELABL = GRPSKER1™ t,RITENLM :NGRFKEFT];
PRINT HEWPAGE;
PRINT “SUMMARY OF SUBGROUP ELGENVALUES ™
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/® LEFT WALVES OF EIGENVALUE & SUM-OF-E1GENVALUES NATRICES ™/
LEFTEVAL = VALSUMM[,TzLEFTNUNM];
LFTPOOL = LEFTEVAL||PODLEVAL; /® POOLED AFPENDED TO LEFT WALF */

FRINT, LETPOOL[FORMAT=6.4 ROWNAME = PCLABL DOLNANE = LABLLEFTI;.
LEFTADD = ADDSUMMEY, 1:LEETRUM) ;

ADDPOOL = LEFTADD|JADPOOVAL; /* POGLED APPEWDED TO LEFT HALF */

PRENT “SUM OF THE ETGENVALUES™;

FRINT, ADDPOCAL [FORMAT = &.4 COLKAME = LABLLEFT);

FREE LEFTEVAL LEFTADD ADPOOVAL;
/* RIGHT NALVES OF EIGENVALUE & SUM-OF-EIGENVALUES MATRICES */
RITEEVAL = VALSUMM [, RTTENUM:NGRFKEST];

PRINT, RITEEVAL (FORMAT=6.4 ROMNAME = PCLABL COLWAME = RITELABLI;
RITEADO = ADDSUMM [,RITEKUM:NGRFKEPTY;

PRINT, RITEADD[FORMAT=6.4 COLNAME = RITELAHLY;

FREE RITEEVAL ADDSUMM RITEADD:

PRINT WEWPAGE;

PRINT “SUMMARY OF PERCENTAGE CONTRIBUTIONS OF E1GENVALUES FOR SKUL VARIABLES™;
LEFTPERC = PERCS(, 1:LEFTMUM]; /* LEFT HALF OF PERCENTAGES MATRIX */
LPERPOD = LEFTPERC||POOLPERC; /™ POOLED APPEHDED TO LEFT NALF */

PRINT, LPERPOOCFORNAT=6.4 ROWMNAME = PCLAAL COLMAME = LABLLEFT);

FREE LEFTWUM LEFTPERC LEFTLADL;
/® RIGHT HALF OF PERCENTAGE MATRIX =/
RITEPERC = PERCSI,RITENUM:KGRFKEPT];
PRINT, RITEPERCIFORMAT= 5.4 ROWMHAME = PCLABL COLWAME = RITELASL);

END;

FREE PERCS LEFTNUM RITENUM LEFTPERC RITEFERC LEFTLADL RITELASL LABLLEFT;
F e ke EEEE POCLED -WITHIN NORMALITY CHECKS -==-c=-=s-cm-ce "
/M o e e e e M i i amdmmaatme-satAsmeicmmemaam == -y

PRINT " DEGREES DF FREEDOM ADJJSTMENT *;

OFT = POOLNUM - {13;
DFW = PODLNIM - NGRPKEFT;
FACTOR = DFT/DFW;
PRINT MTGTAL DF », DFT;
PRINT “POOLED W/t DF », DFJ;
PRENT ®-meva- DEGREES DF FREEDCM TRANSFORMATINY FACTOR-=--- s
PRINT FACTOR;
FREE DFT DFW;

S mmeas MAHALAMOGIS DISTANCES ===-- .y
FRINT ™ USED TRUNCATED PC SCORES & LAMBDAS FOR 0050 CALCULATION":
PRIHT "NUMBER OF LANMEDAS RETAINED " TRUNCROM;
LAMBDIAG = DIAG(POOLEVAL);
LAMBOAS = LAMEDIAGI1: TRUNCROW, | : TRUNCROM) ;
[WVPCOY = INV{LAMBDAS)Y;
BOAT = POGLSCORY, 1:TRUNCROM] ;

FREE LAMEDIAG YLANMBOAS POOLSCOR;

QEESQ = JIPOOLNLM 1); /* BELIN €-Q PLOT ROUTINE */
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DO ITERD = 1 TO POOLNUM BY 1;
QEESQLITERD,] = QUATTITERD,I*INVPCOV'GUAT LITERD,] /% D-SQUAREDS®/
END;
RODTDSQ = SGRT(DEESQ); /"™ FOLUMN OF SQUARE RODIS 7
ADJROOTS = RDOTDSAFACTOR;
RANKS = RANK{ADJROOTS):
LONGDEES = CHAR(ADJROOTS);
DIDS = ACCINDID;
LABLOEES = DIPS| |LONGDEES:
FREE LONGDEES:
SORTED = LABLDEES;
DO ITER = 1 TD POOLNLM BY 1;
R = RAMCS[ITER,1;
SORTEO(R,} = LABLDEESIITER,);
EHD;
SORTDIOS = SORTEDL,1};
SORTDSA = NUM[SORTED(,21);
CHISA = CINV{DOC.5, POGLNUM-.5 1)/PODLKLM, TRUNCROM, 0] ;
ROOTCHL = SQRT(CHISQ);
FREE CAISQ;
CHICOL = ROOTCH]™;
BELTAS = SORTOSO-CHEICOL;
PRINT BIDS ROOTOSQIFORMAT=L.Z2? SORTOIDS SORTOSA (FORMAT=L,2]
CHICOL (FORMAT=6.2) DELTAS[FORMAT=6.21;
FREE DIOS DELTAS;
XYQQ = SORYPSQ||CRICOL;
FREE SORTDS@ CHICOL;
RDOTROMWS = NROWCHYQQA); /* SETUP FOR QU PLOT */
MDROWS = RODTRDUS/2;
MAXD = MAXIXYQQ);
MCKD = MINCXYDQ):
INCREM = {(MAXD-MIND)AADOROMS;
ROWSEQ = DDCMIND, MM, INCREM);
COLSEQ = ROMSEQ™;
poustaoL = REPEATCCOLSED,1,2):
FULLXYQR = XYOR//DOURCOL ;
FREE NYQQ DOUBCOL;
SYNR} = fam;
SYME2 = REPEAT(SYMS1, ADDROWS ,1);
FREE SYMB1;
SORTDLAE = SORTEG[,T];
SPECT = SUBSTR(SORTDLAB,1,1};
PLDTSYME = SPELI//SYMBZ;
FREE SORTOLAR SPECI;
FRINT WEWPAGE;
CALL PGRAF(FULLXYOQ, PLOTSYMH "SQRTDSGY,YSORTCHI -S40, *a-G PLOT®);
FREE FULLXYOQ;
D = NROW(ROOTDSQ);
DLAE = 1;
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0COL = REPEAT(DLAG,ND);
DO = OCOL | [ROOTDSA;
NC = WROW(ROOTCHMI™}:
CLAY = 2;
CCOL = REPEAT{CLAB,NC);
t¢ = cocol | ROOTEHE ™ ;
GARAG = 0B//CC;
FREE 80 Cc oapLOT CHISQ;
I¥ REPEAT = "N® THEN DO;
CREATE SASDAT.BARDQ VAR { LABS VALS );
APREND FROM BARQQ;
CLOSE SASDAT.BARQQ:
- H
FREE BARQQ PLODVTMAT1 POOLSSCP INVPLOV QAPLOT;
L R MULTIVARIATE KURTOSES AFTER MARDIA IN MARCYS ----=----= .}
AVEDSGSO = SUNIBEESGESZ)/PODLNUM;
Z = {AVEDSQSU - NVART (NVAR+2))/SURT (BWNVAR® (NVAR+Z}/POOLNUM) ;
PRDE = 1 -~ PROBNOAM(T);
PRINT MULTIVARIATE PODLED-MITHIN KURTOSIS =M AVEQSDSQ;
PRINT "2 = " I "WlTH PROBABILITY = M PROA;
FREE DEESQ AVEBRSQSGQ;
F®-— - ---a———- SUBGROUP VS POULED-MITHIN PCT ANCULAR DIFFERENCES ----- b4
F L et L LT T T A m R et e ———— LY
IF NGRPKERT > 1 THEW DO;
PCMAT = FIRSTCOL| |PCS;
FAEE FIRSTCOL PCS;
WPLUSONE = NGRPKEPT+{1};
DO ITERONE = 1 TO NFLUSONE BY 1;
B0 LTERTHC = 1 TO NPLUSONE BY 1;

IF ITEROME = JTERTWO THEM DO; 7 ANGLE MITH SELF */
ANGLE = (0);

END;

IF ITERONE "= LTERTWO THEM 00; /* ANGLES BETWEEWN GROUPS

CROSSPS = POMAT [, ITERONE] WPCMAT [, ITERTHOI ;
KDSYNE = SUM(CROSSPS);
RADS = ARCOS(KOSTNE);
ANGLE = RADS#ST.296;
IF ANGLE > 90 THEN DO;
ANGLE = (180} - ANGLE;

END;
END;
IF ITERONE = [TERTWO THEN DD;

ANGROW = ANGLE; 7% ACCUMULATE ANGLES */
END;

IF ITERONE "= JTERTWO THEN 68;
AKGROW = ANGROM| |AMGLE ;
END:
END; /% EWD ITERTWO */
FREE ANGLE CROSSPS KDUSYNE RADS;

7
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If TTEROME = 1 THEW DD;
ANGMAT = ANGAOW;

EHD;
If [TEROME "= ! THEM ODO;
SPACER = (D};

REPSPACE = REPEAT({SPACER,1, [TENONE-{}});
ROWMAT = REPSPACE | |ANGROM;
ANGMAT = ARGMAT//ROWMAT: /* UPPER TRIAKGULAR *7
END:
FREE AMGROW ROWMAT REPSPACE;
END; /™ END ITERQWE =/
0O LTERATE = 1 TD NPLUSQNE BY 1; /® COMVERY TD SYMMETRIC *7
RAOWTOCOL = ANGMAT {ITERATE,)";
SUBSYM = ROMTOCOL + AWGMAT [ [TERATE];
IF [TERATE = t THEN DO;
SYMMAT = SUBSYM;
END;
[F ITERATE "= 1 THEN 0O;
SYMMAT = SYMMAT[[SULOSYM:
EHWD;
END;
POOL = {"ALAAT):
COLLAR = URTON{POOL,GRPSKEPT)
CALL CHANGECCOLLAH, “AARAY, PPOOLM);
WOWLAB = COLLAB ;
PRINT MEWPAGE;
PRINT 7 "ANGULAR BTFFERENCES BETWEEW SUBGROUP PCY & PODLER PC1";
FIRSTNUM = NPLUSONE/2;
SECONUME = FIRSTNUM +{13;
LEFTSYMM = SYMMAT[, 1:FIRSTNUM] ;
RITESYMM = SYMMAT [, SECONUMB:MPLUSONE] ;
LCOLLAB = COLLAB[,T:FTRSTHIMI;
RCOLLAG = COLLAG L, SECOMLME :MPLUSONE] ;
PRINT LEFTSYMMIFORMAT=3.0 RQWNAME = NOWLAD COLNAME = LCOLLAB];
PRINT NEWPAGE;
PRINT RITESTMM [FORMAT=3.0 ROWNAME = ROMLAE COLNAME = RCOLLAB];
XYMAT = GSIZECOL [ |SYMMAT (2:NPLUSONE, 1} ;
SAMPS12E = (“SAMPLE S1ZE™};
ANGLEDIF = {"ANGULAR BI{FFERENCE WITH TDTAL%}:
PRINT NEWPAGE;

CALL PGRAF[XYMAT, ROMUAB[2:NPLUSOKE,), MSAMPLE SIZE", “ANGULAR DIFFERENCE");

CANONICAL VARIATES, LINEAR REGRESSION, VECTOR
PROJECTICGN, AND SIZE REMOVAIL ROUTINES
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e bt SET WORKING ENVIRORMENT ~--r-=s=--nemmmmmmnacaean b4
OPTIONS NOSDURCE; /% MO PROGRAM LINES IN OUTPUTS/
PROC PRINTTD LOG = 'FRN'; /eOUTPYT DESTINATION*/
PROC IML WORESIZE = 220; /*SPACE AVAILAGLE FOR MATRIX OPERATIONS®/
RESET LINESIZE = 165 PAGESIZE = 35;
TWELVE = {12};
NEWPAGE = BYTECTWELVE); /*PAGE BREAK COMTROL CQDE*/
FUSET*/  USE SASDAT.MANDSIES: /* DATA SOURCE®/
JUSET*/ RUN = "MARD"; /* ---> SKULL MAMD-LHLE */
FSETW/  NEWPQDL = SYES™; /% CALCULATE REW POOLED W/IN GROUP COV %/
F*SET*/  INDRICD = "YES"; /% INCLUDE-ENCLUDE IMORICOTMERTI(M %/
F*SET*/  BROPTAX = “RO*; s* USE SUBSET FOR TARGET VECTOR ? %/
IF CROPTAX = “YESY THEN DQ;
IF RUN = 'MAND' THEN ELIMTAX = ('*INDRMUY}; /* INDRICOTHERIUM DRCPPED FROM ANALYSIS®/
IF RUR = “SKULL" THEN ELIMTAX = ("IKDRS''Y;
END
fHSET*7  BIVARTAT = "HOY; ;* INCLUDE BIVARIATE MEAN VAR-SIZE PLOTS */
/*SET*7  FINDVECT = “YESY;/® FIND TARGERT VECTOR OF INTEREST*/
FUSET*;  VECTTARG = “SHAPEY; /% SIZE SHAPE "//"TARGEY VELTOR TYPEY/
FESET®;  RERDVECT = “ND"; /* KO ]SO HURH */ /REMOVE VECTOR™/
FESET*/  |SOSVAR = "SIZE1V; /% SCALE OATA ISOMETRICALLY TD YHICH VARIABLE 7 *7
JHSET®;  CORRSIZE = ™igh; /* FIND CORRELATIONS AMONG SIZE VARIABLES */
FUSET*/  CANSTOID = "MO"; /* SAVE DATA TD FILE FOR 3D »y
/*SET*;  PLOTTYPE = “GRPSYMBY; s ---» GRPNAME GRPSYMB IND */
F*SET*)  PLOTSET = “AREM; /% ---2 ARB-(TRARY FIND ALL %7/ ¥ OF PLOTS*/
/WSET®/  PLOTHUM = "24; /% ---3 [#} */
FWSET®/ MEIGHT = "KDU; /™ «.a> YES HD %/ /% WEIGHTED CAMACNICAL VARTATES™/
/ESET*/  TFORM = "NO"; /* ---> YES Na
FESET®;  PLEVY = PMIN®; j* PRINT LEVEL MIN MED MAX *//"AMOUNT DF DUTRPUT™/
/SET™/  POGL = "ALL"; /% ---> SOME ALL *//* POOL HDM MANY GROUPS™/
FPSETT/  DISCRIM = "ALLY; /* ---> SOME  ALL *//*HOM MARY CANONICAL GROUPS*/
JRSET®7  AKES = VMAXM; /™ ---> MAX ARE %/ /TAXIS RANGES*/
JUSET®/  ANALYSIS = "Su@™; * ---> GEK-ERA  SUB-GROUPS */
F B T L L T T - Wy
#%SET*/  1F PQOL = “SOME" THEW DO; /* OEFINE SUBSET FOR PODLONG™/
FOOLGRPS = (BICQ);
POOLCOL = POOLGRPS®;
¥GPODLED = MROW(POOLECOLY;
ENG;
FuSET*/  IF DISCRIM = “SOME™ THEN DB; /% DEFIKE GROUPS FOR CAMONICAL ANALYSIS*;
% BISCGRPS = {BICOM CERAM JAVAR LUNICK XUMAM}; =/
F* OISCGRPS = (BICOS CERAS JAVAS UNICS XUMAS); %/
DISCGRPS = {YRAHIN YRAWZM FORSTN FORS2M INDRM HYLOMY;
/* DISCBRPS = (FORSS IKDRS HYCOS); “/
/* DISCGRPS = (DICE1S DICE2S OICE3IS FORSS LOPSIS
LOPS2S MENDS PERAIS PERAZS QACEYS
QACEZS RIGDYS RIGO2S SUBHIS SUABHZS
SUBH3S SUBHAS TELE1S TELE2S TELE3S
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/" DBISCGRPS = (ACERTM ACERZM DILEIM DICE2M DICE3M DICESM LOPSTM LOPSZM LOPSIM

LOPSGN

bIsCCOL =

TELELS TELESS YRANTS YRAN25Y: v/

HENTTR MENO2M PERATM PERAZM PERAIM

RIGOM SUBHIM SUBHZM SUBH3M TELETM

TELEZM TELEIM TELEGN YRAHIN YRAHDM); */
D[SCERPS " ;

NGD[SC = NROW(DISCCOL);

END;

IF AXKES = "AR@™ THEN DO; /* SET AXL5 RANGES*;

FESET*f
' IF
IF
END;
SESETY/
IF
IF
END;
END; [

PRINT HUN 44
PRLNT m;

IF RUN = "MAND™ THEN DO;

DISCRIM = "ALL® THEN RANGESKY = (40 15, -40 -15};
DISCAIM = "SOME" THEN RAMGESAY = {16 &, -16 -8);

IF RN = wSKULLY THER 0O;

DISCRIM = “ALL" THEN RANGESXY = (4D 20, -40 -203;
DISCRIM = “SOME™ THEN RANGESXY = {28 15, -28 -15);

»=-> AXES = ARB %/

ANALYSIS n™ POGL "™ DISCRIN " VEIGHT ‘™ INORICO;

PRINT TFORM “* PLOTNUM " PLOTSET "% AKES “* PLOTTYPE "' PLEV;

PRINT o

PRINT NEWPOOL " RANGESHY "™ FINQVECT 7" REMOVECT "™ JSUSIVAR;

ARINT VECTTARG Ww;

PRINT 19 = et o o et oo T = r e el e e SE TR Smem ot anea ";
A L e T LR READ DATA --------=====-somtmmseae e —me LY

™ GET DATA - INCLUCE-EXCLUDE I[MDRICOTHERIUM - TRAKSFGRM CATA OPTION®/

IF INDRICD =
READ ALL

[F TFORM =
IF TFORM =
PRINT ™---
EHD; /* INDR
IF IMPRICO =
IF RUN =

READ ALL WHERE(SUBG ="INDRS™) INTC TEMPDATA [ROMNAME=L0 COLWAME:=VARNAME] :

IF TFOR% =
IF TFORM =
PRIHT "---
EHD:

IF RUN =

READ ALL MHERECSUBS ="LKRRM“} INTO TEMPDATA (ROWNAME=ID COLMAME = VARMAME];

nyES® THEN DO

INTO TEMPDATA (HOMNAME=ID COLMAME=VARNAME];
WYES® THEN DATA = LOGUTEMPOATANO.43429448;
"W THEW DATA = TEMPDATA

DATA READ ---%;

1C0 = YES LODD %/

uROY THEN 0O

USKYLL" THEN OD;

MYES" THEN DATA = LOG(TEMPOATA WD .LZ429448:
WO THEN DATA = TEMPDATA;
CATA & SUBG READ, INDRICO EXCLUDED ---4;

HMAND'' THEK DO;

IF TFORM = "YES™ TMEN DATA = LOG(TEMPDATAINO.L3L20448:

IF TFORM =

“NO* THEK DATA = TENPDATA;
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PRINT “--~ DATA & SUBS READ, INDRICQ EXCLUOED ---;
ENE;

END; /* ---» IMDRICD = NO LOOP *7
FREE TEMPOATA;

CASES = NROW(DATAJ;
VARCOL = VARNAME® ;

/* MMBER OF CASES */

NVAR = NROM(VARCOL);

------------ READ AND/OR SETUP LABELLING MATRICES --------

IF POOL = “ALL™ | DISCRIM = "ALL* TREN DO;

LF ANALYSIS = “GEN" THEN DO;
READ ALL VAR{GERUS) INTO GRPLABLS;
END ;

IF AMALYSIS = YSUB™ TKEN Dp;

IF RUN = YMAND™ THEW DO;

1F INDRICO = "NO“ THEN DO;

READ ALL VAR{BUBS) WHERE(SUBS ="[NDRM") INTD GRPLABLS;

END;
IF [NORICO = WYEgt THEN DO;
READ ALL VAR{SUBS)} INTQ GRPLABLS;
EWB;
EMD: /* ---2 RUN = M [DOF */
IF RUN = “SKULLM THEW 0Q;
IF INBRICD = “NO“ THEM DD;

READ ALL VAR{SLBGC) WHERE(SUEG ="IMORS“) {NTD GRPLABLS;

END;
IF INDRICO = "YESK THEN DD;
READ ALL VARCSUBG) INTO GRPLABLS;
e
EMD: /* ---> RUN = § LDOP *f

END; /* ---> ANALYSIS = SUB */
END; /% -~<» POOL QR DISCRIN = ALL */

IF DISCRIM = "ALL" THEN DO;

DISCGRPS = URTOUE(GRPLABLS );
OISCCOL = DISCORPS ;
NGDISC = HROMCAISCCOL):

END; /% --<> ALL-ALL LOOP */
IF POOL = "ALL™ THEN 0O,

POOLGRPS = UNIQUE{GRPLABLS);
POQLCOL = PODLGRPS™;
NGPOQLED = NROW(POOLCOL);

EHO;
-------------- = STARTING PARAMETERS ~---~---rr-=-=--r---vrmvomma==s

PRINT * TOTAL CASES READ " CASES;

PRINT N NUWOER OF VARIARLES Y NVAR;

PRINT = LIST OF VARIABLES ", WARCOL;

IF POOL "= "ALL™ | DISCRIN "= WALL* THEN DO;

PRINT " NUWBER OF GROUPS DISCRIMINATED “ MGDISC;

/% Column of varisble nomes *7
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PRINT ' LIST OF GROUPS SPECIFIED FOR OTSCRIMINATION Y, DISCCOL;
PRINT puy
PRINT " MUMBER OF GROUFS PODLED “ NGPOMILED;
PRINT " LIST OF GROUPS SPECIFIED FOR POOLED ™, ©OOLCOL;
END;
1f POCL = “WALLM £ OISCRIN = "ALL* THEN DO;
PRINT *NUMBER OF POOLED AWD DISCRIMINATED GROUPS * WGDISC;
FRINT * LIST DF ALL GROUPS FOR BOTH POOLED AND BETWEEW", DISCCAL;
END;
F e FURTHER SETUP ROUTIMES ---—----=----ma-mmoeao o b/
NRDOTS = NVAR; /7* SET NUMDER OF RODTS FOR CANOWICAL VARIATES®/
CEV); 7% SETUR CANONICAL AXIS LABELLING *7
CYLABT = REPEAT(CYLABQ, Y, NROOTS);
CVLABZ = ODCT1,NROOTS,13;
CVLABZA = CWAR[CVLAS2,2);
CALL CHANGE{CVLAB2A,™ 1" %{n};
CALL CHANGE(CVLAB2A ™ 27 m2wy.
CALL CHANGE[CVLABZA @ 3n 430
CALL CHANGE{CVLABRA,™ &% ngi):
CALL CHANGE[CVLAB2A, ™ 51, 1Su):
CALE CHANGELCVLABZA ™ &", "6");
CALL CHANGECCVLABZA,™ T ,0%7%];
CALL CHANGE{CVLABZA, ' A= wau).
CALL CHANGE{CVLABZA 'f 9 wgu ).
CYLABROW = CONCAT{CVLABY, CVLAH2A);
CWLABCDL = CVLABROW ;
CNTSKIP = (0);
CNTCRPS = (03;
GRPNM = (03
o STZE VARTABLE ROUTINES =-v=sws----rrrrssaceeomran L7
TESTOAT = DATALY:2,]; /® TEST DATA FOR CWSCKING ROUTINES =/
PRINT " FIRST TWO ODATA ROWS FOR TESTING CALCULATJONS';
SPECWAMS = GRPLABLS[1:2,);
PRINT TESTOAT[FORMAT:4 .0 ROWNAME = SPECNANS COLNAKME = VARNAME];
/* SIZE1 = GREATEST LENGYH */
PRINT MSTZET = GREATEST LEMGTH *:
IF RUM = "MAND® THEM 007
RAMD = DATAL, 10 ];
MNKD = GATAL, 913;
SIZEY1 = RAMD + MNMO;

:
[=]

END;
IF RUN = “SKULL™ THEN DD,
SIZE1 = DATAL,13]1; f* ocre =
END;

/* SIZEZ = S50UARE ROUT OF SUMS OF SQUARES */
PRINT MSIZEZ = SQUARE ROCT OF SUM DF SQUAREST;
SIZEZA = DATAL,8¥1;

SI2E2 = SQRT{SIZEZA):
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FREE S[2E2A PRNTESTZ;

/™ SI2E3 = GEOMETRIC WEAM (NTH ROOT OF PRODUCT) */

PRIAT "SI2EF = GEOMETRIC MEAN™;
SIZE3A = DATAL #];
ROOT = 1/NVAR;
SIZE3 = SIZEIA ## ROOT;
FREE SE2E3A;
/* SIZE4 = CUBE ROOT OF YOLLME */
PRINT "SIZE4 = CUBE ROOT DF VOLLME®;
IF RUN = PMAND™ THEW Dl
RAMN = DATATL, 11 3;
BDER = DATAL, 3 1; 8DNT = DaATAl, 4 1:
RAMD = DATAL, 12 1;
SI2E4A = RAMH # BDER # SIZE1;
SIZEG = SLZELANNO_3313I33;
ERD; /% MAND LOOP =/
FREE RAMH BDAR RAMD MNMO BOHT ;
IF RUN = "SEULL™ THEN 0O;
BL2Y =~ DATAL, 5 1; LFHT = DATAL, & 1;
SIZE4A = SIZE! ¥ BIZY # LFAT;
S[2E& = SIZELAM0 3333333;
EMO; /* SEULL LOOB *7
FREE BEZY LFHNT PRNTESTS:
/® SIZES = AVERAGE VAR[ABLE SLZE =/
SIZES = DATAL,:];
PRINT #S[ZES = AVERAGE VARIABLE SIzEv;
iF CORRSIZE = ™YES" THEN DO;
% ACCURULATE SL2E COLUMNS [NTD MATRIX %7
SIZEMAT = 51261 }|SIZE2| |SI2E3 | |512E | |Si2€5;
7% CORRELATIONS BETWEEN SIZ2E VARIABLES t7
™ ACRDSS ALL SPECIMENS *7
SIZEMEAK = SIZEMATI:,1;
MEANMAT = REPEAT(SIZEMEAN, CASES, 1);
MEANDEYS = SIZEMAT - MEANMAT;
FREE SIZEWEAN MEANMAT SIZEMAT;
SIZESSCP = MEANDEVS™ * HEANDEVS:
STZECOV = S[2ESSCP * ((CASES - {1))=e -1.0);
FREE MEANDEYS SIZESSCP;
SZVAR[ANC = VECDIAG(SL2ECOV);
SZSTOEV = SQRT(SZVARLAKC);
STDEVINY = SZSTDEV ## -1.0;
SZSTOMAT = OLAG(STDEVINYY;
FREE SZSTREV STDEVINY SZVARLANC;
SZCORREL = S2STDRAY * SIZECOV * S25TDMAT;
FREE SZSTOMAT S[2ECOV:
SZCOLNAM = {$7 52 55 54 55 );
SIROWUNAM = {S1,52,53,56,55 J;
PRINT NEWPAGE;
PRIKT "S12E VARTIABLES CORRELATION MATRIXY:
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PHINT S2ZCORREL {FORMAT = 5.2 ROWNAME = SZROWNAM COLMAME = SICOLNAN] ;
FREE $ZCOLNAM SIROWNAM SZCORREL;

END; /* SIZE VARIADLE CORRELATIONS LOOF */

1F REMOVECT = "[SO™ THEN D&}

Je seasreonamnan REMOVE [SOMETRIC SIZE FROM DATA =wrvorsvnoe-c-cenn o
IF ISOSZVAR = “SIZEIN THEN 00;
TARGETSZ = MIN(SIZE1); 7* ARBITRARY *7

TARGCOL = REPEAT(TARGETS2, CASES, 1);

RATIOS = SIZE1S#-1 . ONTARGEOL;

TARGMAT = REPEAT{RATIOS, T NVAR);

SCALEDAT = DATASTARGMAT;

END; s™ SI2E1 REMQVAL */
FREE TARGMAT DATA TARGINV TARGETS? TARGLODLRATIOS 1SOSZVAR:
JIF RUN = “MAND™ THER DOD;
TEMP1 = SCALEDAT[,1:81;
TENP2 = SCALEDATL,111;
SCALEDAT = TENPT| |TENPZ;
NVAR = NEDL{SCALEDAT)Y;
LABTEMPT = VARNAMEL, 1:8]1; LABTEMP2 = VARNAME([ 111;
VARNAME = LABTEMPY|[LABTEMPZ; VARCOL = VARNAME®;
END;
[F RUN = “SElLL" THEW DO;
TEMPT = SCALEDATE, 14121;
TEMP2 = SCALEDAT[,14:191;
SCALEDAT = TEMP1]|TEMP2;
NVAR = HCOL(SCALEDAT);
LABTEMPT = VARNAME[,1:12);
LABTEMPZ = VARMNAMEL, 15:19]1;
VARNAWE = LARTEMPE| |LABTEMPZ;
VARCOL = VARNAME™ ;

END;

FREE TEWPY TEMP2 LABTEMP1 LABTEMPZ;

PRENT " SPECIMENS HAVE HEEN SCALED ISOMETRICALLY TO AN ARBITRARY™:

PRINT ™ VALUE OF THE SIZE VARIABLE (SIZET OMLY)™;

EAD; /™ REMOVE 1SOMETRIC SIZE LODP %7

7* SET S1ZE VARIABLE fOR FURTHER COMPUTATIONS */

S1ZEVAR = SI2E4;

FREE SLZEV SIZE2 ST2E3 SIZE4;

FREE SLZES SIZE92;

PRINT “SIZE VARIAGLE USED FOR S1ZE ROUTIHES":

SIZETESY = SI2EVAR[Y:10,1:

NAMSTEST = GRPLABLSIY:;10,1;

PRINT NAMSTEST S12ETEST:

FREE SI2ETEST;

FaR et SHAFE AND OTHER DERIVED VARIABLES -------=r---o-—------meoe =t
PRINT "SHAPE1 = OR1G. VARIABLES DIVIDED BY SIZE";
IF RUN = "MAND" THEW DO;

PRINT "SHAPEZM = REL. N7. OF MANDIB. CONOTLE ADOVE TOOTH ROW";
SHAPE2M = DATAL 4INOATAL, T11#9-1.0;
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PRINT "SHAPESM = RELATIVE ANGLE ENPANSION™;
SHAPE3M = DATAL[,1J4DATAL, 101 #2-1.0;
PRINT PSHAFEGH = WORN N1 CROMM NEIGHT™;
SHAPE4M = DATA[ SISDATAL,3)#%-1.0;
PRINT “SHAPESM = PGS, CONDYLE REL. TD M3";
DENOMSM = DATAL, 11] -DATA[ 4]
SHAPESM = DATAL,SIWDENDMSMPY-1.0;
END;
IF RUN = “SKULL" THEN 00;
PRINT MSHAPE2S = RELATIVE DIVERGENCE OF TOOTH ROM*;
SHAPEZ2S = DATAL BIWDATAL,?1#%-1.0;
PRINT "SHAPE3S = QOLIOUEWESS CF EXTERNAL MASSETER FIQERS";
SHAPE3S = DATA{,SINDATAL, 918#-1.0;
PRINT “SHAPELS = RELATIVE DEFTH OF TEMPORAL FOSSA™:
SHAPELS = DATAL SINDATAL, 161#8-1.0;
PRINT “SHAPESS = RELATIVE DOLICHOCEPHALTY;
SHAPESS = DATAL,S1#DATAL, 13144-1.0;
EMD;
B mcmam e ommanaan SET TARGET VECTOR -~----=<-~t--sss-ceannn- bf
[F VECTTARG = “S1ZE'* THEN DD;
TARGVAR = S[2EVAR:
FREE SIZEVAR;
END;
1F VECTTARG = “SHAPE™ THEW 0DO;
TARGVAR = SHARESM;
END

SORTTARG = TARGVAR: s= SORT TARGET vECTOR ROUTINES %/
SORTLAGS = GAPLABLS;
RANKTARG = RANKI TARGVAR:
D0 ITERB = 1 TD CASES By 1:
RT = RANKTARGIITERR];
SORTTARGIRT,] = TARGYAR [[TERG,I;
SORTLABSTRT,] = GRPLABLSIITERB,]:
END; /* ---» [TERB LOOP */
PRINT "TARGET VECTOR COF {NTEREST™ SORTLABS SORTTARG;
FREE SORTTARG SORTLABS RANKTARG:

’!' ------------------------------ T e b r AN ——y TT Ry w A wmr - d - l‘f
SEem e PODLED WITHIN-GROUP COVARLAMCE ROUTINE = ~--vm---ssac==n .
,I‘ ------------------------------------------------------------------ "f

[F NEWPOOL = "YES™ THEN DD; /* FIND HEW WITNIN-GROUP COVARIANCE */
00 ITERA = 1 TO NGPOOLED BY 17 /* CYCLE THROUGH GROURS 7/
CNTCASES = (0);
GRPNLM = GRPNUM+(1};
GRPNAME = POOLCDL (GRPKLM);
DO ITERE = 1 TO CASES; /* CTCLE THROUGH CASES °f
IF CRPLABLS(ITERB] = GRPNAME THEN DD; s* SELECT CASES %/
CNTECASES = CNTCASES+(1);
[F REMOVECT = “MO" | REMOVECT = “BURN" THEN DD;
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ROMDAT = DATA[LTERE,1;
END;
IF REWOVECT = 150" THEN DO;
ROMDAT = SCALEDAT(IYERB,1;
END;
ROWID = IDLITERA):
1F CNTCASES = T THEW 00;
SUBDAT = ROWDAT;
END;
IF CNTCASES > 1 THEN DO;
SUBDAT = SUBDAT//ROMDAT;
END
END; /% ---> GRPWAME = GRPLABLS LOOR */
ENO; /* ---> LTERB LODR */
SUBSIZE = NROW(SUBDAT); s* SLZE OF EXTRACTED GROUP %/
SUEMEANS = SUBDAT(:,1;/% VARIABLE MEANS OF GROUP %/
MEANMAT = REPEAT(SUBMEANS,SUBSIZE,1);
SUBDEVYS = SUBDAT-MEANMATY; /™ DEVIATIONS FROM GROUP MEAN™/
IF ITERA = 1 THEN 0O0; /™ SETUP POOLED DATA SET */
POOLDAT = SUBDEVS;
POLLGNS = SUBSIZE;
END;
IF ITERA "= 1 THEN DD;
POOLDAT = PODLDAT//SUBDEVS;
POOLGNS = POOLGNSSsSUBSI2E;
EwD;
END; /> ---> ITERA LODP */
PODLNLM = NROW(POOLDAT):
FRINT "NUMBER DF POOLED DATA CASES " POOLNUM;
FOOLSSCP = PADLDAT™ * POCLDAT; /® POCLED SUMS DF SQUARES AND CROSS PRODUCTS®/
POOLCOY = POGLSSCP ™ ((POCLNUM-NGFODLED)**-1.07; /*MEW FOQLED COVARIANCE®/
IF RUN = "maND" THEN DO; /* SAVE POOLED COVARLANCE™/
CREATE SASOAT.MPOOLCOV FROM POOLCOV;
AFPEND FROM POOLCOYV;
CREATE SASDAT.MPOCLGNS FROM POOLGNS;
APPEND FROM POOLENS;
CREATE SASDAT.MPOOICCE FROM FOOLCOL;
APPEND FROM POOLCDL;
PRINT " 4EW PODLED COVARTANCE MATRIE CALCULATED FOR MANDIBLE™;
END; /%---» RUN = MAND */
IF RUR = *SKULL"™ THEN 0O;
CREATE SASDAT.SPOOLCOY FROM POCLCOV;
APPEND FROM POOLCOV:
CREATE SASDAT.SPDOLGNS FRDM POCLGNS;
APPEHD FROM POOLGNS:
CREATE SASDAT.SPOOLCOL FROM POOLCOL:
APPEND FROM POOLCOL;
PRINT “MEW POQLED COVARLANCE MATRIX CALCULATED FOR SXULL™;
END; 7%---2 HUK = MAND %/
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END; /™~ ---= NEWPQOIL = "YES™ =/
IF MEWPODL = “NO“ THEK OO; /™ LSE QLD POGLEQ COVARIANCE */
[F RUN = ™MAND™ THEN 0D;
USE SASDAT .HPOOLCOV;
READ ALL INTD POOLCOV;
PRINT “POOLED COVARIANCE MATRIX READ FROM MPOOLCOV™;
USE SASDAT.MPOCLGNS;
READ ALL INTOD POODLGNS;
USE SASDAT.WPOCLCOL 5
READ ALL VARCCOL1} INTO POOLCOH ;
END;
1F RUN = "SKULL™ THEN Oo;
USE SASDAT.SPOCLCOV; READ ALL INTO POOLCOV;
PRINT “POOLED COVARTANCE MATRTIX READ FROM SPOOLCOVY;
LSE SASDAT ., SPOULGMS Y
READ ALL INTO PODLGNS:
USE SASDAT .SPOCLLOL
READ ALL WAR{COL1} INTD FOOLCOL;
END;
END; = ---» NEWPOOL = WyOw &7
POOLROMS = NROW(POOLCOV); -
POOLCOLS = WCOL(POOLCDY);
FREE POOLSSCP;
IF PLEW = “MAX"™ THEW 0C;
PRINT NEWPAGE:

PRENT *POOLED-WITHIN GRORIPS COVAREAKCE MATRIX", POOLCOV[FORMAT=6.1 ROMNAME = VARCDL

COLNAME = VARNAME] ;
FRINT “FODLIZIV MATRIX 1% % PFOGLRONS *8Y ® POOLCOLS:
END;
FREE POOLROWS POOLCOLS:
CENTSKIP = {Q};
CNTGRFS = (Q3;

GRPRM = {Q);

L R L Ll T TERUET YR AR B L L LI E T ny
o= GROUGP MEANS -+==--=-w-e= -

Fo R e L R e R ErL T 4

OD ITERA = 1 TD NGDISC BY 1; /* CYCLE THROUGH GROUPS */
CNTCASES = CQ);
GRFNUM = GRPNUM+{1};
GRPNAME = DSCCOL [GRPNUM)
DD ITERB = ) 7O CASES; /* CYCLE THROUGH CASES*S
IF GRPLABLSTITERB) = GRPNAME THEN 0D;
CHTCASES = CNTCASES+(V);
IF FINDVECT = “NO THEN DO; /7% SETUP REQUIRED DATA SETS AKD LABELS*/
ROWDAT = OATAIITERB,);
END:
tF REMOVECY = "ISO™ THEN DD;
ROMDAT = SCALEOATLITERS,];
END;
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[F FINDVECT = WYES' & REMOVECY "= "ISO™ THEN DO;
ROWDAT = DATA[ITERS,];
TARGDAT = TARGVAR[ITERB,);
ENO;
ROGWID = TDCITERBY;
IF CNTCASES = 1 THEN OD;
SURDAT = AOWDAT;
SURGRPID = GRPMAME:
SURIND[D = RIMID;
IF FINDVECT = WYEST™ & REMOVECT "= ™ISQ" TMEN OD;
SUBTARDT = TARGDAT;
END;
ENG;
1F CNTCASES » 1 THEN 00O;
SUBDAT = SUBDAT//ROUDAT;
SUBGRP IO = SUBGRPID//CRPNAME
SUBINDIO = SUBINDID//RINID;

[F FINDVELY = “YES“ & REMOVECT "= “1SO* THEN DO;

SUATARDT + SUBTARDT//TARGDAT;
END;
U H
END; 7* GRPNAME = GRPLABLS LOOP */
END; /* 1TERB LOOP =/
SUBSIZE = NROW(SUBDAT ]:
SUBMEANS = SUBRAT(:,I; /™ GROUP MEANS*/
IF FINDVECT = "YES" L REMOVECT "= “{50" THEN DO;
GPTARMER = SUBTARDT{:,):
ENp
IF LTERA = ¥ THEN DD;
DISCDAT = SUBDAT;
BETGNS = SUBSIZE;
ACCGRPID = SURGRPIO;
ACCINDID = SUBINDID;
GHPHEAKS = SUBMEANS;
GSIZERCM = SUBSIZE;
IF FINDVELT = “YES" & REMCVECT ~= ISO™ THEN 0D;
TARMEANS = GPTARMEA:
END;
ERC;
IF [TERA "= 1 THEN DO:
DISCDAT = DISCOAT/S/SUBDAT;
ACCGRPID = ACCGRPIDS/SUBGRPID:
ACCIRDID = ACCINDIDs/SUBINDID;
BETGHS = BETGNS//SUBSIZE;
GRPMEANS = SRPMEANS//SUBMEANS:
IF FINDVELT = “YES" L REWOVECT "= "1SQv THEN DO;
TARMEANS = TARMEANS//GRTARMEA;
END:

H

END;
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END; /* ITERA L0OP %/
PRINT WEMPAGE;
PRINT "GROUPS AND S512ES USED 1N ANALYSIS™:
PRINT POOLCDL POOLGNS * v DISCCOL  BETGNS;
PRINT “GROUP MEANS OF ORIGINAL VARIABLES™;
PRINT GRPMEANS IFORMAT=z4,7 ROWMAME = OISCCOL COLMANE = WARNAME]:
Ll BIVARIATE ROUTINES =----~-mea--msommunaocans b4
IF BIVARIAT = "YESY THEN DO; /™ LINEAR REGRESSION VARIABLES AGAINST SI2E*s
DO ITERD = 1 TO NVAR;
MEASCOL = GRPMEANS [, ITERQ} ;
HHEANS = NRIRCMEASCOL);
LOGMEAS = LOG(MEASCOL}#Q,43429448; /* GASE TEN LOGS*/
LOGTARNS = LOG(TARMEANS Y. 534 296LE;
NMEANS = NROM(MEASCOL);
RANKLOGE = LOGTARMS;
RAKKKANS = DISCEOL;
RANKMEAS = 1OGMEAS;

RANKLS = RANKCLOGTARMSY: /% SDRT DATA *7
DO ITERS = 1 TO WMEANS BY 1;
RJ1 = RARKLSIITERB];
RANKLOGS [RJ),] = LOGTARWSIITERE,1;
RANKNAMSTRJ1,] = OISCCCLTITERR,];
RANKMEAS[RJ1,] = LOGMEAS[ITERB,];
EWo; /* ---> ITERD LOOP */
DUMMYA = (13; /* SETUP DUMMY VARIABLE */
DUMMY = REPEAT(DUMNYA, NMEANS,1):
DUMMX = DUMNY | |RANKLOGS;
LXXPROO = OUMKX ™ *DUMXY ;
LXYPROO = DUMDOCT “RANKMEAS
LXXPROIN = INV(LXXPROD);
PARAMETR = LXXPROIN*_XYPROD;
PREDYS = DUMMIXYPARAMETR; /= PREDICTED Yise/
RESIDS = RANKMEAS - PREDYS: /* RESIDUALS®/
PRINT NEVPAGE:
PRINT RANKNAMS RANKLOGS RAMKMEAS PREDYS RES10S;
0O ITERW = 1 TO XKMEANS BY 1; /* FIND RESIDUAL STGNS */
IF RESIDSIITERW] < 0.0 THEN SIGN = m-%;
IF RESIDSLITERW]) = 0.D THEM SIGN = =0%;
IF RESIDSCITERW) > 0.0 THEN STGN
IF ITERM = 1 THEN DO;
SIGNROM = SIGN;
END;
TF ITERW > 1 THEN 00;
SIGNROW = SIGNROW| [SIGN;
END;
EWD; /* |TERW LOOR */

il

L2 L
it

IF ITERG = 7 THEN DO; /* ACCLUMULATE RESIOUAL SIGNS =/
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SIGNMAT = SIGNROW;
END;
[F LTERQ =1 THEN DO;

STGNMAT = SIGNMAT//SIGNROW;
END;
ABSCISSA = RWAMLOGS//RANKLOGS
ORDINATE = RANKNERS/IPREBYS;
BIVARMAT = ABSCISSA| |ORDINATE

~ {F RUN = "MAND"™ THEN DC;
WMAXYMAX = (2.4 2.55); ANINYMIN = (1.55 0.75); SETSCALE =
XMAXYMAX / FXNINYRIN;
END;
IF RUN = “SKIHLL™ THEN DD;
SETSCALE =

NMAKYMAX = {2.75 3.93; XMEINYMIN = {1.85 1.15);

NMAXTYMAK £ /XMIHYMIN;
ENO;
BIVARMAT = BIVARMAT//SETSCALE;
*f
PREDSYM = weh;
SYMBPRED = REPEAT{PREDSYKB, WMEANS, 1);

SYMBLOL = SUBSTRCRANKNAMS, 1, 1);
PLOTMARK = SYMBCOL//SYMAPRED;
NOPQLINT = ¥ o
PLOTHARK = PLOTHARK//KOPDINT;
YLAB = VARCOL [ITERQ];
SYMBROM = SYNBCOL™;

PRINT MEMWPAGE;
CALL PGRAF(BIVARMAT, PLOTMARK, “CUEE ROOT OF VOLUME:, TYLAR):

PRINT “SUBGROUPS" SYMBROM[FORMAT=3.0];
PRINT "RESTDUALS® SIGNROMIFORMAT=3.0) ;
ENS; /* LTERQ LOOP ¥

PRINT NWEWPAGE:

PRINT SYNBROWEFORMAT= 3.01;

PRINT SIGNMAT [FORMAT = 3.01;

END; /% BEVARTATE BLOCK */

FREE STGNMAT;

FREE MEASCOL KMEANS PARAMETR PRECYS ;

$REE ABSCISSA ORDINATE BIVARNAT PREDSTME SYMEPRED PLOTMARK;

FREE TLAH SYMBCOL LXXPROD LXYPROD LIXPROIN PARAMETR STGNROM RESIDS;

FREE LOGTARNS LOGMEAS RANKLOGS RANKMEAS RANKMAMS;

BETWEEM GROUPS COVARIAMCES

DISCASES = NROWKDISCDAT);
GRMDMEAM = GRPMEANSL:z,1; /* GRANDMEANS */
GRNDMATY = REPEAT(GRWBMEAN BISCASES, 1)

GRNDMATZ = REPEAT(GRWDMEAN, GRPNUM,1};
GRNODEVS = DISCOAT-GHMDMAT; /4 DEVIATIONS OF SPECS FROM GRAND MEANS */

FREE GRNDNAT;
HETDEVS = GRPMEANS-GRNDMATZ; /™ BGEVIATIONS OF GROUP MEAHS FROM GRNAD NEANS®/
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FREE GRRDMATZ;
1IF WEIGHT = ND™ THEN DO; /* UNWELGHTED AMALYSIS */
BS5CP = BETDEVS *BETODEVS; /™ BETWEEM GROUFS SUMS OF SOUANES AND CRDSS PRODUCTS®/
BETCOV = BSSCAP*((NGDISC-1)*%-1.0); /* BETMEEN GROUPS COVAR(ANCES =/
PRINT NEWPAGE;
PRINT "AETWEEN GROWPS COVARIANCE BASED ON RSSCP (UNWEIGHTED }";
END;
[F WEIGHT = "YES'" THEN DO; /* WEIGHTED ANALYSIS =/
GSIZEMAT = REPEAT{BETGNS,1,MVARY;
WEETOEVS = BETDEVSEGSIZEMAT:
WBSSCF = WBETDEYS "WHETDEVS;
BETCOV = WBSSCP*{{NGDISC-1)==-1.0);
PRINT NEWPAGE:
PRINT VBETWEEN-GROUPS COVARIANCE BASED ON MBSSCP (WEIGHTED)";
END;
FREE GSIZEMAT GRMOMATZ GRKDMAT1 BETDEVS;
FREE WBETDEVS WBSSCP BSSCP EETDEVS ;
IF PLEV = "NAXY THEW DD;
PRINT BETCOVIFORMAT=4.11;
END:

TaX = {2);

CALL GENEIG(CVEIGVAL, CVEIGVEC, BETCOV, POOLCOV); /* CALCULATE EIGENVECTORS, VALUES®/

FREE POOLCOV BETCOV:

ADDVALS = CVEIGVALLs,];

VALPERCS = (CVEIGVAL™ADDVALS™®-1.0)*180;

CUMUPERC = CLISUMIVALPERCS);

VALSUM = CVEIGVAL||VALPERCS|| CUMURERC;

VALSLAB = (EIGENVALUE FOFTDTAL CUMILATIVE};

PRINT NEWPAGE

FRINT CEIGENVALUES™;

PRINT VALSUMIFORMAT=5.3 AOWNAME = CVLABCOL COLMAME = VALSLAS];

PRINT “SUM OF THE EIGENVALUES";

PRINT ADOVALSIFORMAT = 5.21;

PRINT NEWPAGE;

PRINT mEIGENVECTORS";

PRINT CVEIGVEC [FORMAT=7 .4 ROWNAME = VARNAME COLNAME = CYLABROM);

CANSCORS = GRNDDEVSCVEIGVEC; /® SPECIMEMS SCORES ®f

CANMEANS = (GRPMEANS-J(NGDISC,t ) *GRNDMEAM)®CUE[GVEC; /= CANGHICAL MEANS */

FREE CVEIGVEC GRNDDEVS GRWDNEAN;

FRINT NEWPAGE;

PRINT CANMEANS{FORMAT = 4.2 ROUNAME = DISCCOL COLMAME a CYLABCOL);

e e SAVE CANONICAL MEMMS FOR GRAPHICE ----=--o--- *f

IF CANSTO3D = MYES" THEN DO;

IF AUN = “MAND" THEN DO;
CREATE SASDAT.MANDCYID FROM CANMEANS; /= FRO PROC G30 */
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APFEND FROM CANWEANS;

£ND;
TF HUN = "SKIJLL™ THEN DD;

CREATE SASDAT.SKULLCVID FROM CANMEANS;
APPEND FROM CANMEANS;

£ND;

END; /™ SAVE TO 30 {o0p /

/® CORRELATIONS TD ORIGINAL VARTABLES */

GLUENEAN = GRPHEANS | |[CANMEANS; /® APPEND TWO SETSA OF MEANS ®/
ENNS = NROW{GLUEMEAN);
MEANMEAN = GLUEMEANL:, 1:

MEANMAT = REPEAT(MEANMEAN, EWNS, 1};
MEANDEVS = GLUEMEAN - MEANMAT;

FREE GLUEMEAN MEANMEAN MEAMMAT:

MEANSSCP = MEANDEVS®™ * MEANDEVS;
MEANCOY = MEANSSCP * ({EWNS - {13)** -1.0};

FREE WEANDEVS MEANSSCP;

HEANVART = VECDIAGIMEANCOV):
MEANSD = SQRT(MEANVARI);
SDINV = WEANSD ## -1.0:
MEANSDS = DIAG(SOINV);

MEANCORR = MEANSOS * MEANCDV * MEANSUOS: /* CORRELATIONS OF GROUP TD CAMOMEICAL MEANS™/

{F RUN = “MAND™ THEN 0D;
LLELOCK = HEANCORR [INVAR+(1):NVARZ 1:NVAR];

EMD;

[F RUN = “SKULL™ THEM DO;
LLBLOCK = MEANCORE [NWAR+(1):NVAR™2, 1:NVAR];

END;

IF PLEY = "MED"™ | PLEV = “NAN" THEW DQ;

PRINT NEWPAGE:

PRINT “CORRELATIONS BETWEEM ORIGINAL VARIADLES AND CAMONICAL MEANS™;

PRINT LLBLOCK[FORMAT=4.2 ROMNAKE x CVEABCOL COLNAME = VARNAME]:

END;

FREE MEANCOV MEAMVARL NEANSD MEANSHS SDINV LLALOCK:

IF VECTTARG = °SI2E™ & REMOVECT "= 150 THEN DQ;

/* CORRELATIONS TD SHAPE1 (ORIG. \ 512E) v/
PRINT NEWPAGE;
PRINT "SHAPE1 = QRIGINAL VARIABLE MEAHS DEVIDED BY S12E4 MEANS';
IF RUN = MMANDT THEM DO

SHAPEBAR = REPEAT(TARMEANS, 1, WVAR);

END;
[F RUN = MSKULL™ THEN DO?

SHAPERAR = REPEAT{TARMEANS, 1, MVAR);
END;

SHAPEVAR = GRPMEANSSSHAPEGARNS-1.0:
STIKMEAN = SHAPEVAR | [CANMEANS; /* APPEND SHAPE VARIABLE NEANS TO CANDNICAL WEAKRS

b
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DARBAR = STIKMEAN(L:,):
GARMAT = REPEAT(RARBAR, ENNS, 1);
STIKDEVS = STIXMEAN - BARMAT:
FREE SHAPEBAR STIXMEAN BARDAR BAWMAT ;
STIKSSCP = STIKDEVS™ * STINDEVS;
STIKCOY = STIKSSCP = ((EMNS - (12)™ -1.01;
FREE STIKDEWS STIKSSCP:
STIKVAR] = VEIDIAG(STIKCLOV);
STIKSD = SQRY(STIEVART);
STIKINV = STIKSD #8 -1.0;
SESTIK = DIAGESTIKINYD;
FREE STIXVART STIKSD;
STIXCORR = SHSTHL * STIXCOV * SDSTIK; /* CORRELATIONS OF SHAPE TO CAKCNICAL MEANS */
FREE SDSTIK STINCOV:
[F RUK = *“MAND" THEN DO;
LLBLOCK = STIKCORWE1Z:22,1:NvAR] ;
EHD;
[F RUN = PSXULL™ THEM 0O;
LLBLOCK = STIXCORRIZD:28, 1:NVAR];
END;
FREE STIKTORR;
PRIKT “CORRELATIONS BETWEEW SHARE1 MEANG AND CANOMICAL MEANS";
PRINT LLALOCKIFORMAT=4.2 ROWNAME = CVLABCOL COLNAME = VARNAMED;
FREE MEANCOW NEANVARI MEANSD SOTNV LLELOCK:
END; /* VECTTARG - REMOVECT LOOP */
|F FINDVECT = “TES™ & VECTTARG "= "SIZE™ THEM DD;

L e R R e Ly
£ -+-= FIMD DIRECTION COSINES OF VELTOR OF TMTEREST --- *7
L T N P gy

Fid 1.E.. FIND MAXIMAL ASSOCIATION BETWEEM CRITERION VARTABLE AND */
Fid MULTIPLE UMNCORRELELATED PREDICTOR WARIABLES (CY'S) */
TF OROPTAX = “NO* THEN DO;/* DROP SELECTED TAMA FROM VECTOR DIRECTION *7
PRINT ¥ TARGET VECTOR MEANS™:
PRINT OISCCOL BETGNS TARMEANS;
PREOTARG = CAMMEANS | | TARMEAMS; /* PREDICTOR(S) = ALL CV*S */
END;
I¥ DROPTAX = ®yE5™ THEN DO;
DO ITERF = 1 TD NGDISE BY 1;
TF DISCCOLLITERF,1 = ELIMTAX THEN BD;
INDEX = [TERF;
END ;
END; /™ TTERF LOOP %/
NEMCANS = CAMNEANS (1:INGEX-€1),1//CANMEANS CIMDEX+(132NGIISC,2;
WEUTARS = TARMEANS [1:IMDEX-(1),]//TARMEANS CINDEX+(1):NGDESC,];
KEWBTGNS = BETGNS[1:INDEX-{7),]//BETCNS [IMOEX+{1):zNGDISC, 1:
NEWDCOL = DISCCOL[7=INDEX-€13,)//DISCCOLETNDEX+{1}:NG015C ] ;
PRINT "TARGET VECTOR MEANS “;
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! PRINT NEMDCOL MEWBTGNS MEWTARS [FORMAT = §.2];
PREDTARG = NEWCANS||NEWTARS; /* PREDICTOR(S) = ALL CV'S %
FREE NEWLANS NEWTARS NEWBTCNS ;
NGDISC = MGDISC - (1);
END; /* OROPTAX LOGR */
; TARLAEL = VECTTARG;
i NEWRLABL = CVLABCOL//TARLABL;NEWCLABL = KEWRLABL ;
. MEWNVAR > NVAR»{1};
i FREE TARMEANS;
COLMEANS = PREDTARG(:,1:
MEANMAT = REPEAT(COLMEANS, NGDISC,1);
. DEVSMAT x PREDTARG-MEAMMAT;
X : FREE WEANMAT;
! PTARSSCP = DEVSMAT “BEVSMAT;

FREE DEVSMAT;
PTARGDOV = PTARSSCPT((NGDISC-1)"*-1.0); /* FREDICTOR-TARGET VARIARCE COWARLANCE MATRIX®/

FREE PTARSSLP;
PRINT KEWRAGE;
PRINT " TARGET-PREBICTORS VARTANCE-COVARIANCE MATRIXM:

NEWCLABL = NEWRLAGL®;
PRINT PTARGCOV (FORMAT= &.2 ROWWAME = NEWRLABL COLNAME = HEWCLAEL];

FREE GRUPROM;
: TARGVAR = PTAHGUOV [NEWNVAR, NEWMVAR];
! TARGSTD = SQRT(TARGVAR);
' TARSDCOL = REPEAT{TARGSTC,NVAR, 135
PREDVARA = PTARGCOVLT:NVAR, 1zNVAR];
PREDVARI = VECD]AG(PREDVARA);
FREE PREDVARA;
PTARCOV = PTARGCOV [NEWNVAR , T:NVAR] ;
PTCOVEUL = PTARCOV ;
PTVARS = VECDIAG(FTARGCOV);
PTARSTD = SORT{PTVARS);
PISTDINV = PTARSTD ## -1.0;
PTSTOMAT = OVAG(PTSYDINWI:
PTARCORR = PTSTDMAT * PTARGCOV ¥ PTSTDMAT; /*FREDICTOR-TARGET CORRELATIION MATRIX®/
FREE PTARCOV PTVARS PTSTDMAT PTSTDINY:
PTCORRS = PTARCORR(NEWNVAR, 1:NVAR];
FREE PTARCOAR;
PICORRCOL = PTCORRS®;
FREE PTCORRS:
PTCORRS@ = PTCORRCOLMNZ
REGLOEFF = PTCORRCOL # TARSOCOLIN-1.0 # PTARSTDL):NVAR,I;
_ SSACOEFF = REGCOEFF (44,1
! ROOTSSRC = SGRTISSQLOEFF);
; INVRTSSQ = ROOTSSGCAN-1.0;
i DIRELCOS = REGCOEFFRINVRTSSQ: /* DIRECTION COSINES */
RADIAMSE = ARCGS(DIRECCOS);
ANGLES = RADIANSHST.205779;
; PRINT NEWPAGE;
|
411

/% FREDICTOR VARTAMCES */

J*TARGET-FREDICTOR COVARIAMCES */



FRIKT CvLABCOL

PREDVAR I [FORMAT =5 .2]
PTCOVEOL [FORMAT =5.21
PTCORRCOL [IFORMAT=5.2)
PTCORRSQ [FORMAT25 . 2]
REGOOEFE LFORMAT 26 4]
DIRECCOS [FORMAT =6, 5)
ARGLES [FORMAT=6.1];

FREE PTCORRSC PTCORRLDL PTARGCOV PTCORRS SSUCOEFF ROOTSSQC INVRTSSQ PREDVAR PTCOVCOL;

COEFCY12 = REGCOEFF[1:2,]1:

FREE REGCOEFF;

SSACVI2 = COEFRVI2 MM, ]

RUOTCYIZ = SQRTISSACV12);

INVCV1Z = ROOTCYIZiN-1.0;

CV12C05 — COEFCVIZNINVEVIZ;

CV1ZRADS = ARCOS[CYI2COS);

CVIZANGL = CVIZRADS ® 57.29577%:

PRINT™®,

FRINT YPROJECTEQ ANGLE OF TARGET VECTOR WITH Cvl AND Cve“;

FRIRT CVI2ANGL [FORMAT=L 1] :

SMALLANG = CV1ZANGLEY,13;

RADANGLE = SMALLANG ® 0.017453295;

THETATAN = TANCRADANGLE): /® FIND DUMNY MARKERS FOR PLOTTING®/
PRINT THETATAN;

€1 =2 {5);

£2 = {103;

HEIGHT1 = C1 # THETATAM;

HEIGHTZ = C2 W THETATAN;

POS1 = C7| [HEIGHT1;

POS2 = C2|[HEIGHTZ;

POSHARKS = POST//POS2;

NEGMARKS = - POSMARKS;

PRINT POSMARKS MEGMARKS:;

FREE STMTEMP SINTHETA C1 C2 MYPOT1 HTPOT2 HTTEMP1 HTTEMP2 NEIGHT1 HEIGHT2;
END; /* SIZE vECTOR COSINES LOOP */

IF PLEV = "NED" | PLEV = "MAX™ THEW DD;
/®---- PLOTYING ROUT[NES - DRIGINAL CANOMICAL VARIATES --v=e------ "y

IF AXES = "MAX" THEM DD;
MAXISCOR = MAX{CANSCORS L, 11);
MINISCOR = MINICANSCORSE,11);
MANZSEOR = MAN(CANSCURS [,21);
MINZSCOR = MIN{CANSCORST,21);
MAXKYS = MAN1SCON | |MAN2SCOR:
MINNYS = MINTSCOR | |MIN2SCOR;
RAKGESKY = MAXXTS//MINXYS;

EHD; s¥==-» AKES = MAX %/

BL‘"KS = CII Il. " II):
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FREE MAXTSCOR MINISCOR MANZSLOR MINZSCOR MAXNYS WINXYS WAXMEANS MIRKREANS
IF PLOTSET = “ARB™ THEW NPLOTS = NUM{PLOTMUM);
IF PLOTSET = mFIND' THEN BO;

END
If PLOTSET = wALL™ THEN DO;
POSCOUMT = (0%;

1TvAL = NROWICVEIGYAL);
Do ITERY = 1 T ITYAL BT 1;
IF CVEIGVALIITERY] *» O THER [0Q;
POSCOUNT = POSCOUNT + {1};

EMB;
END;
MPLOTY = PGSCOUNT/2 *+ 3/6;
NPLOTS = INT(NPLOTI);
" IF RUM = "MAKD™ YHEW IF NPLDTS = & THEN NPLOTS = 5;
IF RUN = »SKULL™ THEN IF WPLDTS = 10 THEN NPLOTS = 9;

END; /™ ---> PLDTSET = ALL *f
00 ITERA = 1 YD NPLOTS BY 1;
AYMAT = CANSCORS [, MAM:YAX]; /* SORT ROUTINES FOR EACKH PLOT %/
CVBARS = CANMEANS [, XAX:TANI;

CVK = XYMAT[,1];

CVH = CVBARSL,1};

ANKST = RANK{CVX):

RNKSZ = RANKLCVE);

SORTIDS = ACCINDS;

SDRTSCOR = NYMAT;

SORTHEAM = CVRARS;

SORTCLAR = DISCCOL;

DO TTERB = 1 TO DISCASES BY 1;

RJ1 = RMCST[ITERB) ;
SORTIDS(RJ1,I = ACCINGIDLCITERB,I;
SORTSCOR[NJ1,] = NYWATLITERE,]:
ENB; /* ---> [TERE LDDP */
bD ITERC = 1 TO NGDISC BY 1;
RJ2 = RNKSRIITERE];
SORTGLAS[RJ2,] = DISCCOL (ITERC,];
SDRTMEAN [RJ2,] = CVBARSLITERC,1;
END; /% ---> ITERC LOOP */
SCORPRNT = SORTSCOR;
MEAKPRNT = SORTMEAN;

FREE CHARSCOR CHARMEAN CHOPSCOR CHOPREAN;
PLOYSYRY = SUBSTR(SORTIDS,1,1);
PLOYSYM2 = SUBSTR[SORTGLAR,1,13;
PLOTSYMT = PLOTSYH//BLANKS;
PLOTSYMZ = PLDTSYM2//BLANKS
SORTSCOR = SORTSCOR//RAMGESXHY;
SORTMEAN = SORTMEAN//RANGEEXY;

FRINT NEWPAGE;
FRINT “SORTED SCORES FOR " TAX “V5* MAX, SORY[DS SCORPRWT,;

il
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PRINT WEWPAGE;

CALL PGRAF{SORTSCOR, PLOTSYM?, CVLABCOL (MAXI, CVLABLDL[YAN]];
FAINT NEWPAGE;

PRINT MSORTED CANONMICAL MEANS FOR " TAX “VS™ XAX, SORTGLAD MEANPRNT;
PRINT NEWPAGE;

CALL PGRAF{SORTMEAN, PLOTSYMZ, CVLAACOLDGAXI, CVLABCOL[YAX]);
OLDKAX = MAX:
DLDYAX = YAX;
NAX = DLDYAX+{1};
YAX = DLONAX*(3);

EMD; /® ---» NPLOTS LODP %/
END; /* PLEV MED NAX gLock =/
IF PLEV = "MAX™ THEN BO;
F%-— AMOMG-GROUPS GEMERALIZED DISTANCES WITHOUT VECTOR REMOVEL----%f
O = JONGDISC NGDISCY;

00 ITERONE

=1 T0 MGDISC Br 1;

0D ITERTWG = [TEROME TO MGDISC BY 1;
IF ITERTWO = ITERONE THEN DO;
DLITERDNE, ITERTWOl = {D};

IF ITERTWD "= ITEROKE THEN DO;
DIFFS = CANMEANS [1TERDNE,] -CARMEAMNS [ITERTWO,] ;
SUMDSOR = SSCIDIFFS):
DIETERONE, ITERTWO] = SORT{SUMDSQR):
DIITERTWO, ITERONE] = SQRT{SUMDSGR);

END;

END; /*ITERTWO®*/
END; /*1TERDNE®/
MINISUBT = SUBSTR(DISCGRPS,1,1);

MINISUB2 =

SUBSTRIDISCGRPS,S, 1);

NEWGROW = CONCATIMINISUBT, MINISLE2);

NERGCOL =

HEWGROW® ;

PRINT NEWPAGE;
FRINT D[FORMAT=3.0 ROMMAME=NEWGCOL COLNAME = MEWGROMW] ;
END; /* PLEV BLOCK */

IF REMOVECT = "BLRN™ THEN D¢;

J/* Pald L
TOENTMAT =
ELIMVECT =

------- BURNABY 'S METHOD FOR VECTORCS) REMOVAL --<------87
! ~ F(FtF)-1Ft WHERE F = DC(RECTION CDSINES [N CV SPACE */

TENVARY;

DIRECCOS; /* VECTOR T0 ELIMINATE 1S DIRECTION COSINES OF SIZE VARIABLE */

FREE DIRECEOS;

ELIMMAT

= ELIMVECT™ ™ ELIMVECY;

ELIMINY = IRVIELIMMAT);
FREE ELIMMAT;

ALLVECT

= ELIMVECT * ELININV * ELIMVECT';

FREE ELIMINV ELIMVETT;

PROJMAY

= [DENTMAT - ALLVECT;

FREE IDENTMAT ALLVECT:

PROJCAT

= CANMEAMS * PROJMAT; /% PROJECT CANONICAL MEANS TD GRTHOGONAL FLANE */
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FREE CAMMEANS;
BURNLABL = SURSTR{pIScCOL, 1,1);
BLANKS ={" » & m}-
CANMLABL = BURNUABL//BLARKS;
FRINT NEWPALE;
PRINT STARGET VECTOR-REE DATA BASED ON BURNAGY'S METHID™:
PRINT PROJDAT [FORMAT=4.1 ROMNANE = DISCCOL COLMAME = CVLABROM] ;
MAKVAL = MAX({PROJDAT);
HINVAL = NMIN{FROJOAT);
PRINT MAXVAL MINVAL;
MAXIS = REPEAT(MOVAL, 1, 2);
WINIS = REPEAT(NINVAL, 1, 21;
COLS12 = PROJDATIL,1:2);
PLOTI2 = COLST2//MAXIS/ /MINIS;
COLS3: = PROJOATE,3:41;
PLOT34 = COLSIL//MES//NINES;
PRINT NEWRAGE;
CALL PGRAF(PLOT12, CAMMLABL, “SIZE-FREE CVt“, “512E-FREE CV2");
PRINT NEWPAGE;
CALL PGRAF(PLOT34, CANMLABL, “SIZE-FREE CV3™, “SIZE-FREE CV4*);
JE e REORTHOGOMAL 1ZE BUAMABY DATA USING BLA =-~=~~e-vem-ex b7
PCMEANS = PROJDAT[:z,):
MEANMAT = REFEAT(PCHEANS, NGDISC, 1)}
PCDEVS = PROJOAT - MEANMAT; /v DEVIATIONS OF PROJECTED DATA FROM MEANS */
FREE MEANMAT;
PCSSCP = PCOEVS ™ * FODEVS;
PLCOV = PCSSCP * (NGDISC-C13)*%-1.0; /% COVARIANCE MATRIX OF PRDJECTED DATA */
CALL EIGEN(PCEIGVAL, PCEIGVEC, PCCOV);
ADDVALS = PCEIGVAL[*,];
VALPERCS = (PLEIGVALTADOWALS®®-1.0)"100;
CUMUPERE = CUSUMIVALPERCS);
VALSUM = PLEIGVAL | [VALPERCS | | CUMUPERE;
VALSLAB = {EIGENVALUE POFTOTAL CUMULATIVE};
PRINT NEWPAGE
PRINT "EIGENVALUESH;
PRINT VALSUM[FORMAT=5.3 ROWMANE = CULARCOL COLWAME = VALSLAS);
PRINT “S\M OF THE E1GENVALLIES";
PRINT ADDVALS [FORMAT=&.11;
PRINT NEWPAGE;
FRINT PCEIGVAL [FORMAT=6.2];
PRINT PCEIGVEC [FORMAT=6.4];
NOYECSE = PROJOAT * PCE [GVEG;
SCORMEAN = NOVECSC(:,1;
MEANNAT = REPEAT(SCORMEMN, NGDISC,1);
NOVECCEN = NOVECSC - MEANNAT; ™ MEAM-CENTERED SCORES */
PRINT NEWPAGE:
PRINT NOVECCEN (FORMAT=4 .1 ROWNAME « DISCCOL COUNAME = CVLABROMI;
MAXSCOR = MAX(NOVECLCEM);
MIKSCOR = MEWCMOVECCEW);
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PRINT MANSCOR MINSCOR;

REFMAY = REPEAT (MAXSCOR, 1, 2);
REPMIN = REPEAT(MINSCOR, 1, 2);
PCIPCE = MOVECCEMI,1:21;

PCPLOT1Z = PCIPL2//REPMAN/ /REPRIN;
PCIPC4 = WOVECGEN[,3:4];
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