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ABSftlt.CT 

The Rhinocerotoidea ia a Superfamily of perissodactyl mammals 

whose evolutionary history extends from the Eocene epoch to the 

Present. This history ia 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 morphological 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 fossil genera. The living genera are biological 

analogues by which the fossil genera may be more confidently 

interpreted. oateo-dental lar.dmarks provided 19 linear 

measurements for skulls and 11 linear measurementa for mandibles. 

Adult skulls (83 living; 101 fossil) and adult mandibles (80 

living; 117 fossil) were analysed for four living and fourteen 

fossil genera. Measurements and sample sizes were maximized under 

the constraints required by complete data. some measurements were 

estimated by a multiple regreasion technique. Each genus was 

analyzed by the principal components method (PC, within-group 

analyses) where specimens are ordinated along axes of maximum 

variation. Living genera were analysed first: geographic, 

taxonomic, and sex dimorphic correlations with morphometric 
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differences were identified. These results were included as part 

of the total information used to analyse the variation within 

fossil genera. In several fossil genera, subgeneric groups were 

identified using geographic, taxonomic, temporal\stratigraphic, and 

analogue variation data. Overall PC results indicate that 

variational patterns in fossil genera are similar to those in 

living analogues. The PC subgroups were analyzed by canonical 

variates (CV, among-groups analyses) where PC means are ordinated 

along orthogonal, variance maximizing axes. Determination of these 

axes relies on an estimate of average within-group variation 

provided by pooling of the PC subgroups. The CV ordination was 

analysed with respect to morphometric affinites, and correlations 

with taxonomy, qualitative characters, diet, horn type, and 

temporal patterns. Results show that morphometric affinites are 

most uniquely correlated with horn type, least correlated with 

diet. Temporal patterns show that general morphological trends 

occur at the genus level. Evolutionary changes at the subgeneric 

level indicate more irregular pathways. In general, morphology and 

size change simultaneously. 
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CHAPTER 1. 

IllTRODUCTIOH 

OVERVIEW 

The periseodactyl auperfamily Rhinocerotoidea is one of the 

many mammalian groups which evolved in the Cenozoic Era. Like 

other mammalian radiations, rhinocerotoids evolved from a few, 

small, primitive forms to a variety of more specialized, often 

larger, forms resulting in a large diversity of taxa most of which 

have become extinct. Among vertebrates, the Rhinocerotoidea 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 fossils increases the probability that 

all groups (primitive, derived, and transitional) are included and 

that the range of normal variation within groups or populations is 

represented. A further important advantaqe of the rhinoceros 

euperfamily ie the persistence to the present of five species that 

can serve as analoquea of the fossil taxa. Morphological variation 

in analogue taxa, correlated with ecogeoqraphical, physiological, 

behavioral, and other biological factors, provides the most 

appropriaee measure for interpreting intraspecific, intrageneric, 

and intergeneric morphological variation in extinct taxa. 

This study is a multivariate morphometric analysis of skull 

and mandible morphology both within and among 15 fossil and 4 
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living rhinocerotoid genera. Genera are the initial focus of 

analysis because generic-level taxonomies are more complete, 

accurate, and stable than are species-level assignments. Multiple 

measurements of osteological features from representative samples 

of skulls and mandib1ee provide the data for ana1ysis. Within­

group analyses seek to: (a) compare living and fossil generic 

variation, (b) dissect the variation in each genus using 

gecigraphic, tempora1/stratigraphic, taxonomic, and variational data 

relevant to subgeneric level variation, and (c) provide a standard 

of within-group variation for use in comparative studies of among­

groups variation and relationships. Among-groups analyses seek to 

be both descriptive and explanatory by observing the patterns and 

correlates of morphology with respect to morphometric affinities, 

taxonomy, phylogenetic character states, horn types, diet, and 

temporal sequences. 

The Rhinocerotoidea has been less studied relative to the 

size of its fossi1 record than a comparable group, the Equoidea 

(horses). The latter group has played a prominent role in 

discussions of vertebrate evolution. This study of rhinocerotoid 

skull morphology will contribute to those discussions by providing 

further insights into the evolution of vertebrates in general and 

of large mammalian herbivores in particular. 
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RESEARCH QUESTIONS 

Within-group studies 

(1) What is the pattern of variation in living taxa across genera 

and apecies? 

(2) How ~oes morphological variation in fossil rhinoceros genera 

compare to that of living genera and species? 

(3) Is fossil generic variation reducible to subgeneric groups 

based on factors known to be correlated with species-level 

variation (e.g., time/stratigraphy, ecogeography, diet, or 

other biological factors)? 

(4) Is variation in fossil subgeneric groups consistent with 

species-level variation in living analogues and with previous 

species-level taxonomic assignments? 

{S) Are size and shape differences among demes and between sexes 

consistent with those in living analogues? 

(6) What evolutionary size-shape changes occurred within fossil 

geuera.? 
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Among-groups Studies 

(1) Wha~ are the morphometric affinites of specimens and group 

means observed in the canonical variates space? 

(2) What are the morphometric relationships of the generic­

subgeneric groups with respect to recent taxonomies and 

taxonomic characters? 

(4) Are there morphological relationships based on 

anatomical/functional/behavioral groupings such as mode of 

herbivory or horn arrangement? 

(S) What are the patterns of size and shape evolution relative to 

hypothesized intrageneric and intergeneric phylogenies? 

BACKGROUND 

The following is a brief discussion of the rhinocerotoid 

superfamily and its component familiss. Detailed discussions of 

genera are given in Chapter 3 as prefaces to the within-group 

studies of each genus. 

Superf .. ily Rbinocerotoid•a 

The Rhinocerotoidea is a large, diverse superfamily of 

perissodactyl mammals comprised of three monophyletic families: 
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Amynodontidae, Hyracodontidae, and Rhinocerotidae (Fiqure 1). Four 

genera have survived to the Recent and comprise the living African 

and Asian rhinocerotids. In North America, rhinocerotoids 

populated much of the western interior (Intermontane and Great 

Plains regions) from the early Eocene through the Miocene as 

documented by relatively numerous fossils. During much of this 

time, various species were believed to have been ecologically 

dominant by virtue of their large body-sizes and relative 

abundances. Understandinq the pattern of rhinoceros evolution in 

North America is complicated by migrations to and from Europe and 

Asia via continental land bridges (Fiqure 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 respective biotas. Rhinocerotoids which may have used 

this route were Hyrachyus (from Asia), Forstercooperis (to 

Asia[?]), and Trigoniss (from Asia). several routes of migration 

were open between Europe and North America (McKenna, 1972, 1975) 

and may have been used by aenoceras (and possibly Xrigonias). 
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FIGURE 1. Most current phylogentic classification of the genera 

of Rhinocerotoidea (after Prothero et al., 1986). Genera used in 

this study indicated by asterisks(*)· Hyrachyus is the 

primitive ancestor. 
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FIGURZ 2. Historical distributions of living and fossil 

rhinocerotoid genera. Arrows indicate potential migration routes 

(land bridges) during per~ods of 1owered sea level. 
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Previous studies of rhinocerotoid systematics and phylogeny 

include those of Osborn {1903, 1904), Matthew (1931, 1S32), Wood 

(1941), Radinsky (1967a), Hooijer (1976, 1978), and Groves (1983), 

and Groves and Chakraborty (1983). Descriptive studies of specific 

genera including living forms include cooper (1911, 1924, 1934), 

Matthew, (1924), Osborn (1923, 1924), Wood (1931), Granger and 

Gregory (1936), Tanner (1969), Groves (1972), Groves and 

Chakraborty (1983), Groves and Kurt (1972), Yatkola and Tanner 

(1979), Lucas et al. 

and Hanson {1989). 

(1981), Russell (1982), Laurie et al. (1983), 

Recent reviews of the Rhinocertoidea and its families 

include, Prothero (in press, a and b), Prothero and Hanning (1987), 

Prothero et al., (1986, 1989), Wall (1989), and Lucas and Sobus 

(1989). This study relies primarily on these most current views 

about rhinocerotoid systematics (Figure l} and phylogeny (Figure 

J). 

Hyrachyus -- The most primitive rhinocerotoid genus is 

Hyrachyus, comprised of small animals (Great Dane-sized) resembling 

Hyracotheriwn, the most primitive equid. The status of Hyrachyus 

as the primitive sister-taxon to the three rhinocerotoid families 

is based primarily on dental characters (Prothero et al., 1986). 

Radinaky (1967b) considered this genus to be a helaletid tapiroid, 

but acknowledged its ancestry to the rhinocerotoids. rn this 

study, Hyrachyus is used as the basal group (•primitive 

10 



FIGURE 3. Phylogeny and geochronology of the rhinocerotoid genera 

in this study (after Prothero, in press a). North American Land 

Mammal Age (HALMA) boundaries are approximate (after Tattersall et 

al., 1988). 
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morphotype") for comparisons 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 Bridqer Formation of Wyominq where it is one of 

the most common genera of fossil mammals of this period. 

Amynodontidae -- Amynodontids appeared in the middle Eocene 

where some had already achieved the size of cattle (Amynodon). 

Subsequent evolutionary size increases - to the size of modern 

rhinoceroses - made them among the largest land mammals of the late 

Eocene holarctic reqion (Wall, 1989). Family characters of 

amynodontids include conical incisors, enlarqed male canines, 

reduced premolars, and preorbital fossae (Prothero et al., 1986). 

Other specializations within the family included high-crowned cheek 

teeth, convergence to hippopotamus-like proportions in the semi­

aquatic riverine qenus Ketamynodon, and (possibly) a tapir-like 

proboscis in the terrestrial genus Cadurcodon (Wall, 1980). 

Hyracodontidae -- The hyracodontids evolved in the late 

Eocene and Oligocene from Hyrachyus or a Hyrachyus-like form. 

Primitively sheep-sized and adapted for running (cursorial), this 

family evolved larger body sizes (cow-sized in North America). In 

Asia, Paraceratherium achieved a size greater than that of 

elephants but paradoxically retained limb proportions indicative of 

cursoriality. Members of this family have equal-sized incisors and 

small canines (i.e., tuskless) among other features upon which 
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their classification is based (Radinsky, 1966). More recently, 

Prothero et al. (1986) considered limb characters to be more 

important taxonomically. 

Rhinocerotidae -- Primitive rhinocerotids were sheep-sized 

animals which probab1y immigrated from Asia. Beqinninq in the 

early Oligocene, rhinocerotids became larger, culminating in 

Diceratherium which reached the size of modern rhinoceroses. 

Diceratherium was the only known qenus of rhinocerotid in North 

America for approximately 14 million years. Durinq this period 

(mid-Oliqocene to mid-Miocene), they were the larqeet mammals found 

in terrestrial communities (with reqard to larqe size, they were 

preceded by the titanotheres and paraceratheres, and followed by 

the mastodons). In the mid-Miocene, sheep-sized representatives of 

the divergent aceratherine (Aphelops) and teleoceratine 

(Xeleoceras) lineaqes immiqrated tQ North America from Europe or 

Eurasia. Species in both groups evolved to the size of modern 

rhinoceroses but dwarfing also occurred. Ecological diversity in 

later rhinocerotids is exemplified by a dichotomy between 

teleoceratine grazers and aceratherine browsers (Prothero, in press 

a). Characters which distinguish rhinocerotids from other families 

include facial bone arrangement and tooth size, shape and enamel 

patterns (Prothero et al., 1986). Horns are not a universal 

characteristic of the family, but occur in all extant genera. 

14 



Multivariate Morpha .. tric Method• 

This study relies primarily on the methods of principal 

components analysis (PC) and canonical variates analysis (CV) as 

ordination techniques where multivariate relationships of specimens 

or centroids (means) are observed in two or three variance­

maxi.mizing dimensions. These two methods are among the diversity 

of methods that have been developed for the analysis of 

multivariate morphometric data. Applications of these methods to 

diverse problems and organisms are discussed in several reviews and 

general references (Blackith, 1965; Sneath and Sokal, 1973; Reyment 

et al., 1984; Bookstein et al., 1985; Foote, 1991; Reyment, 1991). 

Mathematical background and discussions of multivariate methodology 

with examples can be found in many sources (Anderson, 1958; 

Bartlett, 1965; Marcus, 1990, Morrison, 1967; cooley and Lohnes, 

1971; Davis, 1973; Harris, 1975; Timm, 1975; Green, 1976, 1978; 

Pimentel, 1979; Neff and Marcus, 1980; Campbell and Atchley, 1981; 

Johnson and Wichern, 1982; Rohlf, 1990). Important early papers on 

both method and application have been collected into several 

volumes (Atchley and Bryant, 1975; Bryant and Atchley, 1975). The 

field of morphometrics currently is dynamic and growing as 

evidenced by a number of recent symposia and publications (Rohlf 

and Bookstein, 1990; 8ookstein, 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 turtles (Jolicoeur and Mosimann, 

1960), birds (Schnell, 1970; Blondel et al., Vuilleumier, Marcus, 

and Terouanne, 1984), bats (Freeman and Lemen, 1991), voles (Flury 

and Riedwyl, 1988), martens (Jolicoeur, 1963), and primates 

(Albrecht, 1978, 1980). Studies of fossils using PC include horses 

(Winans, 1989) and Dinosauria (Chapman et al., 19811 weishampel and 

Chapman, 1981). 

canonical variates analysis of living vertebrates include 

shrews (Gower and Rosa, 1969), primates (Ashton et al., 1965; 

Oxnard, 1967; Albrecht, 1978; reviewed by Albrecht and Miller, 

1991), anteaters (Reeve, 1941), and canids (Wayne, 1986). 

Applications of CV to fossil vertebrate groups, or to groups with 

both fossil and living representatives, have been leas numerous 

than PC studies. Such groups include primates (Oxnard, 1969; 

Bilsborough, 1984) and moas (Cracraft, 1976). 
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CDPTBR z. 

llATBRIALS AND KBTBODS 

MATERIALS 

Four hundred ninety seven specimens of extant and fossil 

rhinocerotoid taxa were measured in mammaloqy and paleontology 

departments of the following museums: American Museum of Natural 

History (New York), National Museum of Natural History (Washington, 

D.C.), Museum of comparative zoology at Harvard University (Boston) 

Field Museum of Natural History (Chicago), Denver Museum of Natural 

History. At each museum, all specimens except the most fragmentary 

were measured, including both 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 associated mand~ble 

(matched elements of the same animal), (2) akull only, or (3) 

mandible only. Most of the specimens of extant rhinoceroses were 

complete, with all or moat measurements present. Many of the 

fossil specimens were partial (fragmentary) and had aome regional 

plaster reconstruction. Most of the fossil mandible specimens were 

hemimandibles (partial or complete}, representing one aide of the 

17 



mandible. When both sides of the mandible were present, one side 

was chosen for measurement based on completeness and other factors. 

Sample sizes of measured living and fossil skulls and 

mandibles are 9iven in Table 1. Because skulls and mandibles were 

treated separately and independently, total numbers of skull and 

mandible elements exceed the total number of specimens {data 

sheets). Aging of specimens was based on: (l) absence of deciduous 

teeth, (2) at least 3/4 eruption of the third molar (relative to a 

fully erupted second molar), and {3) presence of some first molar 

wear. The subsample of adults used in this study was derived by 

reduction of the saai.ple of measured adults. Captive epecimens of 

extant taxa were excluded. Incomplete fossil adult specimens were 

excluded because of the statistical need for complete data sets 

{discussed below under methods). The data reductions resulted in 

the following samples for analysis: skulls - 83 extant, 101 fossil; 

mandibles - 80 extant, 117 fossil. Identification of these 

specimens by museum number is given in Append.ix 1. Individual 

specimen numbers arranged by genus are listed in Table 2 (skull) 

and Table 3 (mandible), with associated taxonomic, geographic, 

temporal, and sample size information. 

18 



TABLE 1. comparison of sample sizes for numbers of specimens 

measured versus number of specimens used in analyses. 

EXTANT FOSSIL EXTANT FOSSIL 

JUVENILES MEASURED 90 26 74 29 

ADULTS MEASURED 117 131 119 133 

ADULTS ANALYZED 83 101 80 117 

19 



---- ·-----~--· 

TABLE 2. Generic and slbgenerlc group tnfor1111tlon for skull specimens used 
•lph9betlc11lty and sre followed by 13 fsssil genera, listed alphabetically. 

....... 
Ceratother lun 

DtcerorhirK.JS 

Diceros 

Ahinocerss 

"' 0 

Codo
1 .2 

CEA AS 19 

SUMAS 2 

BICOS 48 

UNICS 8 

JAVAS 4 

Species3 Local ity4 

11st...,..1 East Africa 

11S'1Mtrens ts11 SCM.1theast Asia 

11btcornia11 East Africa 

11W"tlcornt111 lndlo/Nepal 

11sondatcus11 Java 

in the analysis, The fCM.1r l iv Ing genera are I isted first 

Aae5 
Specimen • 1s

6 

Recent 22, 59, 99,101, 
102, 103, 104, 141, 
,,2,298,360,366, 
367,368,369,370, 
11t,ln,411 

Recent 2t, 46 

RKent 147, 11i9, 150, 151, 
152, 155, 157, 161, 
166, 167, 168, 169, 
110, 111i, 116, 1n, 
178, 181,295,lOS, 
379,382,384,386, 
387 ,l88,J89, l90, 
193,394,395,396, 
]97,398,402,404, 
405,407 ,408,409, 
410, Ii 11,412,414, 
418,436,437,'41 

Recent 48, Sl, SS,lOl, 
348,426,427,430, 

Recent 17, 18,299,351 



Genus 

Aceratherillll 

Aphelopo 

Diceratherh111 

forstercooper I 11 

Nvrachyus 

Hyrecodon 

"' .... 

Code 

ACER1S 

ACER25 

M"NS 

AP"E1S 

APHE2s 

DICE1S 

OIC:E25 

DICE3S 

FORSS 

HYRA1S 

HTRAZS 

HY COS 

N Species 

11deperetl 11 

11 lnclsfvhn11 

2 1111dvenu1111 

megaloWs 

8 megolodus 

3 annectens 
llnanLfll"I 

nlobrarense 

2 11artn11tr.1n11 

2 11sh1rafllJr1nens i au 

2 111'110destua" 

J "prlnc:epci .. 

11exl•lua11 

4 "nebraakenals" 

loc11l lty ••• Specimens 

Mongol la Hetl'flf\tllian m 

Europe 9lancan 124 

Washakle Basin, Wyoming Ulnt&n 111 
Ulnta Co., Utah Ulntan 461 

So" Butte Co., Nebraska Nemingfordlan 205 

Cherry Co., Nebraska Clarendonlan 268,269,270,271, 
272,330,334,335 

Oregon 01 IQocene 239 

l/yaml"9 Arlk1ree1n 203,204 

Nebraska Arlkareean 266 

Nlobrara Co, Wyoming Arlkareeen 240,267 

tmer Mongol ta Ulntan·Ouchesnean 127, 130 

11y ... 1"9 arldgerfan (82) 4, 5 

? 8rldserl1n (C4) 10 

lly"'l"ll arldgerlan (05) 6, 12 

South Dakota & Nebraska orellan 116, 117, 120,460 



---- ------------------ -

...... 
lndrfcotherf\111 

Menoceras 

Peracer1s 

si.tihyracodon 

"' "' 

Code 

INDRS 

MENDS 

PERA1S 

PERA2S 

SUBH1S 

SUBH2S 

SUBH3S 

H Species 

t rensoural I cLl!I 

18 0 erfkarense11 

' ' 
2 11heaaef 11 

oprofectun" 

3 '11H.f)Crc 11 f osun'' 

5 mi tla 
11trfgonocbnl1 
llcopefO 
111111 tf s" 

4 occidental ft> 
11occldentel 1s11 

7 0 trtdactyl1.111'1 

Local itv Age Specimens 

1 1 258 

Slou~ Co., Nebraska Arfkareeim 171, 195, 196, 197, 
198,200,201,45J, 
454,456,457 
452 

Platte Co., UV0111fng Arlkareean 141, 158, 172, 186, 
187, 138, 

New Hexico BarstoYfan J24 
New Mexico " 276 

Nebrask11 Cl11rendonlan 326,J27,J29 

South Dakota Chedronlan 28, 29, 31 

South Dakota Drellan 27 
llyanlng ' 32 

South Oakata Drel lan 38, 64 
" J5, 63 

South Dakota Whftnevan 228,229,211 ,23], 
236,21'8,458 



. --·-------------·--· ---· ·--- ------------·----------

o ..... Code N 

Teleoeeras TELE15 2 

T£LE2S 

TELElS 6 

TELE4S 3 

TE LESS ' 

Trigonias TRIGS 

Species 

americarun 

medlcarnutll!I 
medl CON'l\ltllll 
othomsoni" 

major 

fossiger 
fosofger 
fasslger 
11fassf9er" 

osborni 
osbornl 

osbornt 
"cook ill 
asborni 
11preoccfdmtal fs" 
osbornl 
"hypostyl usu 

11osborni" 

Locality 

Nebraska 

Nebraska 

Nebraska 

Calaredo 

Nebraska 
Kansas 
Te11as 
Caloredo 

Washington Co •• Colorado 
Weld co., Colaredo 

Shannon Co. 1 South Dakota 

1. Codes refer to the subgeneric groups determined In Chapter 3. 
2. Sarrple sizes of the groups lndf coted under the Code colll!f"I. 
3. Species nfll!ll!s in quotes ore those associated with ..,sell!! tsgs. 
4. Localttfes ere derived from Information associated with 111.1sell!I specimens, 
5. Age Is given as Harth Amerfcon Lend Narrmel Age where posafble (see figure 3). 

Age Spectl!leflS 

ttemingfordian 341,342 

Barstovlan 317,318,344 

" 255 

Clarendonlan 311,312,313 ,314 I 
315,316 

Late tteirphilllan 261,496,497 

Early He!lf)hilltan 2114 
" 287 
" 291 

" 424 

Chadronlan 462 
" 422,463,468,469, 
" 470,471,472 ,476 

" 475 

.. 492 

.. 490 

" 23 

6. Specimen nut*>ers were assigned sequentially as specimens 1o1ere meaaured end correspond to page nut*>ers In the original data book. 

"' ... 
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TABLE 3. Generic and subgenberic group information fer mandible specimens used 
alphabetically and are fallowed by 13 fosail genera, listed alphabetically. 

Genus 

Ceratotherlun 

Dlcerorhlnus 

Dlceras 

Rhinoceras 

... .. 

Code • 
CERAH 19 

SUMAH 2 

BIC<»t 47 

UNICH 9 

JAVAH ] 

Species Local ltr 

0 sinm• East Africa 

11s1111atrens i s11 Sunatra 

11bicsrnfs11 east Africa 

11unfcarnia11 India/Nepal 

11sondaicusu JB't'8 

in the analyses. The four living genera are listed first 

•a• Specimens 11,s 

Recent 22, 59, 99, 101, 
102, 103, 104, 141, 
142,297,298,360, 
366,367,368,369, 
370,371,431 

Recent 21, 46 

Recent 147, 149, 150, 151, 
155, 157, 161, 166, 
167, 168, 169, 170, 
174, 1u, 1n, 178, 
181,294,295,lOS, 
379,382,384,586, 
387,388,389,390, 
392,393,394,396, 
397,398,402,405, 
407,408,410,411, 
412,414, 418,436, 
437 ,441,443 

Recent 48, 53, 55,303, 
348,349,426,427. 
429 

Recent 17, 18,299 



GOf1U• 

Aceratherf 1.111 

Apllelops 

Olcerotherl1.111 

"' "' 

Code 

ACER1M 

ACERZM 

APHE1M 

APHEi!I! 

APHEJM 

APHE4M 

DICE1M 

DICEi!I! 

N Species 

2 11deperetl 11 

2 ufncislvlllll'' 

4 ~··odus 11megatodus .. 

6 rne11alodus 

4 1111lcorhinus 

" malacarhfnus 
11 longlpes11 

4 lllrlJtil j911 

111.1ti I is 
up. ponderla11 

11ar1111tw1 

•1ntobr1rense11 

local lty Age Specimens 

Mongol la H"""1il I Ian 206,245 

Europe Blancan 124,212 

Nebraska Barstovian 209,211 

" 207,208 

Nebraska ctarendonlan 213,273,274 
330,331,333 

Oklahoma Early Hemlphi l t Ian 214 
Texas " 215 
Florida " 216,275 

fexas late Hemlphttlian 322,338 
Colorldo ll9,494 

Nfobrara Co., ..,...,09 illrikareeen 241 

Nlobrara Co., Wyoming Arlkareean 451 



·----·--.--.. -- -----------·---------- ---------- ------ ----·-- ----

Qeoos 

Forstercooperia 

Hyrachyus 

Hyracodon 

lndrlcotherhll'I 

Mcnoc:eras 

N 

"' 

Code N 

FORS1M 

fORS2H 2 

HYAA1M 2 

HYRA2H 2 

HYCCM 4 

INORM 

"EHD1M ID 

MEN0211 

Species Local t tv 

1•sharaor1Jrimens f s 11 lmer Mongolia, china 

0 confluens 11 Mongol la 

11modestus11 wvomlng 

11 i:.1ttmtus11 7 

nebraakens t s South Dakota, Nebraska 

transural I cLlll 7 

arlkarenae Nebroska 

7 WVomlns 

berbour1 Nev Mextco 
"1111ralandtensts11 

Ag• Specimens 

Ulntan·Ouchesnlan 126 

7 128, 129 

Bridger (8) 4,323 

Srldger (0) 6, 8 

Qrel Ian 117, 120,280,460 

7 258 

Artkareean 189, 190, 191, 192 
1~,454,457 

" 158, 172, 186 

Hemtngfordtsn 132 



....... Code N Spee tea Locality Age Specimens 

Penetrfgonias PENE1H 11dakoteMe11 South Dakota Ollgocene 15 

Peracerss PERA1H 3 0 profectun'1 NeN Me1eico 81ratovian 276,340 
uheaaefn " 324 

PfRA2JI 2 Nsuperc i l I osF.W1 New Me11ico Barstovfan 319,325 

SIJtiyracodon stJBH1H 8 11occidentalfs11 South Dakota Orel lon 35, U, 44 
2B, 29, 38 
49, 65 

SUBH2JI 2 11mltla" lly""f"" ' 32, ll 

SU8H3M • "trldectylun"' South Dakota Whltneyan 231 ,232,234,279 

• " Whltneyon 458 
" " 

' m 

Teleoceras TELE1H 3 einericanun Nebraska ltemingfordlon 249,250,253 

TELE2JI • medl cornutlll! New He1elco Barstovlan 346,347 

" " 259.260 

medlcornutlll! Nebraska " 254,255 
11 thOfll9onlN 



-----.·------ ---- ----·-----

Genus Code N species Local I tY 

Teleocer11 (ctd) TELEllt 12 maJar Nebraska 

South Dakota 

TELE4M 4 hfcksl Color&do 

TELESM 2 Mfosalger11 Kansas 

6 fosatger Oklahoma, rexas 

Trl9ontas TRIGM 13 osbornl South Dakota 

asbornl Colar&do 
11t1vlert 11 

asbornt Colorado 

Zataenamynodon ZAJS1M ? Inner Mongolia 

2AIS2M 1 Oregon 

1. Codes refer to the aLilgeneric gr1q19 determined '" Chapter 3. 
2. s-..1e sizes of 1r.bsener1c 11r0l."'9. 
3. Spec1es Mllle'8 In quotes are thoae easocl•tad with flUSeun tees. 
4, Localities are derived frOlll lnfannetfon 111octated with 1M1Se4un apectmms. 
5, Age ia given ea Alller1cen Land Maamal Age where possible (aee Figure ],) 

••• 
Clerendonlan 

" 
late H•Hltan 

earlv Henf)hlllfan 

Chltdronlan 

" 

" 
" 

Chadronlan 

Chadronlan 

Specimens 

217,218,219, 
221A,221B,262, 

263,264,312, 
313,314 

261 

226,281,282,283 

286,424 

223,224,225 
227,290,292 

421 

491 

423,470,474, 
4n,479,480, 
481,483,484, 
485,486 

107 

114 

6. Specimen ruttiers were assigned sequentially as specimens were measured end correspond ta page rui*>era fn the artginal data book. 
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METHODS 

Measurements 

A morphometric suite of 83 linear measurements (57 skull: 26 

mandible) was designed to include both global and local information 

about size and shape, and to include information from aagittal, 

coronal, and horizontal planes. A major constraint on measurement 

design was the ease and probability of finding landmarks on fossil 

specimens. Measurement of horns was not considered because many 

fossil taxa are hornless, horns are not preserved in fossil taxa 

with horns, and rhinoceros horns are epidermal (keratinous), not 

osteological features. To maximize data retrieved from fragmentary 

and reconstructed specimens, measurements were estimated when: (l) 

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 reconstructed using clay. 

Further, measurements were noted as estimates when: (l) a landmark 

was part of a questionable reconstructionr (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 standardized sequence. Complete descriptions of 

instruments, landmarks, and all original measurements are given in 

Appendix 3. Of the original measurement suite, a subset (19 skull; 

11 mandible) was ueed for analys~a. Many original measurements 
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were excluded to reduce the number of missing values in the data 

set (discussed below). Brief definitions and abbreviations of the 

measurements used are listed in Table 4 and are illustrated in 

Figure 4 (Skull} and Figure S (mandible}. 

Data and Stati•tics 

Initial screening of the data included inspection of means, 

standard deviations, skewness, kurtosis, histograms, bivariate 

plots, and preliminary principal components results. Identification 

of transcription and gross measurement errors resulted in some data 

corrections. In cases where simple mistakes were not obvious, 

modifications or exclusions of suspect data were baaed on all 

available biological, statistical, and procedural information 

available. When possible, measurements were checked against 

specimen photographs of known scale. 

The incompleteness of fossil specimens resulted in many 

missing values in the data set. Because of the requirement for 

complete data by multivariate methods, the numtier of missing values 

was reduced by excluding: (1} specimens with many missing values 

across measurements, and (2} measurements with many missing values 

across specimens. Exclusions were done until no more than five 

percent of values were missing for any given specimen or 

measurement. The remaining 19 skull and 11 mandible measurements 

(Table 4} indicate which structures and landmarks have most often 
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TABLE 4. Short definitions of linear measurements used for 

analysis. Measurements are illustrated in Figures 4 (skull} and 5 

(mandible). A complete list of all 83 original measurements with 

full definitions is given in Appendix 3. 

SKULL (19 measurements) 

AEAE - Articular eminence to art~cular eminence 
Articular eminence to orbit AEOR 

AEP2 
BICN 

Articular eminence to second upper premolar 
Bicondylar breadth 

BIZY 
LFHT 
LOXB 
Ml Ml 
M3M3 

outer bizygomatic breadth 
Lower face height 
Lower occipital breadth 
Breadth across upper first molars 
Breadth across upper third molars 

MXGT 
MGAE - Foramen magnum to articular eminence 

Maxillary grinding tooth row lenqth 
MXMO - Maxillary molar tooth row length 
OCP2 - Occipital condyle to upper second premolar 

Occiput to articular eminence OXAE 
OXOR - Occiput to anterior orbital margin 

Poetorbital constriction width 
Temporal fossa length 

PORB 
TFLN 
ZYHT - Zygomatic process height 
ZYLN Zygomatic process length 

MANDIBLE (11 measurements) 

ANGD Mandibular angle depth 
ANGW Mandibular angle width 
BDBR Mandibular body breadth 
BO Ml Mandibular body plus Ml height 
BOHT - Mandibular body height 
CNM3 Mandibular condyle to third lower 
LMlL - tower first molar length 
LMlW Lower first molar width 
MNMO Mandibular molar tooth row length 
RAMO Mandibular ramus depth 
RAMH Mandibular ram.us height 

molar 
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FIGURE 4. Illustration of the linear measurements taken on 

skulls. Endpaints of open rectangles indicate the landmarks for 

caliper placement. Measurement codes and short definitions are 

given in Table 4. 
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FIGURE 5. Illustration of the linear measurements taken on 

mandibles. Endpoints of open rectangles indicate the landmarks 

for caliper placement. Measurement codee and short definitions 

are given in Table 4. 
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survived the geological burial-exposure cycle in fossil 

rhinoceroses. 

The small number of remaining missing values werE! estimated 

by a multiple stepwise regression technique illustrated in Figure 

6. Skull and mandible data sets were treated separately and 

independently. For each data set, all living and fossil genera 

were simultaneously mean-centered about the origin, producing a 

pooled within-group dispersion. For each measurement with missing 

values, a multiple regression equation was fit to the pooled data, 

where the measurement being estimatec:I was the dependent variable 

and the remaining measurements were the independent variables. 

This resulted in a number of equations equ.al to the number of 

measurements with missing data. Missing valuea within each 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 skulls and mandibles (Appendix 4). 

Subsequent principal components analysis of the complete data 

sets (Chapter 3) resulted in the identification of subgeneric 

groups more closely representing species-level variation. Missing 

value estimation was repeatec:I using a pooled within-group 

dispersion based on these new subgeneric groups. Estimates from 

the second iteration were used for all subsequent multivariate 

analyses, including reanalysis of the principal components results. 
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FIGURE 6. Bivariate example of the regression technique for 

estimating missing values. x 1 is the independent variable, x2 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 pooled 

regression line is forced through the mean of each group and used 

to obtain estimates of missing values (X2 predicted from X1 ). 
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A aeries of tests was run on the skull and mandible data to 

determine whether logarithmic tranaformation was required or 

advantageoua. Means versus standard deviations for both raw and 

base-ten log-transformed data were plotted across all groups for 

each measurement. No consistent patterns of high correlation were 

observed between means and standard deviations for raw data. 

Additionally, no systematic rl!!ductions of correlation were observed 

as a result of logarithmic transformation. The assumption that 

lar9er animals exhibit 9reater relative variation was not supported 

by the rhinoceros data sets. Therefore, all analyses were 

performed on the raw, untransformed data. 
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CHAPTER 3 • 

WITHIN-GROUP RELATIONSHIPS 

PRINCIPAL COHPONBll'l'S AHJILYSIS 

MULTIVARIATE VARIATION AND PRINCIPAL COMPONENTS ANALYSIS 

Multivariate cranial and mandibular variation of living and 

fossil genera were analysed using principal components analysis 

(PC). This method allows the multivariate data to be nobserved" 

from the perspective of orthonormal (mutually perpendicular), 

variance maximizing axes, derived as linear combinations of the 

original 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 technique because much of the original 

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

the first two or three PC axes. Size differences among specimens 

often contribute much to the total variation and are usually 

maximized along the first PC axis. specimens with large size 

differences but subtle shape differences will be separated more 

along the first axis, less on higher axes. Specimens of similar 

size but with greater shape differences may be separated in 

different ways across a number of PC axes. Because the PC axes 
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define a unique morphological space, the closer specimens or group 

means plot together, the more similar they are in overall 

morphology as defined by the particular measurement suite used. 

STRATEGY AND SIGNIFICANCE OF PRINCIPAL COMPONENTS RESULTS 

The variation of skulls and mandibles for each genus of 

living and fossil rhinoceros was observed in the plane defined by 

the first (PCl) and second (PC2) principal component axes (first 

principal component plane, PCPl). For most genera, these two axes 

account for 60% or more of the variation originally dispersed among 

the 19 skull variables or 11 mandible variables. The generic 

dispersions of individuals were subdivided where possible into 

biologically significant subgroups based on geographic, 

~hronologic, taxonom.icr and variational information. These 

subgeneric groups represent estimates of biological populations 

separated by time and/or space, and in most cases approximate the 

species-level variation shown by the living analogues. A secondary 

purpose for dissection of the generic variation was to obtain a 

pooled within-group dispersion whose variation is an estimate for 

an "average" rhinoceros population (species?). This pooled 

dispersion is used by canonical variates analysis to maximize among 

group variation (Chapter 4). To summarizer the analyses of generic 

and subgeneric variation, described in detail below, provide: ~) 

insight about the nature and extent of variation within and among 
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the genera of a large, diverse, and evolutionarily sign"ificant 

vertebrate taxon, and 2) provide a standard (pooled within-~~~~P 

variation) by which the morphological relationships amonq qroups 

can be assessed. 

SEX DIMORPHISM 

Systematic differences in size and/or shape of males and 

females may contribute to intraspecific osteometric variation. It 

may, thus, be important in comparisons of interspecific and 

intergeneric differences both within and between living and fossil 

qroups. Taxonomic errors can occur (especially in fossils) when 

males and females are so 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. Because 

many of the living rhino specimens were sexed at the time they were 

shot, it was possible to investigate multivariate eex dimorphism in 

two of the living genera (Diceros and Ceratotherium). Among the 

fossil taxa, evidence for multivariate morphometric eex dimorphism 

can be assessed by correlation of morphological clusterinq of 

specimens with qualitative characters believed to represent 

dimorphism a priori. In this study it was possible to investigate 

sex dimorphism of skull morphology in the fossil genus Nenoceras. 
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PRINCIPAL COMPONENTS ANALYSES OF INDIVIDUAL GENERA 

Total PC variation (sum of all eigenvalues) and the first 

three eigenvalues for each genus are swmnarized in Table S. Among 

the living genera, Diceros and Ceratoeherium have similar amounts 

of total variation for both skull and mandible data sets. Since 

these two taxa represent good single species and the sample sizes 

are reasonably large {n=48 and n=l9, respectively), their total 

variation is the best estimate by which the fossil samples may be 

compared. Also significant is the higher total variation in 

Rhinoceros, representing two species. Least significant for 

comparison with fossils 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 fossil genera, sample si:es 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 is important. 

scatter plots of PCl versus PC2 for each genus are summarized in 

Figure 7 and Figure 8. Axes were set to include the extremes of 

the most variable genera and are the same across all of the generic 

PC plots. They thus allow direct comparisons of multivariate 
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TABLE s. Eigenvalues, percent of total, and total variation for 

tne first three axes of each generic principal components analysis. 

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

SKULL 

GENUS PC1 • PC2 • PC3 • Total 

Dicerorhi~ 11445.0 100.0 0.0 o.o o.o o.o 11445.0 
Diceros 1996. 1 60.2 263.9 7.9 218., 6.5 3314.4 
Ceratotheriilft 1978.6 59.9 n5.5 10.1 214.5 6.5 3298.8 
Rhinoceros 6176.8 82.2 416.7 5.5 378.9 5.0 7512.3 

Aceratheri1.11 12120.0 100.0 o.o 0.0 o.o o.o 12120.0 
Amynodon 3570.0 100.0 0.0 0.0 0.0 0.0 3570.0 
Aphelops 6178.2 73.9 1017 .8 12.1 472.3 5.6 8353.2 
Diceratherim 10276.6 88.8 809.1 6.9 351.3 3.0 11669.0 
Forstercooperia 3731.5 100.0 o.o o.o o.o o.o 3731.5 
Hyracodon 718.8 65.9 313.3 28.7 57.4 0.1 1089.7 
Hyrachyus 7896.3 88.3 839.7 9.3 128.3 1.4 8939.4 
Menoc:eras 1316.3 53.9 353.3 14.4 186.9 7.6 2437.9 
Peraceras 43566.0 96.8 555.9 1.2 481.7 1.0 44969.1 
Subhyracodon 5529.3 79.2 439.? 6.3 346.2 4.9 6980.5 
Teleoceras 5988.3 61.2 1273., 13.0 1068. 1 10.9 9m.2 
Triganias 2106.2 43.2 1309., 26.8 515.8 0.1 4869.6 

MANDIBLE 

GEll"'lJS PC1 • P.:Z • PC3 • Tatal 

Dicerorhirv.> 3958.5 100.0 o.o o.o 0.0 0.0 3958.5 
Diceros 373.7 50.7 152.0 20.6 72.2 9.8 735.8 
Ceratotheritn 342.2 44.1 155.1 19.9 123.7 15.9 m.1 
Rhinoceros 2069.1 87.8 130.2 5.5 68.7 2.9 2354.3 

Aceratheriun 294.S 59.3 135.6 27.3 65.6 13.2 495.9 
Aphelops 3204.8 B6.1 206.6 5.5 160.7 4.3 3720.0 
Diceratherit111 1204.7 85.9 121.0 8.6 33.6 2.3 1401 .o 
Forstercooperia 1769.9 93.2 127.0 6.6 o.o 0.0 1897.0 
ttyracodon 140.0 66.6 41 .5 19.7 28.6 13.6 210. 1 
Myrachvus 1461.3 96.5 33.3 2.1 19.1 1.2 1513.9 
Menoceras 308.4 69.7 B6.5 17.0 ,9.9 9.8 507.9 
Peraceras 2512.4 92.8 151.0 5.5 36.4 1.3 2722.4 
Slbhyracoclon 696.9 71.3 11Z.7 11.5 79.5 8.1 977.4 
Teleoceras 1120. 7 61.6 301.9 16.5 136.2 7.4 1819.3 
Trigonias 212.9 47.1 85.3 18.9 84.D 18.6 451.2 
Za i sanMl';'nOdon 1008.0 100.0 O.D 0.0 0.0 o.o D.O 
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FIGURE 7. summary of principal components plots of skulls for 

living and fossil genera. Living genera are shown first followed 

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

scale. 
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FXGURE a. summary of principal components plots of mandibles for 

living and fossil genera. Living genera are shown first followed by 

fossil genera in alphabetical oLder. All plots are to the same 

scale. 
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variation for skull and mandible characters. For example, among 

the skull samples, patterns range from Diceros, with the most 

homogeneous clustering of points, to Peraceras with a few widely 

scatterd points. Significantly, among all genera, Rhinoc@ros with 

its two component species shows the clearest bi.modal clustering of 

specimens. 

The PC analyses of each genus are discussed in detail below. 

Living rhinos are discussed first followed by the fossil genera. 

Each genus discussion begins with a brief introduction to the taxon 

followed by separate discussions of skull and mandible morphometric 

results. 

Living Rhinoceroses 

Locality data on the living rhinoceroses varies from relatively 

precise {e.g, the name of a town or river) to overly broad (e.g., 

"Africa•). Most often, the localities given indicate the political 

units in effect at the time the rhinos were collected {e.g., 

"British East Africa• or •Tanganyikan). 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 km2 confines of Tsavo National Park {Kenya) and that 

within this range thirteen habitat types with local populations 

were recognized. In the Serengeti (Tanzania), "green regions", 
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driven by rainfall, vary spatially and temporally (Sinclair, 1979), 

and this probably influences the ranges of local populations of 

rhinos. When the name of a town is given for the locality of 

several rhinos, it only indicates they are frcm the same region but 

not necessarily from the same local population. The locality data 

allow a limitied analysis of regional differentiation among the 

rhinoceros specimens. 

Diceros is comprised of a single species, D. bicornis, the 

black rhinoceros. It inhabits primarily brush and scrub 

transitional zones between grassland and forest where it browses on 

a variety of bushes and shrubs. Historically, the black rhino 

ranged over much of sub-Saharan Africa (Kingdon, 1979; Meester and 

Setzer, 1971, cited in Nowak and Paradiso, 1983). The specimens 

used were collected in "British East Africa" which was comprised 

mostly of the modern countries Kenya and Tanzania. Areas !!Q.!:. 

sampled or included in this study include (1) South Africa and the 

Limpopo River drainage, (2) southwestern Angola, (3) the Zambesi 

River drainage, (4) Sudan (upper Nile), and (5) the Lake Chad 

region. Thus, the morphological variation represented by the 

specimens used may not represent the total range of variation for 

the species. Aa a standard of comparison for the fossils, 

therefore, the black rhino variation must be considered relative to 
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the geographic range of aampled specimens as well as the amount of 

environmental heterogeneity within that range. 

Two modern studies of black rhinoceros variation are those of 

Zukowsky (1964) and Groves (1967). Zukowsky proposed at least 16 

"well differentiated" subspecies for D. bicornis based on 

observations of 95 skulls from European museuma, zoo animals, 

photographs, and bibliographic sources. This amount of subspecific 

variation is questionable because of the small sample sizes 

{averaging si.x skulls per subspecies) and Zukowsky•s own admission 

of great individual variation in the shape and structure of black 

rhino skulls. Groves criticized Zukowsky's work on the above 

grounds and noted that Skull measurements do not often discriminate 

between the proposed subspecies. Using additional material, Groves 

studied East African populations in more detail and reporte~ the 

existence of two size clines within the region formed by several 

subspecies and "intergrades" (Groves, 1967). The locality 

information for the specimens used in this study was insufficient 

for a detailed analysis of geographic variation in the black rhino. 

However, this study ahows evidence of some geographic 

differentiation, supporting two of Grove's subdivisions {see 

below). 

Neither Groves (1967) nor Zukowsky (1964, English summary} 

discussed sex dimorphism in the black rhino. Jarman (1983) 

suggested that male and female black rhinos reached similar weights 
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and shapes. Ralls (1976), in a review of mammal species with 

larger females, did not include rhinoceroses. Evidence for sex 

dimorphism in the black rhino is presented below under separate 

discussions of skull and mandible. 

Skull (Figures 9-13) -- Principal components ordination of 

the black rhino skulls with respect to Pel and PC2 is shown in 

Figure 9 (same result as Diceros plot in Figure 7). This 

multivariate dispersion represents 68.l percent of the total 

variation in the sample. Generally, in PC studies, specimens are 

ordinated by size along the first PC axis (size axis). This was 

confirmed here and is true for all subsequent plots. Higher axes 

(PC2, PC3, etc.) are related to aspects of specimen shape. This 

basic ordination plot (Figure 9) is used several times (Figures 10 

- 13) where the only difference in is how the individual specimens 

are labelled. 

Figure 9 also shows the provenience of the specimens with 

respect to the geographical units within which they were collected. 

The extremes of variation on both PC axes are represented by the 

Kenyan specimens. Both sets of specimens from British East Africa 

(BEA) and Tanzania (Tanganyika) are overlapping within the Kenyan 

cloud of variation. Whether or not BEA specimens are Kenyan or 

Tanzanian, these data suggest that there are no significant factors 

contributing to morphological differentiation between rhinos 
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FIGURE 9. Principal components plot of Diceros (black rhino) 

skulls with specimens identified to the largest geoqraphic 

political unit based on museum tag information: B - British East 

Africa, K - Kenya, T - Tanzania. Scales are the same as all other 

skull plots in this chapter (see Figure 7). correspondinq plot of 

mandibles is shown in Figure 14. 
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collectively inhabiting Kenya versus those inhabiting Tanzania. A 

more detailed analysis of geographic variation is shown in Figure 

10, based on limited locality data associated with the specimens. 

Although nothing can be concluded about differences between 

specimens from N. Guaso 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 

supports Groves' (1967) observation of a west-to-east size cline 

among East African rhinos. The position 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 subspecies is not well established. Two relatively recent 

studies varied from 7 subspecies (Groves, 1967) to at least 16 

subspecies (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 subspecific 

classifications of wild-caught specimens are probably meaningless 

in terms of biological information about real subspecies. More 

likely, in many cases, they represent local populations and were 

classified arbitrarily by non-experts. However, although the 

subspecific names may be wrong, there may be other important 

information confounded with them, such as geographic variation. 

Figure 11 shows specimens identified according to the subspecific 
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FIGURE 10. Principal components plot of Diceros (black rhino) 

skulls 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 is known. Corresponding plot of mandibles is shown in Figure 

15. 
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FIGURE 11. Principal components plot of Diceros (black rhino} 

skulls with specimens identified by subspecies designations given 

on museum tags. Shaded areas include all members of the same 

subspecies. Dots represent specimens for which no subspecies 

designation was 9iven: B - D. b. holmwoodi, B - D. b. bicornis, 

S - D. b. somaliensis. Corresponding plot of mandibles is shown in 

Figure 16. 

64 



100 

80 

80 

40 

C\I 
20 

u 0 

0.. 
·20 

-40 

""' 
""' 

·100 

OI 
t.n 

Diceros 

-

-

D. b. somaliensls 

-280 ·240 ·200 ·160 ·120 

-SKULLS Subspecies by museum tags. 

• 

- D. b. bicomis 

D. b. holmwoadll 

""' -40 0 40 80 120 160 200 240 280 

PC 1 



designations given on museum tags. Baaed on Groves' analysis, the 

subspecific epithets of Figure 11 would be mostly incorrect for the 

following reasons: (1) D. b. holmwoodi, now synonymous with D. b. 

minor, probably represented a wastebasket taxon since few of the 

orginal hoimwoodi specimens are attributable to D. b. minor, (2) D. 

b. somaliensis is now a synonym of D. b. brucii, and found only in 

northern Somalia, and (3) D. b. bicornis is now restricted to 

animals from southern and southwestern Africa. Of interest 

morphometrically, however, is the separation of specimens labelled 

D. b. bicornis versus those labelled D. b. somaiiensis which may 

indicate that the original subspecific classifications of those two 

groups were based on real biological differences. Further analysis 

of subspecif ic variation is shown in Figure 12 where locality data 

was used to matched specimens with Groves' (1967) subspecies and 

intergrades. The majority of identifiable specimens were 

assignable to D. b. michaeli or to a D. b. michaeli - D. b. 

ladoensis intergrade category. The morphometric separation of 

these two groups lies aiong an oblique axis (upper left to lower 

right) and suggests that the intergrade category is perhaps more of 

a real group than Groves gave it credit for. Conversely, the D. b. 

ladoensis specimens appear not to be distinguishable from either 

group. 
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FIGURE 12. Principal components plot of Diceros (black rhino) 

skulls with specimens identified to subspecies based on those of 

Groves (1967). Shaded areas include all specimens of the same 

subspecies. Dots indicate specimens for which no subspecif ic 

assignment was determinable: M - D. b. michael~, H - D. b. minor, 

I - D. b. m~chaeli\ladoensis ineergrade, L - D. b. ladoens~s. 

Corresponding 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 baaed on museum tag information. Sexinq of the 

rhinos probably occurred at the time of collection but was not 

consistently recorded. Ttle largest specimens in the analysis 

(riqht aide of PCl) were not sexed. Moat or all of these specimens 

could be males if males are actually larger than females on average 

and if there was a bias by the expeditions to take the larger 

(presumably bull) members during hunts. Ttle following discussion 

of the pattern of the sexed specimens takes the data at face value. 

Inspection of the f irat axis indicates a tendency for females to be 

larger than males, contrary to Nowak and Paradiso (1983) who state 

that females are smaller than males (for all rhinos). The 

hypothesis that the female sample represents generally larger 

animals was tested using a Wilcoxan Rank Sum Teat which gave a 

marginally insignificant result (SUM male = 67; SUM female = 1041 

TL = 661 TR = 105). The suggestion that females are larger than 

males in black rhinos would place this species among the minority 

of mammals exhibiting this phenomenon (Ralls, 1976). Although 

there is no significant size dimorphism, there is evidence for sex 

dimorphism in terms of shape or of size and shape combined. The 

principal component separation of males and female skulls shown in 

Figure 13 lies along an oblique axis (upper left to the lower 

right) which would be a linear composite of PCl ar.d PC2. The 
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FIGURE 13. Principal components plot of Diceros (black rhino) 

skulls with specimens identified by sex based on museum tag 

information. Shaded areas include specimens of the same sex. Dots 

represent specimens for which sex was not determined: H - male, F -

female. Arrow represents an approximate axis (vector) of skull sex 

di.morphism in the PC morphospace. Corresponding plot of mandibles 

is shown in Figure 18. 
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details of these shape differences and their possible explanations 

have not been determined. 

In summary, species level variation in Diceros skulls 

includes variation associated with geographic factors 

{interlocality and aubspeeific level variation) and with sex 

differences in skull shape. Demonstration of these factors of 

variation in this living analog is important and useful because 

fossil species can be expected to have exhibited these same kinds 

of variation. 

Mandible (Figures 14-18) Principal components ordinations 

for black rhinoceros 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 terms of the way specimens are 

labelled. Similarly, PCl appears to be largely a size axis with 

smaller specimens on the left. 

The results of geographic analyses are generally similar to 

those of the skull. At the lowest geographLc resolution {country, 

Figure 14), Kenyan speeimens determine the ranges of PC1-PC2 

variation, while Tanzanian and BEA specimens lie within that 

dispersion. The Tanzanian mandibles, however, are more dispersed 

relative to the Kenyan mandible variation than are the Tanzanian 

skulls relative to Kenyan skull variation. Locality data for the 

black rhino mandibles {Figure 15) supports the skull data with 

respect to: existence and extent of local 9eo9raphic variation, 
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FIGURE 14. Principal components plot of Diceros (black rhino) 

mandibles with specimens identified to the largest geographic 

political unit based on museum tag infromation.B - British East 

Africa, k - Kenya, r Tanzanian. Scales are the same as all other 

mandible plots in this chapter (see Figure 8). Corresponding plot 

of skulls is shown in Figure 9. 
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FIGURE 15. Principal components plot of Diceros (black rhino) 

mandibles with specimens identified to regional locality based on 

museum tag information. Shaded areas include all specimens from 

the same locality. Dote represent specimens for which locality was 

not determined. Corresponding plot of skulls is· shown in Figure 

10. 
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similarity of Char~ngani Hills and Tana River specimens, and an 

east-west size cline (N. Guaso Nyiro - 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 

similar to N. Guaso Nyiro specimens, and there is relatively more 

PC2 variation with respect to localities. 

Results of subspecies analyses on the mandibles are also 

similar to the skull results. Figure 16 supports the morphological 

difference between those specimens originally assigned to o. b. 

bicornis and those assigned to D. b. somaliensis. Figure 17 

supports the skull result tnat the D. b. michaeli\Ladoensis 

intergrades form a group distinct from D. b. michaeli while D. b. 

ladoensis is not distinct. This result is less convincing because 

of the greater overlap in the mandible plot. It is interesting, 

nowever, that the separation of the intergrades and D. b. 

michaeli, to the extent that it is real, lies predominantly along 

the second axis. Thus, as in the locality analysis, mandibles 

appear to differ more by shape while skulls differ more by size. 

Sex dimorphism was not observed in the black rhino mandibles 

(Figure 18). Both the largest and smallest sexed specimens were 

females, and the results of a Wilcoxan Rank Sum Test relative to 

Pel were not significant (SU~ale; 77: SUMfemale = 76; TL = 54; TR 

; 90). Thus, the sex dimorphism in black rhinos observed in 

77 



FIGURE 16. Principal components plot of Dice~os (black rhino) 

mandibles with specimens identified by subspecies designations from 

museum tags. Shaded areas include all members of the same 

subspecies. Dots represent specimens for which no subspecies 

designation was given: B - o. b. holmwoodi, B - D. b. bicornis, s -

D. b. somaliensis. corresponding plot of skulls is shown in Figure 

ll. 
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FIGURE 17. Principal components plots of Diceros (black rhino) 

mandibles with specimens identified to subspecies based on those of 

Groves (1967). Shaded areas include all specimens of the same 

subspecies. Dots indicate specimens which were not assignable to 

one of Grove's subspecies: M - D. b. michae1i, N - D. b. minor, I -

D. b. michaeli/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 rhino) 

mandU>lee with specimens identified by sex baaed on museum. tag 

information. Shaded areas include all specimens of the same sex. 

Dots represent specimens for which sex was not determined. 

Corresponding plot of skulls is shown in Figure 13. 
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this study is regionalized to some features of the craniorostral 

skeleton (see discussion under Ceraeotherium). 

In summary, as compared to the skull sample, species level 

variation of the mandible sample appears to be less confounded by 

geographic and sex differences and is more often associated with 

PC2. It should be noted that, unlike the fossils, the living 

analog samples represent matched skull-mandible pairs. Mandibles 

might give systematically different results, perhaps due to 

regionalized differences in development and selection (mosaic 

evolution). This should be considered when interpreting the 

fossils. 

Ceratoeherium is represented by a single species, C. simum, 

the white rhinoceros. It primarily inhabits grassland and open 

forest (bushveldt in southern Africa) where it grazes unselectively 

on grasses. Historically, this species' geographic distribution 

consisted 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, s. w. Zambia, 

Mozambique, Rhodesia, Botswana, E. Namibia, and W. and E. south 

Africa) (Groves, 1975; Nowak and Paradiso, 1983). Each of the two 

geographic groups is considered a single subspecies with C. s. 
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coteoni in the north and c. s. simum in the south (Groves, 1972; 

1975). Groves found differences between these subspecies to be 

very slight, but stressed the flatter skull and shorter maxillary 

tooth row in c. s. cottoni. All of the specimens in the sample 

studied here are c. s. cottoni from the region northwest of Lake 

Victoria including parts of Zaire, Uganda, and Sudan. The two moat 

important collecting centers were Faradje (N.E. Zaire) and Lado 

Rhino Camp (Albert Nile, Uganda). Thie range is approximately 

similar in area to that for the black rhino sample, and similarly, 

may only represent a subaample of the total white rhino variation. 

Because no studies have suggested that c. s. cottoni represents 

more than one true subspecies, it was not possible to demonstrate 

variation due to subspecific variation in Ceratoeheriwn. PCl and 

total variation in the white rhino skull and mandible samples at 

the species 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 species lends support for the use of the living analoques 

as a gauge of specific level variation in fossil groups. Total 

variation for the white rhino skulls is second lowest among all the 

genera (only Henoceras is lower) and, among the mandible groups, 

only four fossil genera have lower total variation (Table S). 
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Skull (Figures 19-20} -- The principal components results 

for Ceraeoeherium skulls were analyzed with respect to locality 

(Figure 19) and sex (Figure 20). These plots have the same sca1es 

(as for all skull plots), and PCl is a size axis. The white rhino 

sample was collected, as noted above, from two relatively speeific 

geographic foci: Faradje and Lado Rhino Camp. Although it is not 

known how far, nor in how many directions collectors may have 

forayed from these hubs, the PC results indicate that the regional 

populations being sampled were morphologically different. As shown 

in Figure 19, the Faradje and Lado specimens, which are separated 

along PC2 with little overlap, are distinguished by significant 

interlocality shape variation. Interlocality differences (in both 

black and white rhinos) suggest that rhino populations are 

sensitive to habitat hetercgeneity and/or are partially isolated by 

barriers to gene flow. Fossil species are presumed to 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 rhino skulls is shown in 

Figure 20. Females are smaller than males (Wilcoxan Rank Sum Test: 

sUMfemale = 43; SUMmale = 77; TL = 49; TR = 79) but appear to be 

similar in shape. ThiB supports Jarmans (1983) conclusion that 

male rhinos are larger than females but similar in shape, but is 
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FIGURE 19. Principal components plot of Ceratoeherium (white 

rhino) skulls with specimens identified to the most specific 

geographic locality known. Shaded areas include all specimens from 

the same locality: r - Faradje (Zaire), L - Lado Rhino Camp, 

(Upper Nile, Uganda), w - Wadelia Rhino Camp (?), s - Sudan, 

U - Uganda, V - Vanckerhovenville (Zaire). 
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FIGURE 20. Principal components plot of CeratotheriWJJ (white 

rhino) skulls with specimens identified by sex. Shaded areas 

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

which sex information is unavailable: N - Male, F - Female. 
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different than the dimorphism in the black rhino which includes a 

significant shape aspect. 

In summary, the multivariate variation of white rhino skulls 

includes both interlocality and sex differences within a widely 

dispersed subspecies. In comparison with the black rhino, white 

rhino locality differences are similar in magnitude, sexes differ 

more in size than shape, and subspecif ic differentiation is less 

well-developed. Thus, although the black and white rhinos exhibit 

similar multivariate variation in the principal components space, 

the nature and causes underlying that variation are substantially 

different. 

Mandible (Figures 21-22) -- Locality results for the mandible 

sample are shown in Figure 21. Overlap of Faradje and Lado 

specimens indicates that the mandibles are not as different in 

shape as are the skulls from these two localities. This discordant 

result between mandible and skull samples (consisting mostly of 

matched pairs) has important consequences for interpreting fossils. 

Since fossils are less often found as matched pairs, regional 

geographic differences in variation are less testable, but should 

be considered in interpretations based on only one element. 

Additionally, fossil mandibles and skulls might be susceptible to 

different kinds or amounts of distortion during burial. 

91 



FIGURE 21. Principal components plot of Ceracocherium (white 

rhino) mandibles with specimens identified to the most specific 

geographic locality known. Shaded areas include all specimens from 

the same locality: F - Faradje (Zaire), L - Lado Rhino Camp (upper 

Nile, Uganda), W - Wadelia Rhino Camp, S - Sudan, U - Uganda, V -

Vanckerhovenville. 
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Ceraeoeherium mandibles (Figure 22) show the same sex 

difference with respect to size as seen in the skulls (Figure 20). 

Kales are 1arger than females (PCl) with little dimorphism in shape 

a1ong PC2. 

The genus Rhinoceros comprises two species of Asian one­

horned rhinoceroses: R. unicornis, 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 swampy 

jungles and eat grass, reeds, and twigs. Whitten et al. (1987) 

reported the diet of the Javan rhino as succulent secondary growth. 

The historical range of the Indian rhino included northern 

Pakistan, northern India, Nepal, and Assam. Recorded localities 

for the specimens of this study are RindiaR, RNepalR, and ftRoyal 

Chittawan National ParkR (Nepal). The Indian specimens are most 

likely from the Ganges River Valley or from the Brahmaputra River 

Va1ley in the eastern province of Assam. The historical range of 

the Javan rhino included Sikkim, eastern India to Viet Nam and 

southern China, the Malay Peninsula, Sumatra, and Java. The 

specimens of this study were collected in western Java in the area 

of Bantam. 
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FIGURE 22. Principal components plot of Ceratoeherium (white rhino) 

mandibles with specimens identified by sex. Shaded areas include 

all specimens of the sam sex. Dots indicate specimens for which sex 

data is unavailable. N - Male P - Femaie 
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PC results for skulls and mandibles are similar and are 

discussed together. No analysis of sex dimorphism was posssi.ble 

for Rhinoceros because of the absence of sex 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 distinct and, in the 

context of this study, are considered subgeneric groups based on 

taxonomy, locality, and morphology (size). Within species, little 

can be said about the nature of the variation because of the 

paucity of data. R. unicornis has a larger dispersion than R. 

sondaicus, at least partly due to a larger sample size, and among 

the specimens, these from Chittawan park are identified as the 

largest. The lesser variation among Javan specimens miqht be a 

sampling artifact, but several other factors may be involved, 

including the relict status and insular distribution of the 

species. Groves and Guerin (1980) state that the entire size range 

of the Javan rhino is represented on Java but it is not known 

whether the Bantam specimens represent that size range. 

More important for this study is the larger generic variation 

associated with two well-defined species. The total variation 

among the Rhinoceros skulls is more than twice that of Diceros er 

Ceraeoeherium and total variation among the mandibles is more than 

three times that of the black or white rhinos (Figure 7, Table S). 
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FIGURE 23. Principal components plot of Rhinoceros (Indian and 

Javan rhinos) skulls with specimens identified to locality. Shaded 

areas include all specimens from the same locality. 
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FIGURE 24. Principal components plot of Rhinoceros (Indian and 

Javan rhinos) mandibles with specimens identified to locality. 

Shaded areas include all specimens from the same locality. 
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Because Rhinoceros is the only multispecies genus among the living 

analogues, it provides a valuable contribution as a clear example 

of interspecific level variation. Thus, the Asian one-horned 

rhinos together with the black and white rhinos, as living 

analogues, provide a gauge of subspecific, specific, and 

interspecific (intra9eneric) variation to which the fossil genera 

may be compared. 

Dicerorbiaus 

Dicerorhinus, like Diceros and Ceratotherium, is a 9ingle 

species genus comprised of D. sumatrensis, the Sumatran rhino. The 

generic name is derived from the two-horned condition which 

distinguishes it from the one-horned Asian rhino. Historically, 

this species was found in Assam, southeastern Bangladesh to the 

Malay Peninsula, and perhaps Vietnam, Sumatra, and Bornea. This 

rhino is found in areas of secondary growth in tropical forests 

across a range of elevations, but prefers more hilly habitats where 

it feeds on fruits, leaves, twigs, bark, and bamboos (Nowak and 

Paradiso, 1983). Only two adult sp~cimens were available for this 

study, one collected from Burma (just north of Rangoon) and one 

from peninsular Malaysia (near Kuala Lumpur). Results for skulls 

and mandibles are similar and are discussed together. 
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Skull and Mandible (Figures 25-26} -- Principal components 

results for Dicerorhinus are shown in Figure 25 (Skulls) and Figure 

26 (mandibles). The small sample size and wide separation of the 

two specimens make Dicerorhinus one of the most problematic genera. 

The large total variation (Table 5) associated with this result is 

not useful as an indicator of either interspecific or large 

intraspecific levels of variation. If the specimens are normal 

individuals from a single species with variation similar to that of 

the black or white rhino, then they must be representative of the 

extremes of that variability. This is consistent with the 

geographic disjunction (approximately 1000 miles) between the 

specimens. Differences in habitat and limitations to gene flow 

could result in geographic/subspecific variants at these 

localities. A larger sample size 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 representing incipient 

or unidentified species with a variational pattern similar to the 

Indian and Javan rhinos. A third possibility 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. Notations 

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

rhino) skulls with specimens identified to locality. Shaded area 

includes all specimens of the same spcies. 
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FIGURE 26. Principal components plot of Dicerorhinus (Sumatran 

rhino) mandibles with specimens identified to locality. Shaded 

area includes all specimens of the same species. 
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(almost ornately sculptured), is very light for its size. 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 pathological or mutational variations 

occasionally occur in nature and are an aspect of variation to be 

considered when assessing fossil samples. 

Fossil Rhinoceroses 

Acerat:b:eriu:m 

Aceraeherium is a Miocene genus of the family Rhinocerotidae 

related to Aphelops and Peraceras. These genera are included in 

the Subfamily Aceratheriinae, which was contemporaneous, and often 

sympatric, with primitive members of the Subfamily Rhinocerotinae 

(especially Teleoceras). Aceratherium is a hornless rhino with 

reduced premaxillae, relatively low-crowned teeth, and a deeply 

incised nasal notch. The latter two features and other evidence 

suggest that members of this taxon were browsing feeders with 

prehensile upper lips or perhaps short probosci. Prothero et al. 

(1986) state that many of the specimens assigned to Aceratherium 

actually belong to other genera, and that this has been a 

nwastebasketn genus for primitive hornless fossil rhinoceroses. 
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Because taxonomic revision is not the purpose here, the two 

specimens used are considered to represent Aceratherium. 

Skull (Figure 27) -- The small sample size precludes grouping 

of specimens based on subgeneric variational patterns. separation 

of the two specimens is similar to that of the Sumatran rhino 

skulls and, in the absence of other information, the same arguments 

would apply. The two specimens might be extremes of a single 

species or they might represent distinct tax:a. The geographic and 

temporal information associated with the specimens indicates that 

they are from distinct populations in time and space, and probably 

represent species level variation consistent with the species 

classifications of the specimens. Each specimen is retained as a 

subgeneric group (ACERlS; ACER2S). 

Mandible (Figure 28) -- The total variation (Table 5) and 

PC1-PC2 dispersion for this sample are similar to those of 

Henoceras (discussed below) which is one of the least variable of 

the fossil genera and is mostly comprised of a single-species 

quarry sample. The similarity with ~enoceras and the absence of 

obvious clustering of the specimens would not lead to subdivision 

of this generic sample. However, the two specimens on the left of 

Figure 27 are from the late Miocene of Inner Mongolia and 

classified as A. depereti (ACERlK), while the two specimens on the 

right are from the late Miocene of Europe and classified as A. 

incisivum (ACER2M). The separation of the two subgroups is similar 
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FIGURE 27. Principal components plot of Aceraeherium skulls with 

specimens identified by species, locality, and age. Shaded areas 

include all specimens in the same subgeneric group. 
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FIGURE 28. Principal components plot of Acerarherium mandibles 

with specimens identified by species, locality, and age. Shaded 

areas include ail specimens of the same subgeneric group. 
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to that of some of the geographic subgroups in Diceros. Thus, 

Aceratheriwn mandibles exhibit some minor levels of morphological 

variation related to time and geography, which has been reflected 

in their taxonomic assigrunents. 

Jlmynodon 

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 metam.ynodonts). Am.ynodontids are characterized 

in part by relatively large sagittal crests, enlarged canines, 

shortened facial regions, and well-developed preorbital fossae. 

Members of Amynodon were hornless rhinocerotoide restricted to the 

North American Eocene (Uintan A - Uintan C) and divided into two 

species, A. reedi and A. advenus, of which the latter was 

significantly larger (Wall, 1982, 1989). The paleoecology of 

amynodons has been little studied; they probably browsed on soft 

vegetation with their relatively low-crowned cheek teeth (molars 

and reduced non-molariform premolars). Two skulls of Amynodon were 

measured; no mandibles are included in the analysis. 
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Skulls (Figure 29) -- Both specimens are from middle Eocene 

(Uintan) strata in adjacent western states and are classified as A. 

advenus (the larger specimen is tagged ~advenusn, the smaller 

unlabelled specimen was assigned to the species by Wall, 1982). 

The PCl variation and dispersion of the Amynodon sample is 

consistent with that for single-species living analogs and supports 

Walls' conclusion. Based on the preceding evidence. Amynodon was 

not divided into subgeneric groups. 

apbeiopa 

Aphelops is a connon 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 incisors. 

molarized premolars, medium to long skull with a dorsally arched 

naso-frontal profile, deep narial notch with retracted nasals, 

modern rhino-like limb proportions, and absence of horns. From the 

late Heminqfordian to the late Hemphillian, a series of Aphelops 

species progressively increased in size accompanied by increases in 

relative tooth height and nasal retraction. Moderately low-crowned 

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

specimens identified by species, locality, and age. Shaded area 

includes ail specimens in the same subgeneric 9roup. 
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retraction) are characters associated by inference with a browsing 

lifestyle (Matthew, 1931; 1932; Prothero et al., 1989, in press a). 

Amonq all the qenera analysed, principal components results 

for Aphelops show the qreatest difference between the skull and 

mandible samples in terms of locality-time diversity and subgeneric 

groupings (2 skull subgroups at 2 times, 4 mandible subgroups at 4 

times). This is at least partly due to the larger numerical and 

broader geographic sampling represented by the mandible specimens. 

Skull (Figure 30) -- The total variation is intermediate 

among the genera and is most similar to that of Rhinoceros which 

suggests that the fossil skulls may represent more than one 

species. The single Hemingfordian specimen (APHElS}, which is 

distinct temporally and morphologically, represents earlier, 

smaller forms within the Aphelops lineage. The other eight 

specimens are from Clarendonian localities (three quarries) in 

Nebraska (Harrison Formation, Cherry Co.). The majority (6 of 8) 

of the Clarendonian specimens are from the Xmas quarry. It is 

reasonable to assume that these skulls represent a single species 

given the temporal and geographic constraints of terrestrial 

sediments and the similarity in size 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 ApheJ.ops skulls w.i.th 

specimens .identified to locality and age. Shaded areas include all 

specimens in the same suQgeneric group. 
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species variation (catastrophic burials such as volcanic ash falls 

only sample a single deme at one point in time). Intraquarry 

variation may include interdemic to subspecific or even 

chronospecific variation depending on the amount of time-averaqing 

and size of the area sampled by the depositional system. The Kat 

and Leptarcus quarry specimens were grouped with the Xmas quarry 

skulls 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 variation of the sample 

(Table S), which is among the largest, is similar to that of 

Peraceras. Dissection of this large amount of variation into 

reasonabie subgeneric groups consistent with living analoq 

variation resulted in four groups showing minimal overlap. APHElM 

unites four Barstovian specimens attributed to A. megalodus. 

APHE2M unites six Clarendonian specimens, including four from one 

quarry (Xmas), also attributed to A. megal.odus (Prothero, personal 

communication). These two groups are straightforward and 

satisfactory based on their temporal, geographic, and morphological 

patterns. The fact that they are currently classified as one 

species may be interpreted in two ways: either significant, 

localized mandible size evolution occured within the species, or 

these two subgroups actually represent two species. compared with 
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FIGURE 31. Principal components plot of Aphelops mandibles with 

specimens identified to locality and age. Shaded areas include all 

specimens in the same subgeneric group. 
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variation within and amonq other subgroups, the latter 

interpretation is not unreasonable. The remaining specimens are 

all Hemphillian and account for much of the Aphelops mandible 

variation. Subdivision of these specimens was based on time­

taxonomic correlations such that some geographic confounding is 

present. APHE3K includes mandibles classified as A. malac:orhinus 

from several early Hemphillian localities including Texas. The 

great size range of this subgroup might suggest two species by 

comparison with living forms, but much of this range is spanned by 

two specimens from the same locality (Florida). The wide 

separation of the Florid.a specimens is itself problematic but is 

accepted here, 9iven the other problems. APHE4M comprises 

specimens attributable to an A. mutilis - late Hemphillian 

correlation and also includes specimens from Texas. The 

dispersions of APHE3K and APHE4M, as single species, are less 

satisfactory in comparison with other 9roups and probably represent 

compromises given limited data and sample sizes. Explanations for 

the large early Hemphillian diversity of Aphelops mandibles might 

include rapid size evolution within the species or, as indicated by 

the Florida specimens, greater than average variation. 

D.icaradleriam 

The genus Dicerae.herium is currently considered to include 

those fossil rhinoceroses exhibiting (probably in males only) 
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paired (side-by-side), subterminal, antero-posteriorly elongated 

nasal flanges (ridges). These boney characters are believed to 

have underlain epidermal horns. Earlier definitions of the genus 

included all rhinoceroses with paired nasal protuberances 

(diceratheres sensu obsoletum). Those forms with terminal, 

spherical horn bosses are now classified as Menoceras (discussed 

below). Diceratherium is further separated from Menoceras by 

retaining simple, primitive cheek teeth lacking much development of 

crochets and cristae. Dicera'theriUJn species are found in upper 

Oligocene to lower Miocene localities (Whitneyan - Arikareean) from 

Oregon to the Great Plains. These species differ mostly in size, 

with later forms achieving relatively large size. For example, the 

holotype D. armatum from the John Day formation of eastern Oregon 

was approximately two-thirds the size of the Indian rhino. 

Rhinoceroses were not generically diverse during the time 

Diceratherium was extant. Rather, Diceratherium species were the 

predominant rhino members of faunas for approximately 10 million 

years spanning the Whitneyan and Arikareean ages. Prior to 

extinction, Diceratherium coexisted with Nenoceras during the mid 

to late Miocene (Matthew, 1931; Peterson, 1920; Prothero, in press 

a; Prothero et al., 1986, 1989; Tanner, 1969; Troxell, 1921). 

~ (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 points. The small sample size results in relatively 
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FIGURE 32. Principal components plot of Diceratheriwn skulls with 

specimens identified by species, locality, and age. Shaded areas 

include all specimens in the same subgeneric group. 
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unsatiafaetory subgroups in terms of dispersion. Two specimens are 

grouped as DICE3S representing Oligocene D. a.rmatum. DICElS and 

DICE3S are well separated and consistent with interspecies 

variation. However, DICE3S and two specimens of DICElS are from 

the same quarry (77 Hill) in Wyoming. Thus, this interpretation 

accepts a polyphyletic sample from that locality. The single 

speciman of DICE2S is problematic. Although, consistent in time 

with DICElS, it may be a distinct species (D. niobrarense). It's 

inclusion with DICElS would also be consistent with variation in 

single species subgroups. 

Mandible (Figure 33) The scatter of this small sample 

does not suggest any subgeneric morphometrie groupinq. Available 

data for three of the specimens suggests that they are 

taxonomically unique. Although similar in locality and age, the 

morphometric separation of D. niobrarense (DICE2M) and D. armatum 

(DICElM) supports the notion of two species occurring at that time 

(also suggested by the skull analysis). In the absence of other 

data, locality alone was not considered sufficient to unite DICE3M 

and DICE4M. In summary, each of the specimens was retained as a 

single-specimen subgeneric group (DICElM, DICE2M, DICEJM, DICE4M). 
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FIGURE 33. Principal components plot of Diceratherium mandibles 

with specimens identified by species, locality. and age. Shaded 

areas include all specimens in the same subgeneric group. 
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Forstercooperia is one of the three genera representing the 

family Hyracodontidae. It includes emall, relatively primitive, 

hornless, cursorial rhinocerotoids from the middle Eocene of 

central Asia and North America. This lineage is believed to have 

later produced the largest known land mammals (see Indricatherium 

below). The primitiveness of Forstercooperia is illustrated by its 

inclusion of species once referred to the stem genus of 

rhinocerotoids (Hyrachyus grandis). Diagnostic features of the 

skull include nasal incision above the canine and an unreduced 

dentition with nonmolariform premolars. (Lucas 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, 

associated entirely with PCl, is similar to that of the black and 

white rhinoe. It is not known whether the specimens are from the 

same quarry, from same level in the formation, or even from the 

same formation. The Shara Harun beds are tentatively assigned a 

mid to late Eocene (Lucas et al., 1981) which is consistent with 

the standard stage (Bartonian = upper Uintan-mid Eocene) age 

assiqned to one of the specimens. Some authors have considered F. 

sharmuranense to represent a separate genus (Juxia). 
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FIGURE 34. Prineipal components plot of Forstercooperia skulls 

with specimens identified by species, locality, and/or qeoloqic 

age. Shaded area includes all specimens in the same subqeneric 

group. 
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This taxonomic confusion is not important for this study since the 

two specimens represent smaller, more primitive hyracodontida 

regardless of their name. 

Mandible (Figure 35) Total variation, greater than in 

Diceros but less than in Rhinoceros (Table S), is marqinally 

consistent with a two-species hypothesis. The three specimens were 

divided into two subgeneric qroups: FORSlM, a sinqle specimen of F­

sharamuranense, and FORS2K, two specimens classified as F. 

confluens. variation within FORS2M is consistent with a single 

species when compared against the monotypic livinq taxa. In 

summary, total variation, taxonomic data, and morpholoqical 

separation support the division of the mandibles into two 

subgeneric groups. 

The Eocene genus Hyrachyus represents the moat primitive 

rhinocerotoid condition. It is similar in size and shape to the 

most primitive members of other perissodactyl superfamilies, for 

example, Hyracotherium, a basal form of the Equoidea (horses), and 

Heptodon, a basal form of the Tapiroidea. Primitive features in 

Hyrachyus include small size, distinct sagittal crest, narrow 

posterior projecting occiput, convex dorsal skull profile, smooth 
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FIGURE 35. Principal companents plot of Forstercooperia mandibles 

with specimens identified by species. locality. and/or geologic 

aqe. Shaded areas include all apecimena in the same subgeneric 

qroup. 
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nasal bones (hornless), long basicranial region relative to the 

palate, unflared zygomatic arches, and an unspecialized anterior 

dentition. In the late Eocene, three families (Amynodontidae, 

Hyracodontidae, 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 ta.xa believed to have utilized the 

Euro-American land bridge (Wood, 1935; Radinsky, l967b; Prothero et 

al., 1986, 1989). 

Skull (Figure 36) -- The scatter of the small sample has an 

intermediate total variation, comparable to that of Rhinoceros. 

Because the data were not log-transformed, there remains the 

possibility that the variation of the very small Hyrachyus may not 

be comparable to the much larger living rhinos. Generally, larger 

species are expected to have larger variances. However, Hyrachyus 

skulls have a greater dispersion than Diceros, opposite of 

theoretical expectation, which adds weight to the conclusion that 

the Hyrachyus specimens comprise more than one species. This 

hypothesis is supported hy the associated taxonomic and 

stratigraphic data. Two specimens labelled H. modestus, one of 

which is from the Bridger 82 stratum, were grouped as HYRAlS. The 

remaining specimens (HYRA2S) occur in higher beds (C and 0) of the 

Bridger formation. Two of these are classified as H. ex.i.m~us. 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 

specimens identified by apecieer localityr 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. eximi.us. The H. princeps 

specimen is probably H. eximius (Prothero, personal communication). 

Several authors (Wortman, 1901, wood, 1934, and Gazin, 1976) have 

considered the faunal differences between beds A-B and c-o 

sufficient to divide the Bridger Formation into two members (West, 

1987). Their conclusions suppport the division of Hyrachyus skulls 

into two subgeneric groups. 

Mandible (Figure 37) -- This analysis parallels that for the 

skulls. Two specimens of H. modestus from Bridger B form a group 

(HYRAlM) distinct from two specimens of H. eximius from Bridger D 

(HYRA2M). This pattern is consistent with the variation seen in 

the polytypic living analog Rhinoceros. Among the fossil genera, 

Hyrachyus shows the highest similarity between the skull and 

mandible principal components plots. 

B;rrar:odaa 

Hyracodon is 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 horns and 

retention of a full complement of incisors and canines. Derived 

characters include: distinctive conical shape of incisors, flared 
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FIGUltE 37. Principal components plot of Hyrachyus mandibles with 

specimens identified by species, locality, and/or geologic age. 

shaded areas include all apecimena in the same subqenerie qroup. 
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zygomatic arches, and molarization of premolars. Though medium­

sized in general, Hyracodon species differed mostly in size with 

the average or commonest forms usually described as sheep or great 

dane sized. Slender, elongated limbs and other postcranial 

features indicate that Hyracodon was very cursorial, a lifestyle 

usually associated with relatively open habitats such as savanna or 

grassland. The latter inference would suggest that Hyracodon was a 

grazer, which is supported by its relatively hypsodont cheek teeth. 

However, the teeth are otherwise simple 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; Radinsky, 

1967b; Prothero, 1987, in press b; Prothero et al., 1986, 1989). 

Skull (Figure 38) -- Hyracodon was the least variable of all 

genera with total variation considerably less than Dicercs. This 

pattern is consistent with single-species variation in the context 

of this study and is consistent with the classification of all four 

specimens as H. nebraskensis. Relative to the living analogs, 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 tha species or temporal differentiation 

within the Orellan. 
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FIGURE 38. Principal components plot of Hyracodon skulls with 

specimens identified by species, locality, and/or geologic age. 

shaded areas include all specimens in the same subgeneric group. 
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Mandible {Figure 39) -- The pattern of the mandible piot is 

very similar to that for the skulls and is based on the same four 

specimens (mandibles are matched with the skulls). They are 

therefore grouped similarly as HYCOS. However, in this case the 

noutliern is a South Dakota specimen while the Nebraska mandible is 

more closely associated with other South Dakota specimens. The 

mandible results support the conclusions stated in the skull 

analysis. 

r.nctricot:llerill9 

The Indricotherium specimen used in this study represents a 

lineage of Oligocene hyracodontids which became the largest land 

mammals yet discovered (approximately 15 to 18 feet at the 

shoulder). These rhinocerotoids retained many primitive characters 

including relatively long narrow skulls (dolichocephaly) without 

horns, long limbs with slender proportions, and retention of 

incisors. The incisors form a well-developed functional complex 

(vertical I 1 and procuml::lent I2) considered to be an evolutionary 

novelty which unites the members as a monophyletic group. Slightly 

hypsodont, but otherwise primitive teeth, combined with large size 

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. Principal components plot of Hyracodon mandibles with 

specimens identified. by species, locality, and/or geologic age. 

Shaded area includes all specimens in the same subgeneric group. 
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three genera: Indricoeherium, Baluchieherium, and Paraceratherium 

all of which belong to the subfamily Indricotheriinae. The 

similarity of specimens in theBe genera has led to arguments for 

the synonymy of Paraceratherium and Saluchieherium (both are more 

similar in size and smaller than Indricoeheriwn), or of all three 

genera. In either case Paraceraeherium has priority (Forster­

cooper, 1911, 1924, 1934; Granger and Gregory, 1935, 1936; Lucas 

and Sobus, l989; Osborn, 1923; Prothero et al., 1986, 1989, in 

press b). 

Skull and Mandible (no figures) -- Single specimens cannot be 

analysed by PC since no axes can be found which maximize variance 

among specimens (a mini.mum of two specimens is required for PC)· 

Hence, there are no principal components plots for the 

Indricoeherium skull or mandible. However, the single specimen 

does represent a real population of indricotheres and is therefore 

an estimate of the mean of that population which will be used in 

later canonical variates analyses (Chapter 4). The amount and kind 

of variation represented in the indricotheres by this one specimen 

depends on systematic opinion: Lucas and Sobus (1989) considered 

the cranial differences between IndricoCherium and Paraceraeherium 

(= BaluchiCherium) not to be of generic level importance and 

therefore the specimens constitute a single genus, Paraceraeherium. 

Further, they argue that any differences which do exist between the 

forms can be interpreted as representing 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 

represents all of the indricotheres. 

Henoceras comprises pig-sized, herding animals found in 

North America from New Mexico to Florida and in the Great Plains. 

This genus appeared suddenly in the latest Arikareean age and is 

believed to be an immigrant derived from unknown ancestors in 

Europe or Asia. This genus, and Diceratherium, which was already 

established in North America when «enoceras arrived, are often 

found at the same localities. This faunal association led to some 

taxonomic confusion because both have paired nasal swellings 

(presumably underlying horns). The two genera were subsequently 

shown to be only distantly if at all related 1 and the side-by-side 

natur~ of the horn 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 

subterm.inal and ridge or flange-like, in «enoceras they are 

spherical (bulbous) and located at the tips of the nasal bones. 

Other features of the skull indicate that Nenoceras is much more 

derived than Diceratherium and more closely related to the 

ancestors of modern rhinoceroses. These features include a 

shorter, broader skull, a broader non-overhanging occiput, reduced 
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prema.xillary bones, reduced sagittal crest, shortened basicranium, 

and heavy lower jaws with everted, rugose angles. Additionally, 

Henoceras and the higher rhinoceroses developed extensions of their 

molar cross-lophe resulting in crochets, antecrochets, and cristae, 

which fused to form fossettes and lakes in the dentine. The 

disappearance (extinction) of both Diceratherium and Henoceras 

in the Hemingfordian age is correlated with the appearance of 

aceratherine and teleoceratine rhinoceroses which were also 

probaDly immigrant taxa (Peterson, 1920; Prothero, in press a; 

Prothero and Manning, 1987; Prothero et al., 1986, 1989; Tanner, 

1969; Troxell, 1921) . 

.§.5!!!!. (Figures 40-41) -- Principal components results for 

Henoceras skulls are shown in Figure 40. Among the fossil genera, 

Henoceras is one of the more homogeneous groups. Total variation 

among the skulls is below that of Diceros and therefore consistent 

with a hypothesis of a single species. This is further supported 

by the fact that the skull sample was not divisaDle into subgeneric 

groups by any criteria. The sample is primarily composed of 

specimens from two localities, the Agate Springs and Roll quarries. 

The Agate specimens are classified as H. arikarense. The 

unclassified specimens from Roll quarry form a nearly non­

overlapping cluster separated from the arikarense group along the 

second PC axis. If the Roll specimens are arik.arense, which is 
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FIGURE 40. Principal components plot of Nenoceras skulls with 

specimens identified by species, locality, and/or geologic age. 

Shaded area includes all specimens in the same subgeneric group. 
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consistent with the sinqle species hypothesis suggested by the 

variation pattern, then the small differences in shape between the 

quarries may be attributed to geographic and/or temporal factors. 

Confounding the total variation in Nenoceras is variation due to 

sex dimorphism. Several specimens were labeled as to eex, which 

was probably determined by relative size differences of horn 

boeses. Mixed specimens from the same locality have either large 

horn bosses (presumably males) or little to no horn bosses 

(presumably femal.es). Sexing of specimens was checked against 

photographs from which additional sexing was accomplished. An 

analysis of sex dimorphism in Nenoceras is shown in Figure 41. The 

Roll quarry group is male except for one large female and does not 

provide evidence for sex dimorphism by itself. Dimorphism in the 

H. arikarense Agate quarry sample appears to be obvious when 

observed graphically (Figure 4lb) and is marginally supported by a 

Wilcoxan Rank Sum Test (SU~=381 S~=40; TL~411 Ta=63). When 

sexes of the total sample are grouped (Figure 4lc), the dimorphism 

is less obvious but the larger sample size results in a significant 

WLlcoxan test for differences between males and females (SUMF=601 

SU"Jt=lll; TL~66; TR=lOS). 

Mandibles (Figure 42) Principal components results for 

Nenoceras mandibles are shown in Figure 42. Except for a single 

specimen (MEN02M), the mandible resu1ts are similar to those for 
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FIGURE 41. Principal components plot of Henoceras skulls with 

specimens identified by sex. Shaded areas include all specimens of 

the same sex. 
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FIGURE 42. Principal components plot of Henoceras mandibles with 

specimens identified by taxonomy, locality, and/or geologic age~ 

Shaded areas include a1l specimens in the same subgeneric group. 

157 



40 

30 

20 

10 
('I 

0 0 
Q. 

-10 

-20 

·30 

Menoceras - MANDIBLES 

MEN01M 
Late Arikareean 

Roll Quarry 
Wyoming 

M. ar/karense 
Agate Quarry 
Nebraska 

/MEN02M 

ef 
M. harbour/ 
New Mexico 
Hemingfordian 

-40 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

... 
"' "' 

~ -40 a o 20 40 oo ~ 100 

PC 1 



the skull. Within an Arikareean qroup of relatively low variation, 

tbe Agate (N. arikarense) and Roll specimens are distinct 

morphologically to a degree consistent with geographic and/or 

temporal variation within a species. Although the MEN02M specimen 

is not significantly outlying morpholoqically from MENOlM, it was 

retained as a subqeneric qroup based on information that suggests 

it represents a different biological population in time and space. 

sex di.morphism was not analysed in the mandibles because of the 

lack of any characters comparable to the horn Dosses for sexing 

specimens. 

Peraceras probably migrated to North America from Eurasia in 

the early Miocene (late ffemingfordian), as did Aphelops and 

Teleoceras. These three qenera displaced lfenoceras and 

Diceratherium as the dominant rhinoceroses for most of the Miocene. 

For unknown reasons, Peraceras was the rarer of the three genera. 

It is found leas often in local f aunal association with the very 

common Teleoceras than is Aphelops. characters which contribute to 

the uniqueness of Peraceras include brachycephaly, procumbent 

lambdoid crests and occiput, shortened and flattened nasal bonesr 

retracted nasal incision, flat dorsal profile, reduced premaxillae 

with loss of the upper first incisor, Drachydont teeth, and a short 

mandibular diastema. Significant size differences within the genus 
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are associated with other characteristics. Smaller members (P. 

profeetum and P. hessei) were primitive hornless browsers while 

larger members (P. superciliosum) had small terminal horns and may 

have been grazers (Osborn, 1904; Prothero in press a; Prothero et 

al., 1986, 1989; Prothero and Manning, 1987; Prothero and Sereno, 

1982). 

~ (Figure 43) -- The total and PCl variation for 

Peraceras skulls are the largest of all the genera. This suggests, 

by comparison with the living analogs and fossil genera analyzed 

thus far, that multiple species may be represented by the sample. 

Most of the variation is along the PCl size 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 groups, but not without confounding information within 

each group. PERAlS consists of the two smallest specimens. Both 

are from the Barstovian of New Mexico but are classified as 

different species. This confounding of taxonomy (P. hessei and P. 

profectum) into a subgeneric group was based on geography, time, 

morphology, and variation. First, they are more morphologically 

similar to each other than either is to the three specimens of P. 

supercilioswn (PERA2S). Second, the range of variation shown by 

the two specimens is consistent with that of a single species in 
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FIGURE 43. Principal components plot of Peraceras sku1ls with 

specimens identified by taxonomy, locality, and/or geologic age. 

Shaded areas include all specimens in the same subqeneric group. 

161 



100 

80 

llO 

40 

N 20 

0 0 
a.. 

-20 

P. hessei 

PERA1S 
NewMeXico 
Barstovian 

P. profectum 

Peraceras - SKULLS 

Ogallala Gp. 
L Mio. • E Plio. 

;~;;:~-Jill~~/ 

Ash Hollow Fm. 
Mid Pliocene 

Valentine Fm 
Late Miocene 

·100 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-

,_. 
0\ 

"' 

-280 ·240 ·200 ·111D ·120 0 

PC 1 
40 80 120 111D 200 240 211D 



the context of this study. and is no greater than that shown by the 

extreme specimens of P. superciliosum. Peraceras hessei was 

reported by Prothero and Manning (1987) as a new species of dwarf 

Peraceras; they described the specimen used in this study as "the 

best preserved of any skull referra.ble to this species". Peraceras 

profeecum is described as a 20% larger, contemporary sister 

species. Species recognition by size difference alone is not 

compelling since two adult specimens of the black rhino may differ 

Oy this much. PERAlS may represent two species (given sample size 

and sampling error), but these specimens are sufficiently similar 

in time, space. and morphology in the context of this study to be 

considered as a single subgeneric group. PERA2S consists of three 

larger specimens whose dispersion is similar in size to the black 

rhino. All are classified as P. superciliosum and all are from 

Nebraska. Because two of the specimens are from different ages. 

time is confounded in this subgroup. The smallest specimen of 

PERA2S is from an older stratum 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. In 

summary. although each subgeneric group confounds some information, 

the two subgroups represent the most reasonable partitioning of the 

great variation exhibited by the Peraceras skulls. 
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Mandible (Figure 44) -- Total PC variation, which is among 

the highest of the genera (Table S), suggests the presence of 

multiple subgeneric groups. Two subgeneric groups were identified 

based on tdXonomy, geoqraphy, morphology, and relative amounts of 

variation. PERAlll (like PERAlS) includes specimens from the New 

Mexico Barstovian which are classified as either P. proLectum or P. 

hessei. These specimens form a morphometric group, consistent with 

other fossil and living groups, which supports the grouping of P. 

hessei and P. profectum. Here, the two proLectum specimens exhibit 

a range of size nearly inclusive of the hessei specimen, with one 

of the p. profectum more similar to hessei than to the other P. 

proLectum. PERAlM is clearly distinct from PERA2M which represents 

p. superciLiosum from the New Mexico Barstovian. The separation of 

PERAlM and PERA2M is similar to the separation of PERAlS and PERA2S 

but an important difference is that the P. superciLiosum mandibles 

are from the same locality and time as the hessei/proLectum 

subgroup. The relative contemporaneity and sympatry of PERAlM and 

PERA2M, combined with the size difference between the two groups, 

further emphasizes the morphometric similarity of P. proLectum and 

P. hessei~ Prothero (1989) recognized hessei as a valid 

species. 
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FIGURE 44. Principal components plot of Peraceras mandibles with 

specimens identified by taxonomy, locality, and/or geologic age. 

Shaded areaa include all apeeimens in the eame subgeneric group. 
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Subhyracodon is a primitive rhinocerotid genus which evolved 

in the late Eocene of North America, probably from Trigonias or a 

similar form, and was a dominant group across the High Plains 

during the early Oliqocene. It disappeared by the late Oligocene 

and was probably ancestral to Diceratherium. Among the largest 

rhinos of its time, Subhyracodon reached a medium, horse size, 

exceeded only by Amphicaenopus (not included in this stUdy). 

Paleoecologically, Subhyracodon fossils are associated with 

forested areas near streams where they liveO as relatively 

unspecialized hornless browsers. Craniodental features of this 

genus include a generally flat dorsal skull profile, narrow pointed 

nasal bones, a low, broad sagittal crest, flaring lambdoid crests, 

incipient (i.e., inconstant) loss of upper canines, and broad, 

flat, nearly horizontal mandibular condyles. (Prothero, 1987, in 

press; Prothero, et al., 1986, 19B9J Russell, 19821 Wood, 1929). 

Skull (Figure 45) Total and Pel variation (Table 5) are 

intermediate with respect to the living taxa. Diceros and 

Ceratotherium are less variable, Rhinoceros is more variable. Thie 

generic variation pattern does not by itself support a hypothesis 

that the sample consists of more than one subgeneric group. 

Further, the data is well-constrained geographical1y (South Dakota 

and Wyoming) which is consistent with a single group (but not 
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FIGURE 45. Principal components plot of Subhyracodon skulls with 

specimens identified by species and aqe. Shaded areas include all 

specimens in the same subgeneric group. 
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inconsistent with multiple groups). However, most of the specimens 

of Subhyracodon are identified to species and represent localities 

temporally spread across the early Oligocene (Chadronian, Orellan, 

Whitneyan). The Whitneyan Subhyracodon are considered by some to 

be Diceratherium (Prothero, personal communication). Because these 

specimens are well defined morphometrically and show a clear 

temporal sequence of size increase with the other Subhyracodon 

species they are retained within Subhyracodon for the purposes of 

this discussion. Further, canonical variates results (see Chapter 

4) show that Diceratherium and Subhyracodon are very similar 

morphometrically. Subhyracodon might therefore be an intermediate 

transitional form between the two genera. Dissection of the 

variation based on the taxonomic and temporal data produced three 

nearly nonoverlapping subgeneric groups in the morphometric space. 

SUBHlS consists of all the Chadronian specimens attributable to s. 

mitis, including two specimens labelled S. trigonodum. SUBH2S 

includes all Orellan s. occidentalis specimens. SUBHJS comprises 

the Whitneyan s. tridactylum specimens. 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 rhinos. Sampling problems notwithstanding, 

Subhyracodon may have maintained lower than average variation in 

its populations. SUBHlS, SUBH2S, and SUSH3S are temporally 
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sequenced from left to right (earlier to later) indicating 

evolution of larger size with time. 

Mandible (Figure 46) -- Total and Pel variation is slightly 

larger than that of the black or white rhinos (Table 5) • The 

specimens form a cloud of variation approximately equal to that of 

the white rhino but represent the same three time taxonomic groups 

as determined for the skull data. They were thus subdivided into 

analagous subgeneric groups (SUBHlM, SUBH2M and SUBH3M) on the same 

basis. However, overlap is significant here with S. mi~is entirely 

within the size range of s. occidentalis such that the temporal 

pattern seen in the skulls is seen here only between s. 

occidentalis and s. tridactylum. 

Teleoceras is a common mid-to-late Miocene genus which 

probably immigrated to North America from Eurasia. Abundant 

fossils are found in many localities, especially those of the 

northern Great Plains. These localities are usually interpreted as 

river channel deposits, suggesting that Teleoceras frequented 

riparian habitats and perhaps was significantly aquatic in its 

behavior. Body proportions similar to those of the living 

hippopotamus (i.e. barrel-like trunk and stumpy limbs) have been 

cited as aquatic adaptations. However, there are no unusual 
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FIGUllE 46. Principal components plot of Subhyracodon mandibles 

with specimens identified by species and age. Shaded areas include 

all specimens of the same subgeneric group. 
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adaptations of the Teieoceras sku1l which might correlate with an 

aquatic lifestyle (in contrast, the hippopotamus has dorsally 

shifted orbits, nares, and auditory meati). Among Miocene 

rhinoceroses, reieoceras has hypaodont (high-crowned) teeth, a 

character traditionally associated with grazing and cursorial 

habits. reieoceras is thus paradoxical via-a-via the hypsodonty­

cursoriality correlation. A further convolution is the grazing 

analogy between Teleoceras and the hippopotamus, since the 

hippopotamus is a brachydont (low-crowned) grazer. The same 

localities which yield reieoceras usually also contain a 

brachydont, browsing rhinoceros which is typically Apheiops or a 

related form (these browsers have not been hypothesized as 

aquatic). Size changes in Teieoceras were irregular such that 

later forms were not the largest. At least one small form may have 

been a dwarfed lineage. Diagnostic features of the Teleoceras 

skull include: brachycephaly, hypaodonty, broad lambdoid crests and 

zygomatic arches, fused and laterally downturned nasal bones, 

aha1low nasal incision, reduced premolars, and retained upper 

incisors. Host, but not all, Teleoceras had a small terminal 

rugosity on the nasal tip indicating the presence of a single, 

median horn (Osborn, 1904; Prothero, 1987; Prothero et al., 1986, 

1989; Prothero and Hanning, 1987; Prothero and Sereno, 1982; 

Hooijer, 1978; Voorhies and Thomasson, 1979; • 
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FIGURE 47. Principal components plot of ~eleoceras skulls with 

epecimene identified by species and aqe. Shaded areas include all 

specimens in the same eubqeneric qroup. 
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~ (Figure 47) -- Total PC variation is greater than in 

Rhinoceros and similar to Diceraeherium amonq the fossils. Pel 

variation is slightly less than in Rhinoceros. Takinq both PC axes 

into account, Teleoceras has one of the largest scatter of points 

among all the genera. Dissection of this variation resulted in 

five subgeneric qroups, principally distinguished by age and 

taxonomy. Geographically, the sample is from plains states (see 

Table 2), and none of the subgeneric groups represent larqe or 

complex ranges, especially when compared with the range of the 

black rhino. TELElS comprises two morphologically similar 

Hemingfordian specimens (T. amerLcanum). The association of these 

smallest specimens with the earliest time interval is similar to 

the patterns of size evolution observed in other rhinocerotoid 

qenera. TELE2S unites Barstovian specimens from Nebraska 

classified as r. medicornueum (including one specimen labeled as T. 

~hompsoni). The dispersion of this qroup is similar to other 

subgroups in other qenera based on the same types of information. 

In comparison with living rhinos, no more than single-species 

variation is indicated. TELE3S represents T. major from the 

Clarendonian of Nebraska. Dispersion size and minimal overlap with 

other groups suggest that TELE3S is a morphometrically distinct 

group, different from other reieoceras at other times, and probably 

a single species. TELE4S comprises late Hemphillian group of T. 

hicksi. It is morphometrically distinct from TELE3S and TELE4S and 
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its dispersion is consistent with those groups. TELESS is a time­

taxonomic group representing ear1y Hemphillian T. fossiger. 

This is a problematic group because of the morphometric overlap 

with TELE4S and its odd dispersion. In such cases of overlap, 

morphometric distinctiveness might be revealed by analyses of 

variation along higher axes. 

Because the five subgeneric groups represent five consecutive 

land mammal ages, some tentative statements about size-shape 

evolution in Teleoceras may be attempted. This assumes that the 

groups (populations) at any one time are derived from the previous 

group (or very similar, but unknown, group). Because there is no 

temporal unidirectionality among the Teleoceras groups in terms of 

size and shape change, the subgeneric pattern may be analysed 

pairwise with the following results. Teleoceras increased in size 

from the Hemingfordian to the Barstovian (TELElS to TELE2S). From 

the Barstovian to the clarendonian (TELE2S to TELE3S), there 

appears to have been some significant shape change since these two 

groups are separated along the second PC axis by as much as any two 

groups in this study. It also appears that a size decrease may 

have acompanied this change. From the Clarendonian to the early 

Hemphillian (TELE3S to TELESS), size increased but without any 

apparent change in average shape. The youngest group, TELE4S (late 

Hemphillian), appears to be slightly smaller than TELESS (but not 

smaller than T. hicksi within TELE4S). The temporal (and 
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evolutionary?) p~ttern of the subgeneric groups is consistent with 

earlier observations by Prothero and Sereno (1987) that Teleoceras 

does not simply follow a gradient of gradual increase in size 

through ti!ne. A statement by the same authors that T. fossiger is 

unusually large is not supported by the skull results presented 

here. Lastly, it should be noted that some specimens from three of 

the groups (TELE2S, TELE3S, and TELESS) are clustered near the 

center of the plot and are morphometrically similar. 

Mandible (Figure 48) The total PC variation associated 

with the Xeleoceras mandibles is intermediate (somewhat less than 

Rhinoceros). Thie amount of variation, not by itself indicative of 

multiple species, is associated with the largest PCl-PC2 scatter of 

any genus (skull or mandible) in the stu~y. Accordingly, the 

variation in this sample was the most difficult to analyse of all 

the genera (skull or mandible) and produced. the least satisfactory 

results. Generally, the subgeneric groups have more "irregularn 

and larger dispersions, and exhibit more morphometric overlap, than 

any other sample. As with the skull sample, the Teleoceras 

mandible variation was grossly reducible by grouping specimens to 

age and age-associated taxonomies; dispersion and geoegraphy were 

not helpful. Five subgeneric groups were determined. TELElM 

represents the earliest specimens and are among the smallest in the 

sample (Heminqfordian T. ameriaanum). TELE2M is a saretovian group 

of T. medicornutum (which includes two specimens labeled as T. 
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FIGURE 48* Principal components plot of Teleaceras mandibles with 

specimens identified by species and age. Shaded areas include all 

specimens in the same subgeneric group. 
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~homsoni as in the skull analysis). This group significantiy a 

overlaps the Clarendonian group (TELE3M), which was not the case 

with the skuile (i.e., Baretovian and Clarendonian mandibies appear 

to be more similar in size and shape than are the skulls). TELE:JM 

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 

specimens from the Barstovian (TELE2M) was not observed in the 

skulls. Specimens from the Hemphillian were subdivided into early 

(TELESM T. fossiger) and late (TELE4M - T. hicksi) groups. 

TELESM is fairly distinct from TELE3M (Clarendonian) along the 

second axis, reflecting morphometric shape differences, but they 

overlap greatly in size. If the large outlier in TELESM were 

removed from this group, the remaining dispersion would be very 

consistent with single species variation as shown by the living 

analogues and weli-defined foasii groups. TELE4M is probiematic 

because of its small sample size and odd dispersion. Little can be 

said except that it overlaps in both shape and size with three 

other groups. Temporally, the only obvious evolutionary change 

observed is a shape change between the earlier T. major and the 

iater T. fossiger assuming they are more or less linked in a 

lineage. These unsatisfactory results for Teieoceras mandibles, 

given good results elsewhere, suggest either that their 

is2 



classifications and stratigraphy are less accurate, or that they 

are evolving in more mosaic, less patterned ways. 

Trigonias is the most primitive genus among the 

rhinocerotids, or true rhinoceroses, and probably evolved in North 

America within a lineage leading back to Hyrachyus and including 

Teietaceras and Penetrigon~as. By the early Oligocene, Trigonias 

was distributed over the High Plains and is best known from 

abundant quarry samples in Colorado. Trigonias was a medium-sized 

rhinoceros with a relatively long, narrow skull (dolichocephalic), 

a concave or saddle-shaped dorsal skull profile, an extended 

occiput with flared lambdoid crests, low broad sagittal crests, 

long nasal bones, retained canines, and a dorsally convex, medially 

tilted mandibular condyle with straight anterior and posterior 

borders. Highly variable premolars among the specimens within 

quarry samples led to typological taxonomic splitting by early 

paleontologist (Matthew, 1931; Prothero in press a; Prothero et 

al., 1989; Russell, 1982; Wood, 1931). 

Skull (Figure 49) -- Total variation is intermediate to low 

among the fossil genera and is interemediate between Diceros and 

Rhinoceros among the living analogues (Table S). All of the 

specimens are late Eocene (Chadronian) in age, and all but one are 

from Weld County, Colorado. Neither taxonomic nor morphometric 
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FIGURE 49. Principal components plot of Trigonias skulls with 

specimens identified by taxonomy, locality, and/or qeologic age. 

shaded areas include all specimens in the same subgeneric group. 
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evidence suggests any distinct subgeneric groups. Therefore. the 

sample was united as a single subgroup (TRIGS). The most outlying 

specimen was noted as beinq particulary distorted. Exclusion of 

this specimen would result in a more satisfactory dispersion for a 

single subgeneric group. However, most of the specimens are 

probably at least somewhat distorted. Because distortion is 

difficult to judge objectively, the specimen was not arbitrarily 

excluded. Additionally, varying degrees of distortion can be 

expected to contribute to the •normaln variation within most fossil 

samples and should be considered. The second most outlying 

specimen, labeled as nType", may also be distorted. The 

significance of the nTypen label is undetermined 1 but probably 

refers to an invalid species. The remaining specimens are fairly 

uniform in size and more consistent with living species in terms of 

overall dispersion. The small morphometric cluster of labeled 

specimens are individuals originaliy given species status based on 

small differences in premolar tooth morpholoqy (this was quickly 

corrected by other investigators, but the specimens still retain 

their original labels). It would not be unreasonable, within the 

context of this study, to hypothesize that thoee specimens 

represent a single sex of one species from a single microgeographic 

locality and preserved within a short time span. 
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Mandible (Figure SO) -- 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 

species. This is supported by the size and shape of the dispersion 

in the principal components space (compare with Diceros and 

Nenoceras, Figures 9 and 41). Additionally, the sample is 

geographically and temporally constrained with no taxonomic 

differentiation indicated. Thus, there is no combination of 

evidence to suggest that more than one distinct subgeneric group 

exists. All of the Trigonias mandibles were therefore retai~ed as 

a group (TRIGM) for subsequent among-groups analyses. At least one 

of the two specimens classified to species is invalid because there 

is no evidence that they represent different populations. Complete 

morphometric overlap of mandibles labelled only "Weld, co." with 

those from Horsetail Creek suggests that they represent the same 

populational-variational unit, contrary to the result seen in the 

skulls. However, the five "Weld" specimens are fairly well 

clustered in a pattern that would perhaps suggest some locality 

differentiation. 

Zaisanamynodon is the only representative in this study of 

the more derived genera of the atypical family Amynodontidae. It 
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FIGURE SO. Principal components plot of Trigonias mandibles with 

specimens identified by taxonomy, locality, and/or geologic age. 

Shaded areas include all specimens in the same subgeneric group. 
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is found in the late Eocene of both Inner Mongolia (Sannoisian) and 

North America (Chadronian) indicating a euccessful dispersal of one 

or more species across the Bering Land Bridge route. Little is 

known about Zaisanamynodon; more is known about its close relative 

MeCamynodon, a large, stocky form known from river-channel 

sandstone deposits. Like Teieoceras, its sedimentary setting and 

hippopotamus-like body shape have led to interpretations of an 

aquatic lifestyle. The same interpretation may apply to 

Zaisanamynodon. Craniomandibular characteristics of the 

Zaisanamynodon skull include brachycephaly, reduced preorbital 

region, small preorbital fossae present, thickened lower jaws and 

zygomatic arches, orbit high on skull, shortened nasal bones, 

enlargement of canines, high-crowned but narrow cheek-teeth, and 

concave palate (Prothero et al., 1986; Wall, 1989). No skulls and 

only two mandibles of zaisanamynodon were available for analysis. 

Mandible (Figure Sl) -- Morphometrically, the separation of 

the two Zaisanamynodon mandibles is within, but near, the limits of 

a single-species dispersion. However, the specimens were divided 

(ZAISlM, ZAIS2K) on the basis of their large geographic difference. 

190 



FrGURE 51. Principal components plot of Zaisanamynodon mandibles 

with specimens identified by taxonomy, locality, and/or geologic 

age. Shaded areas include all specimens in the same subgeneric 

group. 
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GENERIC AND SUBGENERIC POOLED WITHIN-GROUP DISPERSIONS 

The subgeneric groups determined in the preceding analyses 

will be used in the among-groups analyses of Chapter 4 to derive a 

pooled within-group dispersion. Thie dispersion is used as a 

standard by which to judge among-groups variation in the canonical 

variates analyses. Here, the pooled generic and pooled subgeneric 

dispersions for both skull and mandible are presented. They 

graphically show the effect of dissecting the generic variation 

into subgeneric groups. 

Skull 

Pooled Genera (Figure 52) -- This figure shows a principal 

components analysis of pooled skull data for all living and fossil 

genera. The data set is derived from Figure 7 by centering the 

mean of each genus at the origin such that all the genera are 

superimposed. The greater variation in the fossils is consistent 

with the variances of Table 5 and provides a posterior1 support for 

the dissection of the genera into subgeneric groups. Especially 

significant in Figure 52 are the positions of the Rhinoceros 

specimens. The four specimens of the Javan rhino {dotted outline, 

upper left} and many of the specimens of the Indian rhino {dotted 

outline, lower right} a.re on the periphery of the main cloud. 

Because Rhinoceros is the only multi-species genus among the living 

193 



FIGURE 52. Principal components plot of all living and fossil 

skull specimens. pooled by mean-centered genera. Axes are the same 

as for Figure 53. Fossil - dark circles. Living - open trianqles. 

specimens of the Javan rhinoceros (upper left) and Indian 

rhinoceros (lower right) are indicated by dotted lines. 
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analogues, the pooled pattern suggests that much of the size and 

shape variation of the fossil genera is equal to or less than that 

found in Rhinoceros. The small number of very outlying specimens 

(far left and far right) belong to only a few of the more variable 

fossil genera (Teieoceras, Diceratherium, and Peraceras). 

Pooled Subgeneris Groups (Figure 53) -- All of the 

subgeneric groups identified in Chapter 3 were superimposed by 

centering their means (centroids) on the origin. This plot 

dramatically shows the effect of controlling for biological and 

geological factors such as stratigraphy, time, geography, and 

character-based taxonomy when investigating morphometric variation. 

When this is done, the overall variation in the pooled fossil 

rhinoceros subgroups becomes relatively homogenous and similar in 

degree to that of the living species. The limits of the pooled 

variation are still determined by fossils (i.e, Teieoceras 

distributed cicumferentially and Diceratherium on left and right 

extremes). This is reasonable because at least some the fossil 

subgroups are probably still polytypic, but undivided due to lack 

of data. Additionally, the variation of the living rhinos most 

likely does not represent a maximum or minimum. Given the 

diversity of fossil rhinos, different groups would be expected to 

have more or less variation. In summary, the variation in the 
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FIGURE SJ. Principal components plot of all living and fossil 

skull specimens, pooled by mean-centered subgeneric groups. Axes 

are the same as for Fiqu~e 52. Fossil - dark circles. Living -

open triangles. 
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analogues is a reasonable measure of species/population level 

variation in rhinocerotoids generally. When fossil genera are 

dissected into hypothesized population or species level subgeneric 

groups, the overall fossil variation conforms well to that of the 

living analogues. Therefore, the pooled subgeneric data set 

provides a good estimate of within-group variation by which to 

maximize variation among those groups. 

ll&lldible 

Pooled Genera (Figure 54) -- In general, the results for 

mandibles are similar to that for skulls (discussed above). That 

is, variation in most of the fossils is not much greater than that 

of the living forms (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 specimens, but unlike the pooled skull dispersion, the 

extreme left and right outlying mandibles are Aphelops. 

Pogled Subgeneric Groups (Figure 55) -- As in the skull 

analysis, when the genera are subdivided baaed on known correlates 

of population or species level variation, the pooled dispersion 

becomes more homogenous and suggests that the living analogues are 

good measures of species level variation in rhinocerotoids 

generally. 
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FIGURE 54. Principal components plot of all living and fossil 

mandible specimens, pooled by mean-centered genera. Axes are the 

same as for Figure 55. Fossil - dark circles. Living - open 

triangles. Specimens of the Javan rhinoceros (left) and Indian 

rhinoceros (right) are indicated by dotted lines. 
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FIGURE 55. Principal components plot of all lLving and fossil 

mandible specimens, pooled by mean-centered subgeneric. Axes are 

the same as for Figure 54. Fossil - dark circles. Living - open 

triangles. 
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CBAPTBR 4. 

AllORG-GROUPS RBLATIOllllBIPS - CAllOJIICAL VARIATES ARALYSBS 

MllLTIVAR:rATE VARXATION AND CANONICAL VARXATES ANALYSIS 

Each of the subgeneric qroupa determined in the previous 

chapter may be represented by its multivariate mean (centroid). 

The resulting set of group means may then be treated as data points 

analogous to the specimens in principal components analysis. 

Similarly~ the variation among the group means can be partitioned 

among a new set of mutually orthogonal, variance-maximizing axes 

(Campbell and Atchley, 1981; Albrecht, 1980, 1992). However, 

canonical variates analysis (CV) is not simply a principal 

components analysis of group means. Two features distinguish CV 

from PC: (1) CV maximizes the proportion of among-groups variation 

relative to within-group variation (hence, the emphasis on within­

group variation in Chapter 3); and (2) the CV axes are scaled such 

that they represent equivalent units of within-group variation, 

effectively eliminating within-qroup correlations. The overall 

effect of CV is to maximally separate groups along each respective 

axis~ Because the new CV axes define a morphospace (as do the PC 

axes), means reflecting similar morphologies plot more closely 

together, while means reflecting different morphologies plot 

more distantly from each other~ 
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STRATEGY AND SIGNIFICANCE OF CANONICAL VARIATES RESULTS 

The strategy in Chapter 3 of dissecting the variation of 

living and fossil genera resulted in subgroups whose variation 

approximates the range of individual differences at the popu1ation 

or species level. The relative homogeneity of the living and 

fossil subgroups provides the basis for pooling of these presumably 

similar groups. The pooled within-group dispersion is a better 

estimate of within-group variation across all rhinoceros genera. 

Canonical variates (CV) analysis uses this pooled within-group 

estimate to maximize among-groups variation in the multivariate 

morphospace. 

canonical variates are usually presented as a plot of the 

means (centroids) of the groups being considered. Individual 

specimens may be plotted by finding their scores (projections) on 

the axes which are determined by the variation among the means. In 

both cases, the group means are ordinated so as to maximize their 

separation relative to a pooled-within group dispersion (as 

discussed above). In the following section, the canonical variates 

ordination is first presented with individuals identified by genus 

(Figures 56 and 57). Thie is followed by plotting of subgroup 

means with 90% concentration ellipses around each mean (Figures 58 

and 59). These two set of plots indicate the significance of the 

pooled-within group dispersion determined in Chapter 3. 
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Once the pattern of group relationships is established in the 

CV morphospace, the morphological affinities of groups can be 

interpreted in terms of various biological correlates. This 

analysis of among-groups variation is analogous to the dissection 

of the specimens in the principal components analyses. In the 

following eection, the morphological relationships in CV space are 

analysed in three major ways. First, the multivariate morphology 

is observed relative to more traditional, character-based taxonomic 

investigations (including postcranial and non-morphological 

characters). Taxonomic correlations are analyzed with respect to 

genera, families and subfamilies, and cladistic character states. 

Second, the multivariate morphology is observed relative to two 

structural-functional aspects of rhinoceros skull biology, in 

particular, horn arrangement and feeding strategy. Third, temporal 

patterns of morphological change are analysed with respect to 

intergeneric and intrageneric variation. 

INTERPRETATION OF CANONICAL VARIATES RESULTS 

For each data set (Skull or mandible), one CV analysis was 

done, based on the appropriate pooled within-group dispersion. 

Each CV analysis resulted in an ordination of the subgeneric means 

along a new set of variance-maximizing axes. Within skulls or 

mandibles, the same equally scaled-CV axes are used for all plots. 

Figures 58-73 are based on the same fundamental canonical variates 

result where the means of the subgeneric groups ars shown in the 
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plane of the first two canonical axes. The subgroups correspond to 

those in Table 2 (skull) and Table 3 (mandible). 

Eigenvalues (variances) of the canonical variate axes are 

summarized in Table 6. The first two canonical axes include much 

of the total variation for both skulls and mandibles (82% and 86%, 

respectively). The first r:v axis, like the first PC axis, is a 

size axis (discussed below). The canonical variate means of 

subgroups are given in Tables 7 (skull) and 8 (mandible) for all CV 

axes on which there is among-groups variation. These means 

represent the scores of the group centroids on the respective axes. 

The range of mean values for a given axis decreases from lower to 

higher axes, as indicated by the decreasing eigenvalues of Table 6. 

Because the group means exist within a multidimensional 

hyperspace, the separation of the means in the plane of two r:v axes 

may not always accurately reflect the true distances between them. 

The more the first two axes account for the total variation, the 

more the distances will reflect the true distances. One measure of 

the distances between means in the multidimensioanl space is the 

generalized distance (GD), o 2 • Generalized distances are given in 

Table 9 (skull) and Table 10 (mandible). For those genera with 

subgroups, inter-subgroup distances are summarized in Table 11. 
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TABLE 6. Summary of eigenvalues, percent of total variance, and 

cumulative percent of total variance for skull and mandible 

canonical variates. 

SKULL 

CV Eigenvalues X of Total CIAll.llative X 

CV1 93.4 61.7 61.7 
CV2 33.3 21.8 83. 1 

CV3 6.3 4. 1 87.2 
CV4 4.6 3.0 90.2 
C\15 3.0 2.0 92.Z 
CV6 2.9 1.9 94.2 
CV7 1.7 1. 1 95.3 
CVS 1. 7 1. 1 96.4 
cV9 1.2 0.8 97.3 
CV10 0.8 0.6 97.8 
CV11 0.7 0.5 98.3 
CV12 0.7 0.5 98.8 
CV13 0.5 o.4 99.2 
CV14 o.5 0.3 99.5 
CV15 0.3 0.2 99.7 
CV16 0.2 o. 1 99.S 
CV17 o. 1 o. 1 99.9 
CV18 0. 1 o. 1 99.9 
CV19 0.1 o. 1 100.0 

MANDIBLE 

CV Eigenvalues i of Total C1A11Jlative X 

CV1 69.9 77.3 77.3 
CV2 10.5 ,, • 1 88.4 
CV3 3.8 4.2 9Z.7 
CV4 2.4 2.7 95.4 
C\15 1 .2 1.3 96.8 
CV6 1.1 1.2 98.7 
cv7 o.5 0.6 98.7 
CVS 0.5 0.5 99.5 
cV9 0.2 0.3 99.5 
CV10 0.2 0.2 99.8 
CV11 0.1 0.2 100.0 
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TABLE 7. canonical variate means for skull subgroups. Genera and subgroups are listed in the same order 
ae in Table 2. Eigenvalues (EIGEN, and percentages of total among-subgroup variance (•) are given at the 
bottom. 

SUBGROOP CV1 CV2 CV] CV4 CV5 CV6 CV7 eve CV9 CV10 CV11 CV12 CV13 CV14 CV15 CV16 CV17 CV18 CV19 

CERAS 

SUMAS 

BICOS 

UNICS 

JAVAS 

ACER1S 

ACER2S 

AKYHS 

APHE1S 

APNEi!S 

OICE1S 

DICEZS 

DICE3S 

FORSS 

9.8 
·Z.9 
4.8 
7.J 
J.5 
4.0 
6.J 

·5.J 
-0.9 
Z.7 

·5.8 
·J.1 
0.1 

·5.2 

-o.6 z.J ·7.4 -1.0 
1.6 4.9 ·1.0 ·1.0 
1.1 z.z ·1.6 1.6 
6.9 2.7 0.9 -0.3 

6.Z Z.6 6.J -0.1 
1.7 0.3 1.2 ·1.0 

• 1.J 8.5 1. 1 ·0.8 
·5.9 ·0.9 O.J ·Z.5 
-0.8 -D.4 -1 .B ·2.0 
Z.4 1.1 ·Z.O 1.Z 

·Z.J ·O.Z 1.0 0.9 
·J.Z ·1.J ·0.4 o.5 
·J.J ·Z.9 ·0.5 J.8 
·4.1 -0.4 ·2.1 1.5 

·Z.1 ·1.4 ·1.Z ·O.Z ·O.Z 
J.7 0.6 3.Z 0.5 0.3 

·0.3 ·1.8 ·1.Z ·1.5 0.7 
·1.7 ·O.J ·0.3 0.4 ·1.Z 
·0.3 ·J.3 ·0.6 ·Z.1 0.1 
·3.6 1.0 ·J.6 o.z 1. 1 
Z.4 J.5 ·O.Z ·1.0 8.8 
0.7 0.0 ·0.9 0.6 0.7 
4.1 O.J 8.7 O.Z 1.3 
Z.5 ·1.8 ·1.1 1.5 0.9 
Z.8 O.J 0.1 ·0.3 ·1.6 
0.4 0.3 0.9 ·0.1 0.6 
1.6 ·0.6 ·1.5 ·O.l 1.0 
1.8 0.1 -0.2 -2.3 ·1.4 

HYRA1S ·16.0 ·l.4 ·O.D 0.8 -1.1 ·0.7 ·1.8 1.1 0,4 ·0.0 

NYR•ZS ·1J.O ·J.O ·0.4 
HYCOS ·13.0 ·5.olo 0.5 

INDRS 37.7 ·18.0 -1.8 

MENOS ·7.7 ·0.J ·8. 1 
PERA1S ·1.8 Z.7 0.1 
PERRZS 7.8 8.0 Z.0 
SUHff1S ·6.l ·Z.O ·0.9 
SUBNZS ·4.Z ·Z.6 ·0.5 
SUBNJS ·l. 1 ·Z.O ·1.9 

.., 
0 

"' 

0.4 ·Z.O ·O.e ·8.7 0.9 ·0.0 ·1.0 
0.6 ·1.5 ·1.Z O.Z 0.0 O.l ·0.6 
Z. 1 ·0.4 ·0.5 ·0.6 1.0 D.4 ·0.4 
O.J 1.1 0.9 ·O.Z 0.0 O.l 0.5 

·1.0 ·1.8 ·1.4 O.D ·D.5 0.5 ·0.7 
0.6 ·O.O Z.5 ·0.5 ·1.0 Z.5 ·Z.4 

·O.Z ·0.5 ·O.l 0.7 O.l ·0.4 0.8 
·0.4 ·0.6 ·0.1 0.6 ·0.8 o.z ·0.1 
·0.1 Z.1 0.1 0.4 0.4 0.8 0.9 

·0.8 ·0.7 ·0.1 
1.Z 0.4 O.J 

·1.Z 1 .z ·8. 1 
·0.4 ·0.6 ·8.Z 
·0.3 ·0.1 ·0.5 
·O.Z 0.1 0.4 
1.Z 0.1 ·0.1 
0.4 l.1 o.o 

.z.o ·0.9 o.z 
1.l -D.3 ·0.5 

·Z.O ·O.Z O.Z 
·1.l ·O.Z ·1.0 
0.2 D.6 1.1 

1.0 o.J -0.2 

0.5 
·O.l 
·O. 1 
1.Z 

-o.o 
-0.6 
o.o 
o.z 
0.7 
0.6 
0.5 

·0,6 

1. 1 
"1 .3 

0.1 ·0.6 ·0.2 ·0.1 

·O. 1 0.3 0.9 ·0.0 
0.9 ·1.Z ·0.9 0.9 
0.0 ·0.3 0.3 -o.o 
0.9 ·1.0 1.Z ·D.7 

·O.Z ·0.1 1.5 0.1 
·O.O 0.8 ·0.5 ·1.0 
·0.1 ·0.5 ·0.7 ·0.9 
·O. 1 ·0.7 D.7 ·1.0 
·O.Z O.Z ·0.8 ·0.Z 

·O.O 0. 1 O.i! 

·O.J D.O ·O.Z 
·D.O ·0.5 ·O.Z 
·0.3 ·O.Z 0.9 
o.z ·0.1 ·O.Z 
0.0 ·0.1 ·D.3 
o.o 0.3 0. 1 
o.z 0.5 0.0 

·D.l O.J ·0.5 
o.o o.z 0.3 
O. 1 0.5 O.l 
o.o ·0.1 o.z 
D.3 -0.5 0.6 

-o.e -0.1 -0.2 
·0.2 O.olo ·0.3 

·8.3 -o.o 0.3 
0.5 ·0.4 ·0.5 
D.O ·D.1 ·O. 1 
0.6 ·0.1 ·O.J 

·0.9 ·0.8 ·0.5 
O.l ·0.Z ·O.l 
0.8 ·0.8 0.6 
D.1 1.0 D.6 
0.7 ·0.7 o.z 

o.o 0.0 

·O.Z ·O. 1 
·0.0 8.1 
·O. 1 ·0.1 
·O. 1 0.0 
·O. 1 0. 1 
O.J 0.0 

·O.Z ·8. 1 
O.l 0. 1 

·D.5 ·0.6 
0.4 -0,] 

·0.4 0.3 
o.z 0.5 
0.2 ·0.3 

D.1 
·0.1 
8.Z 

·8. 1 

·0.4 
·0.5 
O.J 

·O.Z 
·0.4 
0.5 

0.1 
·D.4 
0.4 

-o.o 
o.z 

·0.Z 
0.4 

-o.z 
0.3 

·D.5 



SUllGRCIJP 

TELE1S 
TELE2S 
TELE]S 
TELE4S 
TELE5S 
TRIGS 

EIGEN. 
x 

"' ... 
0 

CV1 

·0.0 
5.6 
4.7 
6.5 
7.8 

·4.0 

93.4 
61.2 

CV2 CV] CV4 

5.9 ·1.2 1.5 
8.6 ·3.7 2.6 
6.9 ·3.7 -o.o 
9.3 ·2.4 ·2.7 
8.9 ·3.4 ·0.8 

-3.0 ·1.6 ·0.6 

3l.3 6.3 4.6 
21.8 4.1 3.0 

CV5 CV6 CV7 CV8 Cl/9 

2.9 0.7 ·0.1 ·0.9 ·0.1 
0.3 •0.4 2.2 0.3 ·0.0 

·1.8 ·1.1 ·0.2 1.5 0.3 
·1.3 ·1.4 ·1.1 1.0 o.o 
·0.3 ·0.3 1. 3 1.4 ·1.5 
·0.5 ·0.6 2.2 ·0.6 ·0.0 

3.0 2.9 1. 7 1. 7 1.2 
2.0 1.9 1.1 1., o.8 

CV10 CV11 CV12 CV13 CV14 CV15 CV16 CV17 CV18 CV19 

·0.0 0.9 ·O.O 1.2 0.8 0.1 ·0.0 ·0.1 0.6 ·0.2 
0.7 0.3 ·0.6 ·0.9 0.2 ·0.6 0.2 ·0.3 ·0.5 ·0.4 
1.0 0.4 0.1 0.1 ·0.9 ·1.3 ·0.2 0.6 o.5 0.5 
0.4 ·O. 1 ·0.3 0.7 ·0.7 1.0 0.6 ·0.3 0.7 ·0.4 

·1.2 0.1 0.8 ·0.1 0.8 0.8 0.3 ·0.1 ·0.6 0.3 
·0.4 0.2 0.3 ·0.1 O.e ·0.4 ·0.2 ·0.4 o.o 0.1 

0.8 0.7 0.7 0.5 0.5 0.3 0.2 0., 0.1 0.1 
0.5 O.l 0.5 0.4 O.l 0.2 0.1 0.1 0.1 0.1 



TABLE 8. Canonical variate means for mandible subgroups. Genera and subgroups are listed in the some 
order as in Table 3. Eigenvalues (EIGEN) and percentages of total among-subgroups variance are given at 
th.e bottom. 

SUBGRCIJP CV1 CV2 CV3 CV4 CV5 CV6 CV7 eve CV9 CV10 CV11 

CERAH 7.6 ·5.9 0.5 2.2 0.5 0.6 ·1.9 2.0 ·1.0 ·0.4 0.2 

'"""' 1.6 ·7.9 1.2 ·0.9 ·5.6 0.5 1.3 0.1 ·0.2 0.6 ·0.3 
BICCl1 3.6 .4,6 1.4 ·0.2 0.3 1.9 ·0.2 0.3 1.2 ·0.3 0,3 
UNIDt 5.6 ·2.5 2. 1 0.9 ·2.0 ·2.2 ·0.4 ·1.2 ·0.5 ·0.4 0. 1 
JAY.AM 0. 1 ·1.6 2.2 0.7 0.5 o.o 0.6 0.0 1.0 ·0.5 0.2 
ACER1M 2.5 ·0.3 o.o 0.1 ·0.3 0.2 0.3 0.3 ·O. 1 ·0. 1 ·O. 1 
ACER2M 1. 1 ·0.2 2.0 1. B ·2.7 0.2 0.1 0.5 0.1 0.6 ·0.4 
APHE1M 0.6 ·1.3 ·1.6 1. 1 ·0.9 0.7 0.4 ·0.6 ·0.7 ·O. 1 ·0.2 
APHE2H 1.7 ·0.7 o. 1 0.7 ·1.7 -0.2 -0.4 0.6 ·0.2 -0.5 -0.2 
APHE3" 7.7 ·0.7 ·1.2 1 .2 ·0.7 0.7 1 .0 -o.o 0.2 0.3 ·0.4 
APHEltM 10.6 ·1.1 ·3.6 ·0.6 ·1.0 ·0.2 1 .7 0.9 1.0 1.0 -o.o 
OICE1M ·0.7 1.5 ·1 .1 ·3.3 0.2 ·0.3 1.0 0.5 0.8 ·0.6 ·0.3 
OICE2M ·7 .6 ·0.7 4.9 ·D.9 o.o ·1. 1 ·1.6 0.2 ·0.6 -o.o 0.1 
FORS1M ·5.1 4.3 1.2 -1. 7 0.6 0.9 o. 1 1.2 ·0.6 -0.2 -0.2 
FORS2H ·9.7 1.• ·0.5 0.2 0.1 1.0 0.4 0.4 0.0 ·0.5 ·0.3 
HYll:A1M ·17 .0 -0.1 0.5 0.6 0.8 0.5 0.1 0.2 0.4 -o.o -0.2 
HYRA2M ·D.2 1.6 ·0.2 0.6 0.7 ·0.1 ·0.1 0.8 0.2 0.6 ·0.0 
HYCCl1 ·14.0 0.3 ·1.0 1.6 ·0.3 0.6 ·0.2 ·0.3 0.5 0.3 ·0.2 
INORM 23.2 3.2 4.9 0.0 0.8 0.8 1.6 0.2 0.2 0.5 0.1 
MEN01M ·7.8 ·0.2 3.9 ·0.9 o.o ·0.9 ·1.5 ·0.7 0.5 0.3 0.2 
MEND2H ·3.7 ·2.2 1.0 ·1.3 ·0.1 ·1. 7 ·0.5 ·1.9 0.2 0.3 ·0.2 
PENE1" ·11.0 · 1.6 ·0.9 ·0.7 ·0.8 ·0.1 1.3 ·0.5 ·0.1 0.7 0.2 
PEll:A1M 0.6 ·1.8 ·2.3 ·1.2 0.0 0.6 u ·0.5 ·O. 1 0.7 0.2 
PERA2M 6.6 • 1. 1 ·2.2 ·0.1 1.4 0.3 1.5 ·0.5 ·0.7 o. 1 o.o 

"' .... .... 



.. ... ... 

SUBGROOP 

SUBH1M 
SUSH2H 

SUSH3H 

TELE1M 
TELEZM 
IELE3M 
JELE4M 
fELE5M 
fAIGH 

ZAIS1M 
ZAISZM 

EIGEN. 

x 

CV1 CV2 

·6.4 0.2 
·6.8 0.7 
·4.4 0.9 
2.5 ·0.1 
5.4 ·0.5 
4.7 · 1.8 
7.5 ·2.9 
7.7 ·2. 1 

·4. 1 0.3 
5.3 8.2 
7. 1 11. 1 

69.9 10.5 
77.3 11.1 

Cl/] CV4 CVS 

·0.4 ·0.5 o. 1 
• 1.4 0.7 o. 1 
·0.3 ·0.1 1.4 
·0.9 ·0.8 1.5 
·1. 1 ·0.1 ·O. 1 
·1 .2 ·1.2 0.3 
·0.0 ·B.5 ·1. 1 
. 1.9 ·0.6 -0.8 
·1.4 ·0.1 0.2 
·0.8 5.3 1.9 
·0.5 ·2.7 ·1.8 

3.B 2.4 1.2 
4.2 2.7 1 .3 

CV6 CV7 CV8 Cl/9 CY10 cm 
0.2 0.4 ·0.3 ·0.2 ·0.3 0.2 
0.2 ·0.0 0.2 0.0 0.4 0.6 
1.5 0.5 ·0.3 0.0 ·0.2 0.2 

·O. 1 1.2 0.3 ·0.2 ·0.4 ·0.2 
0. 1 ·O. 1 ·0.6 ·0.4 0.5 0.4 
0.0 o. 1 ·0.5 o. 1 . 1. 1 ·0.1 

·0.4 -0.1 ·0.4 0.5 • 1. 1 B.2 
0.8 ·1.0 ·1. 1 ·0.2 O. 1 ·0.2 

-o.o 0.4 ·O. 1 ·0.4 0.0 0.8 
2.2 ·1.0 ·1 .o 0.2 ·O.O ·0,0 

-1.9 ·0.6 0.2 ·0,2 ·0.3 0.2 

1. 1 0.5 0.4 0.2 0.2 o. 1 
1 .2 0.6 0.5 0.2 0.2 0.2 



TABLE 9. Generalized distances (V02 ) for skull cv means. o 2 

matrix is shown in two panels (left and right halves). Subgroup 
symbols correspond to those in Figure 58 and are listed below. 

Al ACERlS 
A2 ACER2S 
llll AMYNS 
BI - BICOS 
CB CERAS 
Dl DICElS 
D2 DICE2S 
D3 DICE JS 
FO FORSS 
BY HYCOS 
IN INDRS 
JV JAVAS 
Ll APHElS 
Ll - APHE2S 
MB - MENOS 

Pl - PERAlS 
P2 - PERA2S 
Sl SUBH1S 
S2 SUBH2S 
S3 SUBH3S 
SU SUMAS 
Tl TELElS 

Aceratherium 
Aceratherium 
Amynodon 
Diceros (black rhino) 
ceratotherium (white rhino) 
Diceratherium 
Dicera.therium 
Diceratherium 
Forstercooperia 
Hyracodon 
Indricoeherium 
Rhinoceros (Javan rhino) 
Aphelops 
Aphelops 
l!!enoceras 
Peraceras 
Pera.ceras 
Subhyracodon 
Subhyracodon 
Subhyracodon 
Dicerorhinus (Sumatran rhino) 
Teleoceras 

'r2 TELE2S Teleoceras 
~3 TELE3S Teleoceras 
T4 TELE4S Teleoceras 
TS TELESS Teleoceras 
TR - TRIGS 
UN - UNICS 
Yl - HYRAlS 
Y2 HYRA2S 

Teleoceras 
Rhinoceros (Indian rhino) 
Hyrachyus 
Hyrachyus 
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., ... .. 

A1 
A2 
Al4 
BI 
CE 
Dl 
D2 
D3 
fO 
HY 
IN 
JV 
l1 
L2 
ME 
P1 
P2 
Sl 
S2 
SJ 
SU 

T1 
12 
13 
14 
15 
IR 
UN 
11 
12 

A1 

12.4 
14.3 
7.9 

12.' 
13.2 
11. 7 
11.4 
14.6 
19.4 
40.0 
10.6 
12.0 
9.4 

14.2 
9.5 

11.8 
12.8 
11.6 
11.a 
12.8 
9.9 

10.7 
9.7 

12.1 
11.8 
11.4 
9.6 

22.0 
18.7 

A2 Al4 

12.4 14.3 
16.6 

16.6 
10.4 14.2 
13.1 18.9 
16.1 7.6 
14,7 6.7 
14.9 9.6 
16.2 7.5 
21.9 9.4 
37.7 45.2 
13.6 17.6 
13.0 9.3 
11. 7 13.4 
17.3 8.6 
13.5 10.4 
13.3 20.2 
16.5 6.4 
14.8 5.5 
15.4 7.6 
14.3 1l.7 
15.0 14.7 
16.3 19.4 
15.8 17 .1 
16.9 20.3 
16.6 20.7 
15.4 6.6 
11. 7 19.0 
24.8 12.0 
21.6 9.1 

BI CE DI D2 03 

7.9 12.1 13.2 11.7 11.4 
10.4 13.1 16.1 14.7 14.9 
14.2 18.9 7.6 6.7 9.6 

9.0 12.4 11.D 9.4 
9.0 18.B 16.5 14.B 

12.4 18.8 4.3 8.0 
11.0 16.5 4.3 6.2 
9.4 14.8 8.0 6.2 

12.7 17.6 5.7 6.8 8.3 
19.9 24.7 9.3 11.0 15.4 
38.9 ]4,9 46.6 43.B 41.1 
10.1 16.9 15.' 14.6 14.8 
9.7 14.5 8.8 6.7 8.6 
5.8 11.2 11.6 10.2 8.7 

13.9 19.9 4. 1 6.7 10.0 
9.0 14. 7 8.4 7.6 9.6 

10.1 13.8 18.1 17.0 16.1 
13.0 18.4 4.3 5.1 9.3 
11.2 16.6 4.7 3.6 7.8 
10.3 16.' 5.0 4.6 5.5 
11.0 16.5 9.7 10.5 12.5 
9.3 16.2 10.4 10.4 10.1 

11.8 16.3 16.8 15.5 14.B 
10. 1 13.7 15.6 1l.8 13.3 
11.1 13.2 18.2 16.8 16.2 
11.2 13.8 18.5 17.0 15.7 
11. 7 16.7 4.7 4.1 7.2 
8,6 12.0 17.0 15.4 15.4 

22.1 27.5 11.4 13.6 17.7 
19.0 24.3 8.4 10.7 15.2 

FD HY IN JV LI l2 ME P1 P2 

14.6 19.4 40.0 1D.6 12.D 9.4 14.2 9.5 11.8 
16.2 21.9 37.7 1l.6 13.0 11.7 17.3 13.5 13.3 
7.5 9.4 45.2 17.6 9.3 13.4 B.6 10.4 20.2 

12.7 19.9 38.9 10.1 9.7 5.8 13.9 9.0 10.1 
17.6 24.7 34.9 16.9 14.5 11.2 19.9 14.7 13.8 
5.7 9.3 46.6 15.1 8.8 11.6 4.1 B.4 18.1 
6.8 11.D 43.B 14.6 6.7 10.2 6.7 7.6 17.0 
8.3 15.4 41.1 14.8 8.6 8.7 10.0 9.6 16.1 

10.J 45.8 17.2 B.B 11.9 6.7 9.4 19.0 
10.3 52.4 21.6 14.6 18.6 8.5 14.4 25.4 
45.8 52.4 42.8 43.1 41.4 49.1 45.2 40.4 
17.2 21.6 42.8 14.0 10.7 15.5 11.5 10.0 
8.8 14.6 43.1 14.0 8.0 9.4 6.2 14.4 

11.9 18.6 41.4 10.7 8.0 11.9 7.1 9.4 
6.7 8.5 49.1 15.5 9.4 11.9 8.0 18.5 
9.4 14.4 45.2 11.5 6.2 7.1 8.0 12.2 

19.0 25.4 40.4 10.0 14.4 9.4 18.5 12.2 
5.7 8.2 47.2 15.B 8.3 11.8 4.2 7.7 18.3 
6.D 9.7 45.0 14.B 6.6 10.1 5.6 7.0 17.0 
6.0 11.6 44.2 14.1 7.7 9.0 6,5 7.6 16.1 

11.9 15.1 46.3 13.9 12.5 11.4 10.2 10.3 15.8 
12.7 18.1 45.1 9.0 10.6 7.5 10.5 7.0 10.4 
18.4 23.9 42.2 10.0 14.2 11.0 17.0 11.7 8,8 
16.5 22.2 41.8 10.4 12.2 9.6 15.7 9.7 9.3 
19.0 25.0 42.2 12.2 14.6 10.9 18.3 12.2 8.7 
19.4 25.8 40.B 11.8 14.8 11.3 18.9 12.7 8.1 
5.7 10.2 44.8 15.8 8.0 11.0 6.4 7.6 17.6 

18.3 23.8 40.0 8.1 13.4 9.1 17.6 11.1 5.6 
12.6 4.9 55.8 22.9 16.7 20.5 9.7 16.1 27.1 
9.9 4.3 52.B 20.3 13.7 17.7 7.2 12.7 23.8 



·------- -· ---·----- ----~.--·-- -- - ------·-

51 52 53 SU T1 T2 T3 T4 T5 TR UN Y1 . Y2 

A1 12.8 11.6 11.0 12.8 9.9 10.7 9.7 12. 1 11.8 11.4 9.6 22.0 18.7 

A2 16.5 14.8 15.4 14.3 15.0 16.3 15.8 16.9 16.6 15.4 11.7 24.8 21.6 

"" 6.4 5.5 7.6 13.7 14.7 19.4 17. 1 20.3 20.7 6.6 l9.0 12.0 9.1 

81 13.0 11.2 10.3 11.0 9.3 11.8 10. 1 11. 1 11.2 11. 7 8.6 22.1 19.0 

CE 18.4 16.6 16. 1 16.5 16.2 16.3 13.7 13.2 13.8 16.7 12.0 27.5 24.3 

01 4.3 4.7 5.0 9.7 10.4 16.8 15.6 18.2 18.5 4.7 17.0 11.4 8.4 

02 5 .1 3.6 4.6 10.5 1D.4 15.5 13.8 16.8 17.0 4. 1 15.4 13.6 10.7 

03 9.3 7.8 5.5 12.5 10.1 14.8 1].3 16.2 15.7 7.2 15.4 17.7 15.2 

FO 5.7 6.0 6.0 11.9 12.7 18.4 16.5 19.0 19.4 5.7 18.3 12.6 9.9 ., 8.2 9.7 11.6 15. 1 18.1 23.9 22.2 25.0 25.8 10.2 23.8 4.9 4.3 

IN 47.2 45.0 44.2 46.3 45. 1 42.2 41.8 42.2 40.8 44.8 40.0 55.8 52.8 

JY 15.8 14.8 14. 1 13.9 9.0 10.0 10.4 12.2 11.8 15.8 8.1 22.9 20.3 

L1 8.3 6.6 7.7 12.5 10.6 14.2 12.2 14.6 14.8 8.0 13.4 16.7 13.7 

L2 11.8 10.1 9.0 11.4 7.5 11.0 9.6 10.9 11 .3 11 .o 9.1 20.5 17.7 

HE 4.2 5.6 6.5 10.2 10.5 17.0 15.7 18.3 18.9 6.4 17.6 9.7 7.2 

P1 7.1 7.0 7.6 10.J 7.0 11. 7 9.1 12.2 12.7 7.6 11. 1 16. 1 12.7 

P2 18.3 17.0 16.1 15.8 10.4 8.8 9.3 8.7 8.1 17.6 5.6 27.1 23.8 
51 3.1 5.3 10.6 11.4 16.7 14.9 17.8 18.4 4.2 17.1 10.6 7.5 
52 3.1 4.4 9.9 10.8 15.8 13.9 16.6 17.3 3.6 15.7 12.3 9.3 

53 5.3 '.4 1D.3 9.3 14.6 13.1 16.2 16.2 4.0 15.2 13.9 11.l 

SU 1D.6 9.9 10.3 10.8 15.9 14.7 15.9 17.0 10.5 14.2 16.6 14.0 
T1 ,, .4 10.8 9.3 10.8 8.1 8.4 10.4 10.Z lD.8 10.0 19.3 16.6 

T2 16.7 15.8 14.6 15.9 8.1 5.2 7.4 5.3 15.7 8.2 25.5 22.6 

T3 14.9 13.9 13.1 14.7 8.4 5.2 5.6 5.6 14.2 7.8 23.7 20.7 

" 17.8 16.6 16.Z 15.9 10.4 7.4 5.6 4.9 17.2 8.D 26.4 23.4 

15 18.4 17.3 16.2 17.0 10.2 5.3 5.6 4.9 17.2 7.7 27.4 2•.3 
TR 4.2 3.6 4.0 10.5 10.8 15.7 14.2 17.2 17.2 16.Z 13.2 10.0 

UN 17 .1 15.7 15.2 14 .2 10.0 8.2 7.8 8.0 7.7 16.2 25.8 22.5 

YI 10.6 12.J 13.9 16.6 19.3 25.5 23.7 26.4 27.4 13.2 25.8 4.5 
T2 7.5 9.3 11.3 14.0 16,6 22.6 20.7 23.4 24.3 10,0 22.5 4.5 



TABLE 10. Generalized distances (VD2 ) for mandible canonical 
meana. o2 matrix is shown in two panels (left and right halves). 
Subgroup symbols correspond to those in Figure 59 and are listed 
below. 

Al - ACERlM 
A2 ACER2M 
BI BI COM 
CB - CERAM. 
Dl DICElM 

Acerat:heriwn 
Acerat:herium 
Diceros (black rhino) 
Ceratotherium (white rhino) 
D.iceratheriwn 

D2 DICE2M Dicerather.ium 
Fl FORSlM 
F2 FORS2M 
BY HY COM 
IN - INDRM 
JV JAVAM 
Ll APMElM 
L2 APME2M 
L3 - APMEJM 
L4 APME4M 
Kl MEN01M 
H2 KEN02M 

Forst.ercooperia 
Forst.ercooperia 
Hyracodon 
Indricotherium 
Rhinoceros (Javan rhino) 
Aphelops 
Aphelops 
Aphelops 
Aphelops 
llenoceras 
llenoceras 

PE PENElM Penet.rigonias 
Pl - PERAlM 
P2 - PERA2M 
Sl SUBMlM 
S2 SUBH2M 
SJ SUBHJH 
SU SUMAM 
Tl - TELElM 
T2 
TJ 
T4 
TS 
Tit 

Ulf 
Yl 
Y2 
Zl 
Z2 

TELE2M 
TELE JM 
TELE4M 
TELE SM 
TRI GM 
UN ICM 
HYRAlM 
HYRA2M 
ZAISlM 
ZAIS2M 

Peraceras 
Peraceras 
Subhyracodon 
Subhyracodon 
Subhyracodon 
Dicerorhinus (Sumatran rhino) 
Teleoceras 
Teleoceras 
Teleoceras 
Teleoceras 
Teleoceras 
Teleoceras 
Rhinoceros (Indian rhino) 
Hyrachyus 
Hyrachyus 
Zaisa.namynodon 
Zaisanamynodon 
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- ___ ,. _____ - --- - -----

Al A2 BI CE DI D2 FI f2 "' IN JV LI L2 L3 L4 Ml M2 PE 

Al 3.8 5.7 8.5 5.4 11.4 9.5 12.3 16.5 21.2 4.5 3.2 1.8 5.6 9.l 11. I 7.3 13.9 

•2 3.8 7.6 9.9 7.1 10.4 9.6 11.9 15.8 22.2 4.l 4.7 2.8 7.5 11.5 10.2 7.6 13.3 
81 5.7 7.6 5.9 9.1 12.9 13.2 15.l 18.9 21.2 5.7 7.0 6.4 7.3 10.2 12.9 8.7 15.9 
CE 8.5 9.9 5.9 ll.D 17.2 17. I 19.4 22.9 18.8 9.9 9.7 8.7 6.9 7.9 17.4 13.2 20.D 

DI 5.4 7 .1 9.1 13.0 9.8 6.4 9.4 13.9 24.9 6.4 6.0 5.8 10.1 13.0 9.2 6.4 11.l 
D2 11.2 ID.4 12.9 17.2 9.8 7.2 6.9 9.3 30.8 8.9 11. I 10.9 16.9 20.4 1.9 6.3 7.4 
FI 9.5 9.6 13.2 17.1 6.4 7.2 5.8 10.6 28.2 9.2 9.5 9.5 14.6 17.8 6.7 7.9 9.4 
f2 12.3 11.9 15.l 19.4 9.4 6.9 5.8 5.0 32.7 11.D 10.9 11.9 17.5 20.8 6.0 8.4 4.4 

"' 16.5 15.8 18.9 22.9 13.9 9.3 10.6 5.0 37.1 14.7 14.7 15.9 21.6 24.8 8.5 11.5 4.0 
IN 21.2 22.2 21.2 18.8 24.9 30.8 28.2 32.7 37.I 23.8 23.5 22.1 16.9 15.8 30.8 27.6 34.8 
JV 4.5 4.3 5.7 9.9 6.4 8.9 9.2 11.0 14.7 23.8 5.3 4.4 8.9 12.9 8.7 5.7 11.9 
LI 3.2 4.7 7.D 9.7 6.0 11. I 9.5 10.9 14.7 2].5 >.3 2.9 7.2 ID.6 10.6 6.5 12.D 
L2 1.8 2.8 6.4 8.7 5.8 10.9 9.5 11.9 15.9 22. I 4.4 2.9 6.4 9.9 10.7 7.0 13.2 

Ll 5.6 7.5 7.l 6.9 10.1 16.9 14.6 17 .5 21.6 16.9 8.9 7.2 6.4 4.8 16.5 12.4 19.D 

L4 9.3 11.5 10.2 7.9 13.0 20.4 17.8 20.8 24.8 15.8 12.9 10.6 9.9 4.8 20.0 15.5 22.3 
Ml 11.1 10.2 12.9 17.4 9.2 1.9 6.7 6.0 B.5 l0.8 8.7 10.6 10.7 16.5 20.0 5.6 6.7 
M2 7.3 7.6 8.7 13.2 6.4 6.3 7.9 8.4 11.5 27.6 5.7 6.5 7.0 12.4 15.5 5.6 8.5 
PE 13.9 13.l 15.9 20.0 11.l 7.4 9.4 4.4 4.0 34.8 11.9 12.0 13.2 19.0 22.l 6.7 8.5 
PI J.9 6.3 6.6 10.2 4.9 11.3 9.5 11.2 15.0 23.9 5.8 3.0 4.5 7.8 10,8 10.8 6.2 12.0 
P2 5.0 8.1 6.4 7.1 8.8 16.0 13.6 16.4 20.6 !8.5 8.4 6.4 6.4 l.3 6.0 15.7 11.2 17.8 
SI 9.0 8.9 11. 7 15.9 6.5 5.9 5.l 4.0 7.9 29.7 7.6 7.7 8.6 14.3 17.6 5.0 5.1 5.4 
S2 9.6 9.5 12.5 16.4 7 .5 7 .1 6.0 3.8 7.3 30.l 8.5 8.1 9.2 14.6 17.8 6.1 6.2 5.5 
Sl 7.3 7.9 10.4 14.6 5.4 7.0 4.> 5.4 9.8 27.6 6.6 6.3 7.3 12.5 15.9 6.2 5.! 7.8 
SU 10.1 11.0 7.7 10.2 11.3 14. 1 15.6 16.6 19.4 25.6 8.4 !0.7 10.3 12.0 14.4 14.1 10.3 16.0 
11 2.5 5.8 5.8 9.1 4.7 11.9 9.3 12.l 16.6 21.7 5.0 4.2 4.0 6.l 9.7 11.5 7.6 13.9 
12 3.5 6.5 6.1 7.6 7.4 14.3 12.0 15.1 19.l 19.1 7.4 5.] 4.7 3.9 6.6 13.9 9.5 16.6 
Tl 3.3 6.6 4.9 7.0 7.0 13.8 12.1 !4.7 18.8 20.1 6.5 5.0 4.4 4.5 7.4 13.5 8.9 15.9 
14 5.9 7.7 6.0 5.8 10.3 16.2 14.8 17.5 21.S 17.7 8.7 7.4 6.3 3.8 6.2 16.0 11.8 18.6 
15 6.4 9.4 6.6 6.9 9.7 16.9 14.9 17.8 21.9 18.1 9.6 1.9 7.4 4.4 5.1 16.6 11.7 19.0 
TA 7.0 7.5 10.3 14.1 5.1 7.5 5.7 5.9 9.9 27.9 6.5 5.6 6.8 12.2 15.4 6.8 4.8 7.4 
UN 5.2 5.5 5.8 6.4 10.0 14.2 ll.9 !6.4 20.2 18.8 6.7 6.7 5.2 5.0 8.6 14. I 10.1 17.l 
YI 19. I 18.l 21.0 25.2 16.3 10.3 12.5 7.4 3.4 39.5 16.9 17.5 18.5 24.l 27.7 9.9 11.6 6.1 
Y2 15.6 14.8 18.2 22.l 12.7 8.2 8.7 l.6 2.4 35.9 13.9 14.1 15.0 20.8 24.0 7.5 ID.9 4.4 
ZI 11. I 11.8 14.7 15.2 13.0 18.1 ll.9 17.l 21.l 20.3 12.8 12.1 11.6 11.0 12.8 17.6 15.7 20.1 
22 12.5 13.4 16.9 17.7 12.4 19.3 14.2 18.9 23.5 19.8 15.2 14.4 13.1 12.7 13.6 18.8 17 .1 22.0 



P1 P2 51 52 53 SU T1 12 13 14 15 TR UN !1 12 Z1 zz 

A1 3.9 5.0 9.0 9.6 7.3 10.1 2.5 3.5 3.3 5.9 6.' 7.0 5.2 19.1 15.6 11.1 12.5 

AZ 6.3 8.1 8.9 9.5 7.9 11.0 5.8 6.5 6.6 7.7 9.4 7.5 5.5 18.3 14.8 11.8 13.4 

81 6.6 6.4 11.7 12.5 10.4 7.7 5.8 6.1 4.9 6.0 6.6 10.3 5.8 21.0 18.2 14.7 16.9 

CE 10.2 7.1 15.9 16.4 14.6 10.2 9.1 7.6 7.0 5.8 6.9 14. 1 6.4 25.2 22.3 15.2 17.7 
01 4.9 8.8 6.5 7.5 5.4 11.3 <.7 7.4 7.0 10.3 9.7 5.1 10.0 16.3 12.7 13.0 12.4 
D2 11.3 16.0 5.9 7 .1 1.0 14.1 11.9 14.3 13.8 16.2 16.9 7.5 14.2 10.3 8.2 18.1 19.3 

F1 9.5 13.6 5.3 6.0 4.5 15.6 9.3 12.D 12.1 14.8 1'.9 5.7 13.9 12.5 8.7 13.9 14.2 

F2 11.2 16.4 4.0 3.8 5.4 16.6 12.3 15.1 14.7 17 .5 17,8 5.9 16.4 7.4 3.6 17,3 18.9 

HI 15.0 20.6 7.9 7.3 9.8 19.4 16.6 19.3 18.8 21.5 21. 9 9.9 20.2 3.4 2.4 21.3 23.5 

IN 23.9 18.5 29.7 30.3 27.6 25.6 21.7 19.1 20.1 17.7 18.1 27.9 18.8 39.5 35.9 20.3 19.8 ,. 5.8 8.4 7.6 8.5 6.6 8.4 5.0 7.4 6.5 8.7 9.6 6.5 6.7 16.9 13.9 12.8 15.2 

l1 3.0 6.4 7.7 8.1 6.3 10. 7 4.2 5.3 5.0 7.4 7.9 5.6 6.7 17.5 14.1 12.1 14.4 

L2 4.5 6.4 8.6 9.2 7.3 10.3 4.0 4.7 4.4 6.3 7.4 6.8 5.2 18.5 15.0 11.6 13.1 
L3 7.8 3.3 14.l 1<.6 12.5 12.0 6.3 3.9 4.5 3.8 4.4 12.2 5.0 24.3 20.8 11.0 12.7 
l4 10.8 6.0 17.6 17.8 15.9 1<.4 9.7 6.6 7.4 6.2 5. 1 15.4 8.6 27.7 24.0 12.8 13.6 
N1 10.8 15.7 5.0 6.1 6.2 14.1 11.5 13.9 13.5 16.0 16.6 6.8 14.1 9.9 7.5 17.6 18.8 
NZ 6.2 11.2 5.1 6,2 5.1 10.3 7.6 9.5 8.9 11.8 11.7 4.8 10.1 13.6 10.9 15. 7 17.1 
PE 12.0 17.8 5.4 5.5 7.8 16.0 13.9 16.6 15.9 18.6 19.0 7.4 17.3 6.1 4.4 20.3 22.0 
P1 6.2 7.6 8,2 6.4 9.8 3.7 5.2 4.7 7.7 7.4 5.7 7.8 17.6 14.2 13.5 14,7 

P2 6.2 13.1 13,5 11.2 10.7 4.6 3.0 3.3 5.0 3.5 10.9 6.1 23.2 19.8 11.4 13.1 
51 7.6 13.1 2.0 2.8 13.0 8.9 11.7 11.3 14. 1 14.4 2.5 13.0 10.3 6.9 15. 7 17.2 
S2 8.2 13.5 2.0 3.5 14.0 9.6 12.3 12.0 14. 7 15.0 2.9 13.7 10. 1 6.5 15.3 17.4 
S3 6.4 11.2 2.8 3.5 13.D 7. 1 10.0 9.7 12.6 12.7 2.2 11.7 12.3 8.8 13.6 15.6 
SU 9.8 10.7 13.0 14.D 13.0 9.5 10.9 9.5 11.8 11 .1 12.1 10.1 21.2 19.0 18.1 19.7 
T1 3.7 4.6 8.9 9.6 7.1 9.5 4.1 3.5 7.0 6.3 7.0 6.8 19.1 15.6 11., 12.6 
TZ 5.2 3,0 11.7 12.3 10.0 10.9 4. 1 2.4 4.3 3.7 9.7 5.0 21.9 18.4 11.4 12.2 

T3 4.7 3.3 11.3 12.D 9.1 9.5 3.5 2.4 4 .4 3.4 9.3 4.9 21.4 18.0 12.3 13.4 

" 7. 7 5.0 14.1 14.7 12.6 11.8 1.0 4.3 4.4 4.5 12.2 4.5 24.0 20.7 13.6 14.6 

15 7.4 3.5 14.4 15.0 12. 7 11.1 6.3 3.7 3.4 4.5 12.4 6.3 24.5 21 .1 13.2 13.7 
TR 5.7 10.9 2.5 2.9 2.2 12.1 7.0 9.1 9.3 12.2 12.4 11.3 12.6 9.D 13.8 15.6 
UN 7.8 6.1 13.0 13.7 11.7 10.1 6.8 5.0 4.9 4.5 6.3 11.3 22.6 19.5 12.8 14.4 
11 17.6 23.2 10.3 10.1 12.3 21.2 19.1 21.9 21 .4 24.0 24.5 12.6 22.6 4.3 24.0 26.0 
!2 14.2 19.8 6.9 6.5 8.8 19.0 15.6 18.4 18.0 20.7 21.1 9.0 19.5 4.3 20.3 21.9 

Z1 13.5 11.4 15.7 15.3 13.6 18. 1 11.1 11.4 12.3 13.6 13.2 13.8 12.8 24.0 20.3 9.2 
Z2 14.7 13.1 17.2 17.4 15.6 19.7 12.6 12.2 13.4 14.6 13.7 15,6 14.4 26.0 21.9 9.2 
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TABLE 11. Summary of skull and mandible inter-subgroup qeneralized 
distances in genera with more than one subgroup. For genera with 
more than two subgroups, values in the table represent means. The 
livinq qenus Rhinoceros (Asian one-horned rhino) is given first, 
followed. by fossil genera listed alphabetically. 

GENUS (Subgroups) 

Rhinoceros (UN, JV) 

Aceratherium (Al-A2) 
Aphelops (Ll-L2), (Ll-L4) 
Diceraeherium (Dl-03), (Dl-D2) 
Forstercooperia (Fl-F2) 
Hyrachyus (Yl-Y2) 
Peraceras (Pl-P2) 
Subhyracodon (Sl-S3) 
Teleoceras (Tl-T5) 
Zaisanamynodon (Zl-Z2) 

SKULL 

8.1 
12.4 
8.o 
6.2 

4.5 
12.2 
4.3 
7.l 

MANDIBLE 

6.7 
3.8 
7.0 
9.8 
5.8 
4.3 
6.2 
2.8 
4.3 
9.2 
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Ordi.nation - Speciaens Plotted By Genus 

Figure 56 (skull) and Figure 57 (mandible} show the 

individual specimens plotted a.bout their respective subgroup means 

(not shown). However, because the specimens are identified only by 

genus, direct comparisons may only be 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 common to the plots of skulls and mandibles. 

In both plots, Hyrachyus and Indricotherium, which represent the 

size extremes among the Rhinocerotoidea, are the extreme left and 

right specimens. several analyses (not shown} confirmed that the 

size axis is approximately parallel to CVl. This is more obvious 

in the mandible plot than in the skull plot where a line through 

Hyrachyus and IndrLcoeherLum would be oblique to CVl. Aleo shown 

in both plots is the effect of the CV method on within group 

correlations. For example, comparison of the CV and PC (Figure B} 

for the monotypic black rhino dispersions shows how the within­

group variation has been made circular by the CV. The same effect 

occurs for each of the subgroups, 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 analyses. The dispersions also approximate the 

size of the concentration ellipses in Figures 58 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. Differences between numl:ler of symbols plotted and 

sample sizes (Table 2 are due to overstrikes. Specimens are 

identified to genus as indicated below. 

Key to symbols (listed alphabetically): 

A - Amynodon 
B - Diceros (black rhino) 
c Ceraeotherium (white rhino) 
D - Dicera:therium 
F Forstercooperia 
B Hyracodon 
I Indricoeheriwn 
J Rhinoceros (Javan rhino) 
L - Aphelops 
M /fenoceras 
P - Peraceras 
Q Aceratherium 
R Trigonias 
S Subhyracodon 
T Teleoceras 
U Rhinoceros (Indian rhino) 
Y - Hyrachyus 
% Dicerorhinus (Sumatran rhino) 
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FIGURE 57. Canonical variates plot of livinq and fossil mandible 

specimens. Differences between number of symbols plotted and 

sample sizes (Table 3) are due to overstrikea. specimens are 

identified to qenus aa indicated below. 

Key to symbols (listed alphabetically): 

B - Diceros (black rhino) 
c - CeracoCherium (white rhino) 
D - Diceratherium 
P - Forscercooperia 
B - Hyracodon 
I - Indricotherium 
J - Rhinoceros (Javan rhino) 
L - Aphelops 
K - Henoceras 
H - Penetrigonias 
P - Peraceras 
O - Aceratherium 
R - Trigonias 
S - Subhyracodon 
T Teleoceras 
U Rhinoceros (Indian rhino) 
Y - Hyrachyus 
% Dicerorhinus (Sumatran rhino) 
z - Zaisanamynodon 
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morphologically similar specimens cluster together in the 

multivariate CV morphospace. This is clearly observed for the 

specimens of the black and white rhinoceroses in Figures 56 and 57, 

and is also true for the subgroup means in the following plots. 

Ordination - Subgroup Means With Concentration B1lipses 

This section presents the ordination of the subgroups with 

90\ concentration ellipses (circles) around each group. 

statistically, each ellipse theoretically includes 90\ of all 

individuals from its group within its boundary. The ellipses are 

standardized and uniform in both skull and mandible plots such that 

the radii are equivalent to 2.15 standard deviations. The apparent 

size difference of the ellipses between skull and mandible plots is 

due to the difference in scales. Because the ellipse is based on 

the pooled within-group dispersion, it represents the best estimate 

of the variation around a given mean. some authors (e.9., Neff and 

Marcus, 1980) argue that groups with smaller sample sizes should 

have correspondingly larger confidence (or concentration) limits 

because of greater uncertainty about the position of the mean. 

However, the philosophy taken here is that the mean of the 

specimens available (even if a single specimen) represents the best 

estimate of the true mean, and that therefore the best estimate of 

group variation over all groups should apply to that mean. 

Finally, it should be noted that the ellipses are not meant to 

imply any kind of statistical teat for differences between means. 
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In most cases, it is already known on biological grounds that the 

9roupe are different (for example, the Javan and Indian rhinos). 

The degree of overlap then reflects the degree of morphological 

similarity between groups known to be different in other ways. 

Skull (Figure 58) -- The most obvious feature of thLs plot is 

the outlying position of Indricocherium (IN in Figure 58) which, 

both on the first axis (size) and second axis (shape), is many 

standard deviations away from the closest genus (Ceracotherium). 

Ceratot.herium (CE) is also closest to Indricotherium in the total 

morphological space (GD = 32, Table 9), which suggests that cv1-cv2 

is reflecting the multivariate relationships well. In contrast to 

the outlying position of Indricotherium, another striking feature 

of this plot is the continuum of morphometric variation formed by 

the other genera. If Indricotherium represents the end-point of a 

lineage with a similar kind of continuous morphometric evolution, 

then there must be many undiscovered fossils which would fall in 

the morphospace between Indricotherium and the primitive 

rhinocerotoids. Among the remaining rhinoceroses, the densest 

cluster of morphometrically similar groups is formed by members of 

all three families: Amynodon (AM), Forstercooperia (FO), and the 

early rhinocerotids Subhyracodon (Sl-S4), Trigonias (TR), 

Diceratherium (Dl-03), and Henoceras (KE). All but two of the 

pairwise generalized distances (Table 9) are smaller than the 

226 



FIGURE SS. canonical variates plot of living and fossil subgroup 

means for skulls showing 90t concentration ellipses. Subgroups 

correspond to those in Table 2. Circles are 90\ concentration 

ellipses (radius = 2.15) based on the pooled within-qroup 

dispersion for skulls. Shaded circles indicate living groups. 

Key to symbols (listed alphabetically): 

Al. ACERlS Aceratherium 
A2 ACER2S Aceratherium 
All AMYNS Amynodon 
BI BICOS Diceros (black rhino) 
CB CERAS Ceracocherium (white rhino} 
Dl DICElS Diceratherium 
D2 DICE2S Diceratherium 
D3 - DICEJS Diceratherium 
PO - FORSS 
BY - HYCOS 
IN - INDRS 
JV JAVAS 

Ll - APHElS 
Ll - APHE2S 
NB - MENOS 
Pl - PERAlS 
P2 - PERA2S 
Sl SUBHlS 
52 SUBH2S 
S3 SUBHJS 
SU SUMAS 
Tl TELElS 
T2 - TELE2S 
T3 TELE3S 
Ti - TELE4S 

Forst:ercooperia 
Hyracodon 
Indricotherium 
Rhinoceros (Javan rhino} 
Aphelops 
Aphelops 
Menoceras 
Per acer as 
Peraceras 
Subhyracodon 
subhyracodon 
subhyracodon 
Dicerorhinus (Sumatran rhino} 
releoceras 
Teleoceras 
Teleoceras 
releoceras 

~5 TELESS Teleoceras 
TR - TRIGS 
UN 
Yl 
Y2 

UNI CS 
HY RA ls 
HYRA2S 

releoceras 
Rhinoceros (Indian rhino} 
Hyrachyus 
Hyrachyus 
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I 

averaqe interaub9roup GD (Table 11). Among the larger, later 

rhinos there is more morphological differentiation. Teleoceras 

(Tl-TS) and Rhinoceros(UN-Indian and JV-Javan rhinos) with 

Peraceras (P2) form a cluster separate from Diceros (BI), 

Ceratotherium (CE), and Aceratherium (Al-A2). GD's show that A2 is 

further from CB, and JV is further from T3 than is indicated in the 

plot. Also, Tl is closer to T2-TS than is shown. These two 

clusters seem to form branches which separate out along CV2. 

Dicerorhinus (SU-Sumatran rhino) appears to be morphometrically 

primitive and in fact, is closest to 53 based on generalized 

distance. 

Generic distinctions are clearly greater among the later 

rhinos. For example, among the living forms, the four genera do 

not overlap but the two species of Rhinoceros (UN, JV) do overlap. 

This morphometric result Ls consistent with the currently accepted 

taxonomy for the living analogues. Superficially, it appears that 

the Sumatran rhino could be ancestral to the other living rhinos. 

However, when the morphometric affinities with fossils are 

considered the pLcture becomes problematic. The Sumatran rhino is 

phylogenetica1ly younger than Teleoceras and Acera~herium, and is 

not believed to be anceetral to them. The consequences of this 

are, one, that the Sumatran rhino is very conservative (static), 

and two, that the affinities of the other living genera with the 

fossils represent convergences or parallelisms. Alternatively, if 

the morphometric affinities represent common phylogenies, then 
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Diceros, Ceratotherium, and Rhinoceros may have evolved from a 

group much older than Dicerorhinus. 

Mandible (Figure 59) -- The mandible CV plot is similar to 

the skull plot in that Indricotheriwn (IN) is a size outlier, and 

moat of the remaining living and fossil groups form a continuous 

cloud of variation. This again suggests that there are missing 

fossils morphometrically uniting Indricotherium (IN) with its 

ancestors (unless aaltatory evolution occurred). Differences with 

the skull plot include less relative size difference (about 10, 

rather than 20, standard deviations from its nearest neighbor along 

the first axis), and leas second 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 size. Generalized distances (Table 11) agree well 

with the apparent distances to its nearest neighbora in the plane 

of cv1-cv2. 

Another difference with the skull plot is the addition of the 

Zaisanamynodon (Zl-Z2) subgroups as outliers from the main 

continuum of genera, separated primarily along the second axis. 

They differ most from Diceros (BI), Dicerorhinus (SU), and 

Ceratotherium (CE) which are all on the opposite side of the 

continuum. That all of the living groups are on one aide is 

interesting, but Rhinoceros (JV, UN) may also be interpreted as 

being part of the main group. 
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FIGURE 59. canonical variates plot of living and fossil subgroup 

means for mandibles showing 90% concentration ellipses. Subgroups 

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

ellipses (radius = 2.15) based on the pooled within-group 

dispersion for mandibles. Shaded circles indicate living groups. 

Key to symbols (listed alphabetically): 

Al ACERlK Aceracherium 
Al ACER2M Aceratheriwn 
BI BICOH 
CB - CERAH 
Dl - DICElH 
D2 DICE2H 
Pl FORSl!·~ 

1"2 - FORS2H 
BY - HYCOH 
IH IND RH 
JV JAVAM 
Ll APHElH 
L2 APHE2H 
L3 APHE3H 
LI APHE4H 

Diceros (black rhino) 
ceratocherium (white rhino) 
Diceratheriwn 
Diceratherium 
Eorstercooperia 
Forstercooperia 
Hyracodon 
IndricoCherium 
Rhinoceros (Javan rhino) 
Aphelops 
Aphelops 
Aphelops 
Aphelops 

Ml MENOlM Henoceras 
M2 - MEN02M Hneoceras 
PB - PENElM Penetrigonias 
Pl - PERA1M Peraceras 
P2 - PERA2H 
Sl SUBHlH 
S2 SUBH2H 
S3 SUBH3H 
SU - SUHAH 
Tl TELElH 
T2 TELE2H 
T3 TELE3H 
TI - TELE4H 
TS - TELESH 

TRIGH 
UH UNICK 
Yl HYRAlH 
Y2 - HYRA2H 
Zl ZAISlM 

Z2 ZAIS2H 

Peraceras 
Subhyracodon 
Subhyracodon 
Subhyracodon 
oicerorhinus (Sumatran rhino) 
l'eleoceras 
Teleoceras 
Teleoceras 
Teleoceras 
Teleoceras 
Teleoceras 
Rhinoceros (Indian rhino) 
Hyrachyus 
Hyrachyus 
Zaisanamynodon 
Zaisanamynodon 
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The morphometric continuity of the majority of groups is 

striking. There is less differentiation and distinction of the 

later, larger groups than was evident in the skulls. Diceros (BI) 

and Ceratotherium (CE) are somewhat distinct but are not associated 

with Aceratherium (Al-A2). The latter genus is mixed in with other 

fossils. The Indian rhino mandibles (UN) are associated with 

Teleocsras (T3,T4), as in the skull analysis, but the Javan rhino 

(JV) mandible is less so. The Indian and Javan rhinos are 

separated by as much as are the other genera of living rhinos. 

Here, it is the Javan rhino which is the most primitive among the 

living analogues. The Sumatran (SU) rhino is an outlier, in 

distinct contrast to the case for skulls where it was the most 

primitive. In general. all of the rhinocerotid groups appear to be 

more conservative in terms of shape differentiation. Differences 

in morphometric affinities and differentiaticn between the skull 

and mandible CV plots suggest that there has been some evolutionary 

mosaicism between these two regions of the rhinoceros head. 

~axonOlli.c Patterns - Relationships o~ Genera 

It is of interest to observe whether the morphometric 

relationships of the subgroup means correspond to the taxonomies 

based on whole organism biology. Such taxonomies include 

information about morphological characters (cranial and 

postcranial, soft and hard tissues), molecular data, behavior and 

ecology, biogeography, and other relevant features of an organisms• 
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biology. In this section, means are labelled and qrouped according 

to genera. Comparisons are made with respect to relative 

morphometric span of each genus, and to overlap/non-overlap 

relationships. 

~ (Figure 60) -- Of the eight qenera comprised of more 

than one subgeneric qroup, four occupy non-overlapping parts of the 

morphometric space. These are Hyrachyus (Yl-Y2), Aceracherium (Al­

A2), Aphelops (Ll-L2), and Teleoceras (Tl-TS). The remaining four 

qenera form two sets of overlappinq genera; Subhyracodon (Sl-S2)­

Diceracherium (Dl-02) and Rhinoceros (JV,UN)-Peraceras (Pl-P2). 

All of the polytypic genera except Teleoceras and Peraceras appear 

to have approximately similar ranges of cv1-cv2 subgroup 

separation. However, generalized distances (Tables 9 and 11) 

indicate a more diverse ranqe. If Rhinoceros (JV, UN) is taken as 

a standard (GO = 8.2), Aceratherium (Al-A2) has a greater 

intersubgroup distance, while the rest have smaller distances. The 

Al-A2 distance is in fact similar to the Pl-P2 distance and both 

distances are greater than JV-UN or BI-CE distances. This suqgests 

that Al-A2 and Pl-P2 each represent species level variation at a 

minimum, but may indicate generic level also. If Pl and P2 are 

distinct generically, then the overlap of Peraceras and Rh.inoceros 

(JV, UN) is not meaninqful. Amonq the other polytypic qenera, the 

smaller distances suggest that their subgroups represent species 

level or lesser amounts of variation. Within Teleoceras (Tl-TS), 
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FIGURE 60. Canonical variates plot of living and fossil 

subgroup means for skulls with subgroups shown by genus. Means are 

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

genus. 

Key to syml:>ols (listed alphabetically): 

Al ACERlS Aceratheriwn 
A2 ACER2S Aceratherium 
All AMYNS Amynodon 
BI SICOS Diceros (black rhino) 
CB CERAS Ceratotherium (white rhino) 
Dl - DICElS Diceratheriwn 
D2 - DICE2S Diceratherium 
Dl - DICEJS 
FO FORSS 
BY - HYCOS 
IH - INDRS 
JV - JAVAS 
Ll - APHElS 
Ll - APHE2S 
HB - MENOS 
Pl - PERAlS 
P2 PERA2S 
Sl - SUBHlS 
52 - SUBH2S 
Sl SUBHJS 
SU SUMAS 
Tl TELElS 
T2 - TELE2S 

Diceratherium 
Forstercooperia 
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subgroups (including Tl) are separated by distances which are on 

average slightly lees than that between .JV and UN. Overall, most 

the fossil genera appear to be morphometrically coherent when 

compared aqainst living analogue differences and, in general, the 

morphometric relationships are fairly consistent with generic level 

taxonomies. 

Mandible (Figure 61) -- Eleven of the sixteen genera are 

represented by means for more than one subgroup. Of these genera, 

three are morphometrically distinct: Hyrachyus (Yl-Y2), 

Forscercooperia (Fl-F2), and Zaisanamynodon (Zl-Z2), among which 

Hyrachyus is overlapped by the monotypic qenus Hyracodon (BY). The 

remaining polytypic genera are arranged in two clusters of 

overlapping genera. One cluster consists of the smaller forms 

Subhyracodon (Sl-SJ), nenoceras (Ml-M2), Diceratherium (Dl-04). 

The other cluster consists of the larger forms Aceraeherium (Al­

A2), Teleoceras (Tl-TS), Aphelops (Ll-L3), Peraceras (Pl-P3), and 

Rhinoceros (JV, UN). Within these two groups there is significant 

overlap of the genera. As with the skulls, intersubgroup 

morphometric distances are more accurately reflected by the 

generalized distances (Tables 10 and 11). Analysis of the 

generalized distances shows that Aphelops (Ll-L4), Hyrachyus (Yl­

Y2), and Zaisanamynodon (Zl-Z2) have average intersubgroup 

distances greater than that between the Indian (UN) and Javan (JV) 

rhinos (GD= 6.7). This suggests species level or greater 

variation. In fact, the distance between UN and JV is greater 
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FIGURE 61. Canonica1 variates p1ot of 1ivinq and fossi1 aubqroup 

means for mandib1e data with subgroups shown by genus. Means are 

1abe1ed by genus. Shaded areas inc1ude al1 subgroups of the same 
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than that between the black (BI) and white (CE) rhinos. That 

mandibles within Rhinoceros are more different than mandibles 

between Diceros and Ceracocberium further suggests some degree of 

mosaicism in rhinoceros skull evolution. overall, there is less 

correspondence between morphometrie uniqueness and generic level 

taxonomy for mandibles than for skulls. 

Taxonoaic Patterns - P .. ily and Subf .. ily Relationships 

In addition to the generic and subgeneric levels, it is also 

of interest to compare morphometric patterns at higher levels of 

the taxonomic hierarchy. In this section, the qenera are 

identified by family and sometimes by subfamily. Although more 

subfamilies have been defined in the taxonomic literature, only 

those two subfamilies which include the higher rhinocerotids are 

investigated here. The three rhinocerotoid families vary in the 

number and diversity of skulls available for use in this study. It 

has already been stated that there is a large gap in fossil 

representation of relatively complete hyracodontid skulls and 

mandibles (between Fors~ercooperia [FO] and Indricocherium [IN]). 

Amynodontidae are also poorly represented (here only Amynodon [AM] 

for the skulls and Zaisanamynodon [Zl-Z2] for the mandibles). 

Accordingly, the following discussions are primarily concerned with 

the Rhinocerotidae and its two subfamilies, Aceratheriinae and 

Rhinocerotinae. 
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Skull (Figure 62) -- Little can b~ aaid about the 

morphometric relationships of the non-rhinocerotid families because 

of the small nwnDer of taxa represented. Hyrachyus ia distinct as 

a genus and probably also as an ancestral family. It is not known 

what kind of morphometric diversity is represented by the Amynodon 

skull, but the amynodontid mandibles (see below) suggest that this 

family is distinct. The amynodontid skull has affinities with both 

primitive rhinocerotids and hyracodontids. The Hyracodontidae is 

undoubtedly distinct at the family level given the position of 

Indricocherium. The shading which unites Forscercooperia (FO) and 

IndricoCherium does not necessarily represent the part of the 

morphometric space that would be occupied by the "missin~R 

hyracodontids. The diversity of genera included within 

Rhinocerotidae forms two distinct morphometric groups. A basal 

group unites Menoceras (ME), Subhyracodon (51-54), Diceraehsrium 

(Dl-03), and Trigonias (TR)- Subfamilies have been proposed for 

these genera (see Prothero et al., 1986), but there is not enough 

morphometric diversity to analyze them at the higher level. A more 

advanced group consists of the remaining rhinocerotid genera, 

classified in two subfamilies, Rhinocerotinae and Aceratheriinae. 

Morphometrically, the subfamilies are completely overlapping. 

Thus, at the subfamily level, there are no morphological 

differences detected by the measurements used. Both subfamilies 
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FIGURE 62. canonical variates plot of living and fossil 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 symbols (listed alphabetically): 

Al ACERlS 
A2 ACER2S 
All M«NS 
BI BI COS 
CE CERAS 
Dl - DICElS 
D2 DICE2S 
D3 DICE3S 
FO - FORSS 
BY - HYCOS 
IN - INDRS 
JV - JAVAS 
Ll APHElS 
Ll APHE2S 
NB MENDS 
Pl PERAlS 
P2 PERA2S 
Sl - SUBHlS 
S2 - SUBH2S 
53 - SUBH3S 
SU - SDMAS 
Tl - TELElS 
T2 TELE2S 
T3 - TELE3S 

Aceratherium 
Aceratherium 
Amynodon 
Diceros (black rhino) 
Ceratotherium (white rhino) 
Diceratherium 
Diceratherium 
Diceratherium 
Forstercooperia 
Hyracodon 
Indricotherium 
Rhinoceros (Javan rhino) 
Aphelops 
Aphelops 
Henoceras 
Peraceras 
Peraceras 
Subhyracodon 
Subhyracodon 
Subhyracodon 
Dicerorhinus (Sumatran rhino) 
Teleoceras 
'I'eleoceras 
'I'eleoceras 

T4 TELE4S Teleoceras 
T5 - TELESS Teleoceras 
'rR TRIGS Teleoceras 
UN - UNICS 
Yl - HYRAlS 
Y2 - HYRA2S 

Rhinoceros (Indi~n rhino) 
Hyrachyus 
Hyrachyus 

242 



"' .. 
w 

CANONICAL VARIATE MEANS- SKUU. SUBGROUPS· FAMILY & SUBFAMILY GROUPS 

10 

Rhlnocerolinae 
{T.-.00.U, Dk:itrorhinUI, Rhl~t. lJtcen>s, 0.1alott.rlum) 

Aceralherilnae 
(Aphek>pe, PerllClrea, Aceralherium) 

0 HYRACHYUS 

-10 

-20 

-20 -10 0 10 20 30 40 
CV1 



appear to confound the groupings suggested by morphology. 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 

Zaisanamynodon (Zl-Z2) suggests that this family is 

morphometrically unique. The intermediate position of 

Hyracodontidae between Amynodontidae and Rhinocerotidae may or may 

not be indicative of the morphometric relations of this family. 

The Rhinocerotidae is morphometrically distinct from Hyrachyus (Yl­

Y2), Amynodontidae, and Hyracodontidae. As with the skulls, there 

appears to be two rhinocerotid groupings; a basal group and a more 

advanced group. The basal group does not present any morphometric 

aubgroupinqs which correspond to proposed subfamilies (See Prothero 

et al., 1986). The advanced genera are classified into two 

subfamilies, Aceratheriinae and Rhinocerotinae. Like the skulls, 

these overlap significantly but in a different way. Diceros (BI), 

Ceratotherium (CE), and Dicerorhinus (SU) mandibles are 

morphometrically distinct from other Rhinocerotinae. Conversely, 

the morphological affinites of Teleoceras (Tl-T5) and Rhinoceros 

(.JV, UN) with Aceratheriinae do not corrrespond to the subfamilial 

taxonomy. Reasons for this non-correspondence were suggested in 

the discussion of the skulls. 
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FIGUP.E 63. Canonical variates plot of living and foseil subgroup 

means for mandible data with subgroups shown by family and 

subfamily. Means are grouped by family and subfamily 

classifications after Prothero et al. (1986). 
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Taxonomic Pattern• - Phylogenetic Character State• 

The relationships between rhinoceros morphometry and 

classification were discussed in the previous two sections. 

Because classifications are usually based on a variety of 

characters, or character states, it is appropriate to investigate 

the relationships between the morphometric results and specific 

characters used in classification. The characters chosen for this 

analysis were selected from those used by Prothero et al. (1986) to 

formulate their phylogenetic hypotheses for the Rhinocerotoidea. 

Specifically, only those characters believed to directly or 

indirectly affect skull and/or mandible morphology were used. 

Currently, such taxonomic characters are most often presented in 

explicitly phylogenetic contexts under the umbrella of "cladistic 

analysis." Here, the question is being asked: are there any 

correlations between multivariate morphological affinities and 

qualitative morphological characters used in classification? 

Although some'of the characters used are specific to the skull or 

mandible, the same set of characters was used for both skull and 

mandible. This was done for two reasons: (1) differences in the 

skull and mandible plots can be compared more directly, and (2) 

characters in one region having effects on the other region might 

be detected. That is, to some extent, the skull and mandible must 

coevolve (for example, matching of upper and lower teeth for 

efficient occlusion and mastication). In the following discussions 
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of skull and mandible CV results, a list of eleven numbered 

characters is given for each plot. The characters were extracted 

from Table 1 of Prothero et al. (1986, page 349) and the numbers in 

that table correspond with those in the plots here. The numbers in 

the table likewise correspond to the numbered nodes in Figure 4 of 

Prothero et al. (1986). Not all of these characters define nodes 

by themselves; many are from lists including a variety of 

characters definininq a particular node. The characters are 

dicussed in numerical sequence. 

~ (Figure 64) Reduction of the preorbital skull (NOOE 

4) is a derived feature of Amynodon (AM) (and Zaisanamynodon). 

Unfortunately, most of the oriqinal measurements in this reqion 

were not retained due to the prevalence of missing or broken 

premaxillae and nasal bones. Only AEP2 and OCP2 (see Figure 4) 

might directly detect such a change if the tooth row is 

correspondingly shortened or moved posteriorly. Because Amynodon 

(AM) is morphometrically similar to Forscercooperia (FO) and 

Diceraeherium (01-03), which do not have reduced preorbital 

regions, it may be concluded that the reduction in Amynodon did not 

significantly affect other parts of the skull. Increased relative 

lenqth of the cheek tooth row (NODE 13) characterizes hyracodontids 

and rhinocerotids. This character is general and does not appear 

to contribute to any morphometric separation of these two families. 
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FIGURE 64. Canonical variates plot of living and foesil subgroup 

means for skull data with eubgroups shown by phylogenetic character 

etates. Means are grouped by selected character states used for 

the phylogenetic hypotheses used in Prothero et al. (1986). 
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from the others. Increased relative hypsodonty (tooth height) is 

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 obvious morphometric correlation with 

this character, at least partly due to its non-exclusive use as a 

ta.lconomic character. Increased hypsodonty alone is not likely to 

account for the shape differences separating Indricocherium (IN) 

from the other rhinoceroses along the second CV axis. A broad 

mandibular ramus (NODE 28) distinguishes the rhinocerotids in this 

analysis from several genera not represented in the present 

morphometric study. It is therefore difficult to assess its 

contribution to the uniqueness of the skull ·morphology of the 

rhinocerotids used here. TwO derived characters of Trigonias (TR), 

cited as distinguishing it from later rhinocerotids, are an 

extended occiput and an anterodorsally inflected basicranium (NODE 

JO). These characters would be expected to influence morphometry 

of the skull, especially measurements to the occiput. However, the 

Trigonias (TR) skulls are morphometrically very similar to the 

Subhyracodon (Sl-S4) and Diceratherium (D1-D3) and thus do not 

reflect the changes morphometrically (given the measurements used). 

Roughly, as a group, the higher rhinocerotids (Aceratheriinae and 

Rhinocerotinae) are characterized by larger size (NODE 35). 
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However, significant size variation within this "groupn 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 Aphelops (Ll-L2), Peraceras (Pl-P2), 

and Aceracherium (Al-A2), is not associated with any morphometric 

uniqueness of these genera as a group. The Teleoceras (Tl-T5) 

subgeneric groups are morphometrically unique from the remaining 

rhinocerotids. The taxonomic skull character associated with the 

qenus is brachycephaly (NODE 42). Because Teleoceras skulls are 

among the largest of the rhinocerotids, the brachycephaly is only 

relative. This shape difference is reflected in the separation of 

Teleoceras (Tl-TS) from other genera along the second axis. The 

last two characters (NODES 45 and 50) are polarized opposites of a 

character with a threshold value. If this character influences 

overall skull morphology, then it should be reflected 

morphometrically by two separate groups, as is the case. When 

Dicerorhinus (SU) and Rhinoceros (JV,UN) are united (NODE 45), they 

are distinct (non-overlapping) with the Diceros (BI)-Ceratotherium 

(CE) pair (NODE SO). 

Mandible (Figure 65) -- The same characters are discussed in 

this section as were discussed for the skulls above. NODE 4 

(reduced preorbital skull) and NODE 13 (lengthened tooth row) are 

associated with the separation of Zaisanamynodon (Zl-Z2) from the 

other genera. Secondary effects of preorbital changes in 

Zaisanamynodon on the tooth row may contribute to the morphometric 
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FIGTJR£ 65. canonical variates plot of living and fossil subgroup 

means for mandible data with subgroups shown by phylogenetic 

character states. Means are grouped by selected character states 

used for the phy1ogenetic hypotheses in Prothero et al., 1986. 
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difference between the two qroups. As with the skulls, increased 

hypsodonty (NODES 19, 23, 28) is not correlated with any clear 

morphometric groups associated with the node individually. Taken 

altogether, the genera characterized by hypsodonty nearly 

correspond to the group defined by NOOE 13 which is distinct from 

Z4isanamynodan (Zl-Z2). Likewise, a broad mandibular ramus (NOOE 

28) among the rhinocerotids may contribute to their difference from 

Z4isana.mynodon. To the extent that the rhinocerotids are different 

from hyracodontids (see discussion for Figure 63), NODE 28 may 

contribute. The extended occiput and inflected basicranium do not 

morphometrically distinguish Trigonias (TR) from the basal 

rhinocerotids. The use of size increase as a taxonomic character 

(NOOE 35) is probably weak and arbitrary given the size ranges 

within the two •size• groups formed and the continuous nature of 

the character. Unlike the skull plot, flattened dorsal skull 

profile (NOOE 38) and brachycephaly (NODE 42) are associated with 

groups which completely overlap. Additionally, the groups defined 

by NODES 45 and SO are not as clearly separate as in the skull 

plot. These last two facts provide further evidence that 

rhinoceros mandibles are more evolutionarily conservative (Or at 

least, have been less affected by changes in other parts of the 

skull). 
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Functional Pattern• - Horn &rrange.eat 

Among the most obvious external features of the living 

rhinoceroses are the median sagittal horns located on the dorsal 

aspect of the skull. Although the horns are features of the head, 

they are not osteological features of the bony Skull (in contrast 

to titanothere horns or bovid horn cores, for example). Rather, 

they are unique epidermal specializations that are fairly loosely 

attached to the underlying periosteum. Bony features 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-boss skull 

morphology could be attributed to developmental interactions and/or 

to shared phylogeny. Beeause of these potential relationships. it 

is of interest to compare horn morpholoqies (i.e .• number and 

arrangement) with the morphometric patterns. In Figures 66 and 67, 

the living and fossil genera are grouped according to three types 

of reeognized horn arrangement: paired nasal horns (side-by-side on 

the nasal bones); sinqle nasal horns (single boss on the nasal 

bones in the median plane); and tandem horns (boss or rugoeities in 

the median plane, anteriorly on the nasals and posteriorly on the 

frontals). 

Skull (Figure 66) -- Diceraeherium (Dl-03) and Henoceras (ME) 

have similar horn arrangements characterized by paired nasal 
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FIGURE 66. Canonical variates plot of livinq and fossil subqroup 

means for skull data with subqroups shown by horn arrangement. 

Means are qrouped by qualitative arrangement of horns. 
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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. Horphometrically, these genera form a unique 

group. However, the presumably hornless Subhyracodon (Sl-S4) and 

Trigonias (TR) are associated with them in a morphometric group of 

more primitive rhinoceroses. Thus, Diceratherium and Menoceras are 

probably similar more by virtue of primitiveness, less by virtue of 

conunon ancestry. Additionally, it may also be concluded that 

acquisition of paired horns did not significantly affect them 

morphometrically, relative to the other primitive rhinoceroses. 

Another morphometrically unique group united by horn arrangement 

comprises Teleoceras (Tl-TS), Peraceras (Pl-P2), and Rhinoceros 

(JV,UN). This grouping is significant because these three genera 

are not ~nited by any of the taxonomic analyses above. The 

classification of Peraceras in a different subfamily 

(Aceratheriinae) implies a distant relationship with Teleoceras and 

Rhinoceros (Rhinocerotinae). If Peraceras (Pl-P2) really 

represents a different lineage, then its morphometric affinity with 

some of the rhinocerotines may be explained by parallelism or 

convergence. However, for this to be true, it would have to be 

postulated that horn arrangement is constraining or ndrivingn skull 

morphology. The latter argument is weak (as discussed above) 

because of the epidermal nature of the horns. Alternatively, the 

morphometric result may indicate that these genera are more closely 

related than previously believed. Similarly, although in the same 
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subfamily, Dicerorhinus (SU), Diceros (BI), and Ceratoeherium (CE) 

are not united at lower taxonomic levels. Dicerorhinus (SU) and 

Rhinoceros (JV,UN) have been united at the subtribe level (Prothero 

et al., 1986, Table 4, NODE 44; this paper, Figure 64, NOOE 45). 

The non-overlapping morphometric unity of tandem-horned 

rhinoceroses supports the view of a closer relationship than 

previously hypothesized. 

Mandible (Figure 67) The morphometric distinctness of 

horn arrangement groups observed in the skulls is more evident with 

the mandibles. This is good evidence for the reality of these 

groups because in the previous analyses, mandibles have been less 

uniquely differentiated (more uniform) in morphology than the 

skulls. Further, if mechanical/developmental arguments were 

plausible, the mandible would be leas directly affected by horn 

arrangement than the skull. Here also, Dicerorhinus (SU) has a 

clear affinity with Diceros (BI) and Ceraeoeherium (CE). Hence, 

morphometry of the mandible seems to have detected unique groups, 

correlated with horn arrangement, and most likely indicating common 

ancestries for those arrangements. 

Functional Patterns - Berbivory 'rype 

In the vertebrate fossil record, distinguishing herbivores 

from carnivores is trivial. Within herbivores, distinguishing 

dietary habits is more difficult. Primarily, herbivores are 

polarized around two types: grazing (on grasses) and browsing 
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FIGURE 67. Canonical variates plot of living and fossil subgroup 

means for mandible data with subgroups shown by horn arrangement. 

Means are grouped by qualitative arrangement of horns. 
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(on herbs, shrubs, and trees). Typically, the browser-grazer 

spectrum has been correlated to one character, relative cheektooth 

height (low, or brachydont, for browsers; high, or hypsodont, for 

grazers). other features primarily or secondarily related to diet 

include position of the occiput (related to head carriage) and 

position of the anterior dentition (related to procuring 

vegetation). Evolutionary changes of diet may therefore result in 

changes of mandible and skull morphology. Hence, it is of interest 

to investigate morphometric results in relation to hypcthesized 

diet (herbivory type). 

In Figures 68 and 69, genera or groups of genera are 

identified where possible by herbivory type. Classification is 

derived from previous authors' interpretations of diet baaed on 

both direct and indirect evidence. If these determinations are 

accurate and diet systematically influences morphology, then 

herbivory types should be detectable morphometrically. 

Primitively, there is little doubt that Hyrachyus (Yl-Y2) was a 

browser and that subsequent "grazing morphologiesn, therefore, 

evolved from the browsing condition. Here it is possible to 

hypothesize that dietary changes were related to the morphological 

changes. Conversely, morphological changes between a primitive 

browser and an advanced browser cannot directly be attributed to 

diet (at least at the resolution of this study). 

Skull (Figure 68) -- Hyrachyus (Yl-Y2) and Hyracodon (HY) are 

not obviously different despite increased hypsodonty and a 
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FIGURE 68. Canonical variates plot of living and fossil subgroup 

means for skull data with subgroups shown by herbLvory type. Means 

are grouped by hypothesized type of herbivory. 
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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 (Sl­

S4) have contrasting diets but are not different morphometrically. 

This result is conceptually like that for horn arrangement (Figure 

66) where primitive groups were also not differentiated. In 

combination, these results imply that early evolution of teeth (or 

horns) did not significantly influence other aspects of morphology. 

The Hyracodontidae is somewhat problematic here for several 

reasons. If it is true t~at Forstercooperia (FO) is both a grazer 

and ancestral to Indricatherium (IN)r then Indricotherium 

secondarily evolved the browsing condition. Further, 

Indricotherium (IN) provides an example of why dietary 

classifications based on tooth height are not absolute, and often 

speculative: it belongs to a lineage at least partly defined by 

increased hypsodonty (NODE 19, Figure 64). Of the remaining 

genera, Teleoceras (Tl-TS), Ceratotherium (CE), and the Indian 

rhino (UN) are classed as grazers. Teieoceras and the Indian rhino 

are a distinct group well-separated from Ceratotherium (CE). This 

difference indicates that diet alone is not "driving~ the 

morphometric results. Indeed, ceratotherium is more closely related 

to the browsers Diceros (BI) and Aceratherium (Al-A2). The 

remaining browsers (later, larger rhinos) together are ne~~ly non­

overlapping with the grazers, but two of the browsers, the Javan 

rhino (JV) and PERA2S (P2), are morphometricallY associated with 
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the upper grazer group. The dietary differences between the Javan 

and Indian rhinos apparently have no effects on their skull 

morphology as measured here. In summary, dietary group~ngs for 

skulls are not unique. Rather, browsers and qrazers are confounded 

in the morphometric apace within groups united by other important 

factors. 

Mandible (Figure 69) -- Mandible results for Hyrachyus (Yl­

Y2) and Hyracodon (HY) are similar to those for the skulls, with 

the two groups being essentially the same morphometrically. 

Increased tooth height ~n Hyracodon does not seem to have affected 

the mandible morphology quantified in this study. A different 

result from the skull is obtained for the Subhyracodon (Sl-53) -

Forseercooperia (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 remaininq qenera are less separated than the skulls, 

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 separated along the 

second axis with representatives of each dietary type associated 

together. This result for mandibles shows that dietary type has 

not been important in determining the morphometric relationships of 

living and fossil rhinoceroses. 
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FIGURE 69. Canonical variates plot of living and fossil subgroup 

means for mandible data with subgroups shown by herbivory type. 

Means are grouped by hypothesized type of herbivory. 
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rtmporal Patterns - Intargeneric Phylogenies 

The last two sections of this chapter discuss the skull and 

mandible morphometric patterns in a temporal-phylogenetic context. 

This provides an overall impression and comparison of morpholoqica1 

evolution between and within genera. Straight arrows are used to 

indicate a resultant morphological vector from earlier to later 

groups in the CV morphospace. Where a genus has multiple 

subgroups, the arrowheads end at a point approximating the average 

of those groups (for example, halfway between two subgroups). The 

arrows are not meant to imply that the actual evolutionary 

trajectory was necessarily linear. Arrow length has no necessary 

meaning in terms of length of time or rate of change (CV 1 is a 

size, not necessarily a time, axis). Length of the arrows does 

indicate relative amounts of size and shape change. In this 

section. the vectors correspond to phylogenetic arrows shown in 

Figure J. In effect, Figure 3 is mapped, where possible, onto the 

canonical variate plane represented by cv1-cv2. Arrows from 

Trigonias (TR) to Subhyracodon (Sl-S4) and from Subhyracodon to 

Diceratherium (Dl-03) are not shown because of the close 

morphometric affinity of those genera. Also, arrows to the living 

genera are not included because their phylogeny is poorly known. 

Skull (Figure 70) -- This plot is a basic synthesis of 

morphology, phylogeny, and time at the generic level. The general 

impression observed is that rhinoceroses diverge in both size and 
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FIGURE 70. canonical variates plot of living and fossil subqroup 

means for skull data with showing intergeneric phylogenies. 

Hypothesized phylogenetic trends among genera are indicated by 

arrows. 
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shape with time and that shape diverges with increasing size. It 

also shows (especially by comparison with the intrageneric analysis 

below} that most of rhinocerotoid trends in size and shape 

evolution occur at the generic level. The trends toward size 

increase from ancestral to descendant genera illustrate well Cope's 

rule of evolutionary size increase which is observed in the fossil 

record for many groups. 

Mandible {Figure 71} -- Inspection of the time-phylogeny 

vectors for mandibles shows lesser degrees of divergence than 

skulls. Size increase is clearly the dominant change between 

ancestral and descendant genera. This result supports earlier 

conclusions about the conservativeness of rhinocerotoid mandible 

evolution. 

Temporal Pattern• - Intrageneric Tim.e Vectors 

Many of the subgeneric groups determined in Chapter 3 were 

based in part on temporal-stratigraphic data {NALMA's). It is thus 

possible to track those subgroups through time in the canonical 

variates space. In this section, pairs of subgroups within genera 

are connected by arrows indicating direction from the earlier to 

the later subgroup. As in the intergeneric analysis, the arrows do 

not indicate duration or rate, and CVl is not a time axis. Many of 

the arrows probably reflect some degree of phylogeny. Only those 

subgroups for which time vectors could be determined are shown. 
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FIGURE 71. canonical variates plot of living and fossil subgroup 

means for mandible data showing intergeneric phylogenies. 

Hypothesized p~ylogenetic trends among genera are indicated by 

arrows. 
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The purpose of observing the time vectors is to compare the overall 

qeneric and subgeneric patterns of morphological change, and to 

detect any generalizations or trends they may reveal a.bout 

rhinocerotoid evolution. 

§J9!!! (Figure 72) -- The important features in this plot are 

the directions and lenqths of the time vectors where direction 

indicates the relative a.mounts of size versus shape change, and 

length indicates amount of change between two subgroups. Of the 

ten vectors shown, six indicate size increases. Included in these 

are all of the longer vectors of which one (Yl-Y2) shows a size 

increase without much associated shape change. Among the shorter 

vectors, two indicate size decreases (T4-T5, S1-S2} and two appear 

to indicate mostly shape change (T2-T3, 02-03). At face value, 

these patterns show that changes in both size and shape have been 

predominant while changes mostly in size or mostly 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 genus reieoceras (Tl-TS). These changes correspond to the 

changes discussed in the PCA for Teleoceras (Figure 47). The 

diversity of vectors in this plot distinctly contrasts with the 

pattern in the intergeneric plot. Within rhino qenera, evolution 

appears to be less directed morphologically. 

Mandible (Figure 73) -- The characterizations of Figure 72 

for skulls also apply to Figure 73. The diversity of vectors is a 

mixture of size increases, size decreases, and shape 
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FIGURE 72. Canonical variates plot of living and fossil subgroup 

means for skull data showing only those subqroups defined wholly or 

partly by time. Arrows indicate direction of time (earlier to 

later) and connect age-adjacent (time-sequential) subgroups w~thin 

each genus. 
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FIGURE 73. Canonical variates plot of living and foasil subgroup 

means for mandible data. Only intrageneric subgroups defined 

wholly or partly by time are shown. Arrows indicate direction of 

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

subgroups within each genus. 

Key to symbols (listed alphabetically): 

Al ACERlM Aceratherium 
A2 ACER2M Aceratherium 
Ll APHElM Aphe.lops 
L2 APHE2M Aphe.lops 
LJ APHEJM Aphe.lops 
L4 APHE4M Aphelops 
Nl HENOlM llenoceras 
N2 - HEN02M Menoceras 
Sl SUBHlM Subhyracodon 
S2 SUBH2M subhyracodon 
SJ SUBHJM subhyracodon 
SU SUMAM D.ic:erorhinus (Sumatran rhino) 
u TELElM Teleoceras 
~2 TELE2M Teleoceras 
~3 TELE JM Teleoceras 
H TELE4M Teleoceras 
~5 TELESM Teleoc:eras 
Yl HYRAlM Myrachyus 
Y2 HYRA2M Hyrachy.ls 

279 



"' ., 
0 

-- -- ----- ------ --- --- --- --

CANONICAL VARIATE MEANS - MANDIBLE SUBGROUPS - INTERSUBGROUP TIME VECTORS 

10 

0 -~J11~ 
- Ill! ;.; \ -· 

-10 

~o~-----~----~-----~-----~-------' 
-20 -10 0 10 20 30 

CV 1 



changes but there are no clear trends. Teleoceras (Tl-TS) exhibits 

several types of change. Overall, the mandible vectors have 

smaller angles with respect to CVl than in Figure 72. This 

indicates less shape change which is consistent with earlier 

conclusions about the conservativeness of rhinocertoid mandibles. 

Comparison of the time vector results with the intergeneric vectors 

suggest that general morphological trends in the Rhinocerotoidea 

occur at the generic level, while at the subgeneric and specific 

level, evolutionary changes are more varied. Much of these 

evolutionary changes at lower levels may be considered noise 

relative to hiqher level trends. 
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CHAPTER 5. 

DISCOSSIOH 

This discussion is an overview of issues related to 

materials, methods, results, and interpretations, including 

assumptions, problems, and caveats. Much of the detailed 

discussion of the principal component and canonical variate results 

was given in Chapters 2 and 3, respectively. Discussed topics 

related to sampling and data included specimen distortion and the 

limitation of the measurement subset. The role and usefulness of 

the living analogues is briefly discussed in terms of implications 

for future studies of fossils. A brief section on the nature of 

morphological evolution in rhinoceroses is followed by a discussion 

of particular aspects of skull shape change. The latter is 

illustrated by the results of a landmark morphometric method 

applied to the Rhinocerotidae. Lastly, some general systematic 

implications are discussed. 

Methodologically, this study affirms the power of 

multivariate methods for discriminating among morphologies 

correlated with significant biological and. nonbiological variables. 

The fidelity of the principal components method in discriminating 

similar specimens of like geologic age, sex, or geography from 

disimilar ones ia a satisfying result given several anticipated, 

but unrealized, problems. one problem is that of (plastic) 

deformation of fossil specimens during the time they are embedded 

282 



in sedimentary rock. Differential movements of the rock may alter 

(distort) the morphology of specimens in both regular and random 

ways. Morphological variation is, thus, also affected. It is 

probably axiomatic that every fossil specimen is distorted to some 

degree. However, only a single instance was recognized where an 

outlying specimen appeared to be so because of distortion (see 

Trigonias, Chapter 3). In general, the effects of distortion were 

insufficient to obscure real morphological relationships. This 

lack of any significant effect of distortion across many taxa from 

many ages, and many sedimentary conditions is an important result. 

It shows that rhino skulls that have survived the geological cycle 

have retained most of their biologically determined morphology. 

A second important result deriving from the PC fidelity 

relates to the suite of measurements upon which the morphological 

discriminations were based. The majority of the original 

measurements were excluded from analysis because of the number of 

missing values. For example, since premaxillae and the anterior 

dentition were often absent, measurements related to those areas 

were excluded by necessity from further consideration. The 

remaining measurements are therefore a non-random selection 

representing those parts of the skull or mandible which most often 

survive the rigore of fossilization. It was a concern that this 

subset of measurements might not contain enough morphological 

information to provide meaningful results. The PC analyses show 

that the "surviving" measurements do characterize much Of the 
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biologically relevant morphology. Differences between the skull 

and mandible results, however, might be partially attributable to 

differences in the degree to which the respective sets of 

measurements adequately characterize the morphology. The minimal 

effect of these potential problems shows that the "signal-to-noise 

ratio" in fossil rhino skulls is relatively high. 

This study benefited greatly from the availability of living 

rhino taxa to serve as true biological analogues, providinq an 

important link between biology and paleontology. The amount and 

kind of variation in the monotypic genera (black and white rhinos) 

turned out to be fairly representative of recognizable monotypic 

groups or presumed populational samples among the fossils. Thus, 

the analogues played more of a corroborative role since there were 

no cases were fossils were arbitrarily made to "fit" them. 

Ironically, the demonstration of similarity of analogue and fossil 

variation suggests that studies of variation in similar fossil 

groups without analogues (for example, titanotheres) may be 

reasonable with as few as one good geographically and temporally 

circumscribed quarry sample to serve as a standard of variation. 

Of course, when living analogues are available, they should be 

used. 

The dissection of variation within the rhinoceros genera, the 

nature of the pooled within-group dispersion, and the variational 

overlap within and among qenera ahow that evolutionary change in 

rhinoceros skull form is more or less continuous. That is, the 
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"averagen morphology {from species to species, or genus to genus) 

shifts across a continuum of morphospace and is characterized by 

variational overlap among temporally adjacent, phylogenetically 

related groups. It is significant that this pattern emerges when 

what is considered a relatively good fossil record is observed. 

Although, there is much current interest in the presence or absence 

(appearance or disappearance) of qualitative taxonomic characters 

in regards to deciphering phylogenies, the morphological "basen to 

which characters are added or subtracted appears to evolve 

conservatively in rhinocerotoids. The complim.entarity of overall 

morphology to character studies provides a richer, more complete 

picture of skull evolution. It may also provide insight into the 

relationships of development and evolution. There does not appear 

to have been any major reorganizations of skull morphology as might 

be expected if early changes in development were the causation of 

morphological differences. Rather, the kinds and amounts of 

overall morphological change among rhino species and genera appear 

to be consistent with those expected from natural selection acting 

on populations of individuals who vary in their terminal 

developmental morphologies. Although Indricotheriwn might be an 

exception, achieving large size and shape differences relatively 

quickly, it is more likely that the gap between Indricotherium and 

its ancestors represents unfound (or unfossilized) morphologies 

whose variational patterns would be continuous across 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 rhinocerotoids. 

Investigation of more specific aspects of morphological change 

in rhino skulls was beyond the scope of this study. There are 

difficulties associated with identifying these from multivariate 

results, and some details were certainly lost in the unused 

measurements. One limitation is the number and distribution of 

measurements across the morphology; generally smaller, more local 

measurements are more difficult to obtain. Another limitation 

results from correlations and redundanci~e of information in 

multiple measurements making interpretation of PC loadings 

difficult. 

Because of the difficulty in interpreting morphology from 

multivariate results, there has been much interest in the use of 

landmark methods for the characterization of shape changes. 

Although the number and distribution of landmarks result in similar 

limitations for characterizing details of morphological change, the 

graphical nature of the methods makes them potentially easier to 

interpret. Currently, such methods are more developed for two­

dimensional rather than three-dimensional problems. Together, 

measurement and landmark methods provid~ a complimentary and more 

complete view of morphology. A preliminary study of evolutionary 

shape change in rhinoceros skulls was undertaken using the method 

of Thin Plate Splines (TPS). This is a recent computer 

implementation of Thompsonian transformation grids based on 
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landmarks (Bookstein, 1991). TPS was applied to the shape 

transformation from Subhyracodon to Rhinoceros (Indian rhino), as 

seen in latera1 view~ This problem was original1y studied by 

Colbert (1935) who prepared the deformation grids manually (Bales, 

1992). The results of TPS analysis (Figure 74) illustrate some 

specific changes in this particular phylogenetic path (within 

Rhinocerotidae). These changes include shortening of the distance 

between the orbit and nasal incision, elevation and rounding of the 

nasal region, conversion of the dorsal sku11 profile from 

relatively flat to concave (saddle-shaped), forward rotation of the 

occiput and expansion of the occipital region. Little deformation 

in the region of the mandibular body supports the notion stated 

earlier that the mandible is more evolutionarily conservative. The 

concave dorsal profile appears to be the result two separate 

effects: the elevation of nasals and the forward rotation of the 

occiput. The former is probably related to the presence of horns. 

Functionally, the occipital change may have two effects. The 

forward position of the occiput relative to the occipital condyles 

may al1ow a greater range of head extension. More significantly, 

occiput position effects the direction of pull of the temporalis 

muscle, a major muscle of mastication which lies in the temporal 

fossa. In Subhyracodon, many temporalis fibers would have a strong 

posterior component (retraction) to their pull. In Rhinoceros, 

much of the temporal fossa lies above the coronoid process 
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FIGURE 74. Thin-plate spline (TPS) analysis of shape 

transformation from Subhyracodon to Rhinoceros (Indian rhino)~ 

(a) Untransformed subhyracodon with landmarks and reference grid. 

(b) Transformed grid showing the deformation required to map 

Subhyracodon landmarks on to a homologous set of landmarks on 

Rhinoceros (not shown; outline represents 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 related to aspects of mastication, bite force, and diet. 

Becau~e only a subsample of the known rhinocerotoid genera was 

analyzed, the question arises about how idiosyncratic the results 

of this study might be. There remains the possibility that some of 

the unanalyzed fossil genera and lineages might have unique aspects 

to their biological variation and evolution. This is probably more 

true at the family level because 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's Rule, is 

exemplified by the Rhinocerotoidea. 

Taxonomic revision was not a goal of this study. Indeed, 

some stability and accuracy of classification was desired a priori. 

However, because many specimens are unallocated, especially at the 

species 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 specimens to each other and to existing 

taxa. For example, in subgeneric groups where unidentified 

specimens were grouped with specimens given species names, the 

provisional assumption is that they are the same species, in the 

absence of contrary information. In terms of sorting out potential 
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systematic relationships, the moet interestinq results are the 

morphometric affinities of the living rhinos with the fossils. The 

close similarity of morphology of Rhinoceros or Dicerorhinus to 

extinct forms may help to clarify the phylogenies of extant rhinos. 

The affinities also confirm the notion that these livinq rhinos are 

indeed •1ivinq fossils•. 

The many fossils which record the long history of the 

Rhinocerotoidea, provide a rare observation into the nature of 

morpholoqical evolution in a well-defined mammalian clade. This 

natural sampling of the evolutionary process in rhinoceroses should 

continue to be a rich source for analyses of morphological, 

systematic, 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 understandinq of rhinoceros evolution. 
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DPBHDIX 1. 

SPBCIHEJI IDBll'l'IFICATION 

Specimens used in this study are listed by number in ascending 
order with skulls listed first. Codes represent the first four 
letters of the subgroup codes listed in Tables 2 and 3. Identical 
specimen numbers in both skull and mandible lists indicate a 
matched skull-mandible pair. 

MUSEUM ABBREVIATIONS 

AMNH 
DMNH 
FAM 
FMNH 
KUVP 
MCZ 
USNM 

SKULL 

c-

American Museum of Natural History 
Denver Mueewn of Natural History 
Fricke Collection of the American Museum of Natural History 
Field Museum of Natural History 
University of Kansas Museum of Natural History 
Museum of Comparative Zoology, Harvard University 
National Museum of Natural History 

SPECIMENS 

Spee. # Museun • ...... Spee:. # Museun # 

---------------·--------·---------------- -----------------------------------------

HYRA ' -· 11651 SUBH 35 AMNH 38995 

HYRA 5 -· 13756 SIJBH 38 AMNff S0-211-3667 

HYRA • .... 12364 ..... •• AMNff 54763 

HYRA 10 -· 12371 UNIC 48 MNH 54454 

HYRA 12 ..... 107978 UNIC 53 AMNH 54455 

JAVA 17 
-· 43 

UNIC 55 AMNH 35759 

JAVA 18 AMNH 146718 CERA 59 AMNR 51856 

....... 21 MNH 81892: SIJBH 63 .. .. 1144 

CERA 22 MNH 51854 SIJBH 64 AMNH 12295 

TRIG 23 AMNH 12389 CERA 99 AMNH Ccabi net 940] 

SIJBH 27 MllH 522 CERA 101 AMNH 51860 

SIJBH 28 AMNH 52:9 CERA 102 .... 51861 

"'"" 29 AMNH 1489 CERA 103 AMNH 51859 

SUBH 31 .... 1131 CERA 104 AMNH 51857 

SUBH 32 .... 112162 ..,. 111 AMNH 13189 
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...... Spee. # Muset111: I Gonus Spee:. I Muset.n # 

----------------------------------------- -----------------------------------------
HYCO 116 ,.,. 112168 SUBH 236 AMNH 11865 
HYCO 117 MINH 12Z96 DICE 239 MINH 7324 

·HYCO 120 AMNH 38996 DICE 240 ,.,. 112176 
OACE 124 MINH 1000 OACE 245 AMNH 26215 
FORS 127 AMNH 26037 TELE 255 AMNH 115297 
FORS 130 AMNH 21608 INOR 258 AMNH 18650 
CERA 141 MNH 51858 DICE 266 AMMM 82591 
CERA 142 AMNH 511555 DICE 267 AJllNH Lusk 119-707 
MENO 143 FAM 11Z228 APHE 268 F ... 114313 
BICO 147 AMNH 90055 APKE 269 AMNH Afns. 108 
BICO 149 AJlllNH 118602 APHE 270 FAM 114314 
BICD 150 AMNH 85175 APHE 271 AMNH 104624 
BICO 151 AtUUf 85181 APHE 212 MINH 114315 
at co 152 MINH 85176 PEAA 276 AMNH 108338 
BICO 155 ..... 27755 SUBH 278 ..... 1122 
BICO 157 MNH 54311 TELE 281 ,.,. 114588 
MENO 158 AMNH 112255 TELE 284 FAM 114590 
BICO 161 MINH 27758 TELE 287 FAM 114547 
er co 166 AMNH 85174 TELE 291 FAM 114577 
BICO 167 AMNH 85179 BICO 295 MC2 27135 
BICO 168 AMJiH 85178 CERA 298 MCZ 24917 
BICO 169 AMNH as1ao JAVA 299 MCZ 27324 
BICO 170 AMNH 85181 UNIC 303 MCZ 26269 
MENO 171 AMNH 14236 BICO 305 MC2 15695 
MENO 172 FAM , 12244 TELE 311 F ... 114524 
BICO 174 AMNH 85182 TELE 312 F ... 114526 
BICO 176 MINH 90204 TELE 313 F ... 114523 
arco 177 AMNH 54383 TELE 314 FAM 104209 
BICO 178 MNH 34739 TELE 315 F ... 114540 
BICO 181 AMNH 34742 TELE 316 FAM 114538 
MENO 186 F ... 112245 TELE 317 F ... 42979 
MENO 187 .... 112250 TELE 318 FAM 42978 
MENO 188 F ... 112254 PERA 324 F ... 109360 
MENO 195 AMNH lshel f 3. 133] PERA 326 FAM 114409 
MENO 196 MNH lshel f 3.133] PERA 327 AJlllNH 8380 
MENO 197 MINH 27866 PERA 329 F ... 114396 
MENO 198 AMNH (shelf 3.1311 APHE 330 F ... 114317 
MENO 200 MINH 86220 APHE 334 F ... 114321 
MENO 201 MINH 14213 APHE 335 FAM 114327 
BICE 203 FAM 112194 TELE 341 FAM 114414 
DICE 204 F ... 112187 TELE 342 FAM 114416 
APHE 205 AJlllNH 95544 TELE 344 FAM 144422 
SUBH 228 MNH 1124 UllJC 348 USNM 54587 
SUBH 229 AMNH 541 JAVA 351 USNH 156507 
SUBH 231 AMNH 1137 CERA 360 USNM 199709 
SUBH 233 AMNH 1121 CERA 366 USNM 164592 
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...... Spee. ' Nuseun * """"' Spee •• Mc.iseun I 

----------------------------------------- -----------------------------------------
CERA 367 USNM 164593 HYCO 460 FJUIH P12011 
CERA 368 USNM 16'594 ... ,. 461 FflQIH P12184 
CERA 369 USIHll 16'595 TRIG 462 DfCNH 1746 
CERA 370 USNM 164596 TRIG 463 DtllH 1850 
CERA 371 USNM 16'597 TltlG 468 DNIH 1029 
CERA 372 USNM 164598 TRIG 469 DMNH 421 
BICO 379 USMM 161924 TRIG 470 DtllH 1056 
BICO 382 USlllM 162931 TRIG 471 DMNH 880 Q 

BICO 384 USNM 162933 TRIG 472 OMMH 420 M 
BICO 386 USNIC 162935 TRIG 475 DMNH 1053 
BICO 387 USNM 162937 TRIG 476 DMNH 414 
BJCO 388 USNM 162936 TRIG 490 DMH 886 
BICO 389 USNM 162939 TRIG 492 DMNH 878 G 
BICO 390 USNIC 162938 TELE 496 DMNH 309 
BICO 393 USlllM 162943 TELE 497 DMl!UI 715 
BICO 394 USNfll 162942 

BICO 395 USNfll 162945 

BICO 396 USNM 162944 

BICO 397 USNM 162946 
BICO 398 USNM 162948 

BICO 402 USNM 182:018 
BICO 404 USlllM 182029 
BICO 405 USNM 182046 

BJCO 407 USNM 182194 
BICO 408 USNM 199068 

BICO 409 USNM 182195 
BICO 410 USNM 199067 
BICO 411 USNM 199069 

BICO 412 USllM 199070 

BICO 414 USNM 199522 
BICO 418 USNM 540004 
TRIG 422 USNM 15666 

TELE 424 WVP l)tlowltedl 

UNIC 426 FMNH 25707 
UNIC 427 FMNH 25708 
UNIC 43D FMNH 57BZ2 
CERA 431 FMNH 29174 
BICO 436 FMNH 34278 

BICO 437 FMNH 85429 
BICO 441 fMNH 127849 
MENO 452 FMNH P15150 
MENO 453 FMNH P1285D 
... o 454 FMNH UC1355 
MENO 456 FMNH UC1352 
MENO 457 FMNH P15146 
DICE 458 FMNH P12018 
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MANDIBLE SPECIMENS 

GenoJS Spee. # Ml.IS. # o ..... Spee. # Museun # 

--·-------------------------------------- -----------------------------------------
HYRA 4 AMNH 11651 BJCO 155 AMNH 27755 
HYRA 6 AMNH 12364 BJCO 157 AMNH 54311 
HYRA 8 AMNH 12355 MENO 159 AMNH 112255 
PENE 15 AMNH 1110 IJCO 161 AMNH 21759 
JA.VA. 17 AMNH 43 IJCO 166 AMNH 85174 
JA.VA 18 AMNH 146719 IJCO 167 AMNH 85179 
SUMA 21 AMNH 81892 BICO 168 AMNH 85178 
CERA 22 AMNH 5185' BICO 169 AMNH 95180 
SUBH 28 AMNH 529 BJCO 170 AMNH 85181 
SUBH 29 AMHH 1489 MENO 172 , .. 112244 
SUIH 32 , .. 112162 BJCQ 174 AMNH 85182 
SUBH 33 , .. lUSlt 0-117-2113 IJCO 176 AMNH 90204 

"'"" 35 AMNK 38995 BICO 177 AHNH 54383 
SUSH 38 AMNH 50·211-3667 llCO 178 AMNH 34739 
SUIH 40 AMNH 50·18-444 llCO 181 AHNH 34742 
SUIH 43 AMNH 1134 MENO 186 ... 112245 
SUIH 44 AMNH 1128 MEND 189 AMNH Agate E 
SUMA 46 AMNH 54763 MENO 190 AMNH Agate L 
UMIC 48 AMNH 54454 MENO 191 AMNH Agate M 
UNIC 53 AMNH 54455 MENO 192 AMNH Agate AA 
UNIC 55 AMNH 35759 MENO 194 AMNH 86218 
CERA 59 AMNH 51856 ACER ... MNH 26Z18 
SUBH 65 AMNH 454-22186 APHE 207 ,.., 114647 
CERA 99 AMNH [cabinet 940] APHE 208 AMNH 114650 
CERA 101 AMNH 51860 APHE 209 ,.., 114651 
CERA 102 AHNH 51861 APHE 211 ,.., 114672 
CERA 103 AMNH 51859 ACER 212 AMNH 98036 
CERA 104 AMNH 51857 APHE 213 F ... 114780 
ZAIS 107 AMNH 26102 APHE 214 ... 114826 
ZAIS 114 AMNH 99381 APHE 215 ,.., 114840 
HYCO 117 AMNH 12296 APHE 216 AMNH FLA186-2725 
HTCO 120 AMNH 38996 TELE 217 F ... 115266 
ACER 124 AMNH 1000 1ELE 218 , .. 115267 
FORS 126 AMNH 20286 TELE 219 ,.., 115275 
FORS 128 AMNH 26660 TELE 221A ,.., 115618 
FORS 129 AMNH 26666 TELE 221• ..... 13874 
MENO 132 ... 116063 TELE 223 . .. 115782 
CERA 141 AMNH 51858 TELE 224 ,.., 115951 
CERA 142 AMMH 51855 TELE 225 ,.., 115958 
llCO 147 AMNH 90055 TELE 226 ,.., 115880 
BICO 149 AMNH 118602 TELE 227 FAM 115967 
BJCO 150 AMNH 85175 SIJBH 231 .... 1137 
BICO 151 MNH 85181 SUBH 232 AMNH 543 
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Genus Spee. # Musei..n • ....... Spee. tl Muse1.111 # 

----------------------------------------- -----------------------------------------

SUBK Z34 AMNH 1121 .... 339 .... 114357 
DICE 241 AMNH [box 117 - 1710) PERA :J.ID '"" 114407 
ACER 245 MNH 26215 TELE 346 '"" 114436 
TELE 249 AMNH 18924 TELE ].17 .... 114437 
TELE 25D AMNH 21496 UNIC 348 USNM 545847 
TELE 253 AMNH 115026 UNIC 3"19 USNM 545848 
TELE 254 AMNH 115079 CERA 360 USNM 199709 
TELE 255 AMJilH 115297 CERA 366 USNM 164592 
INDR 258 AMNH 18650 [see footnateJ CERA 367 USNM 164593 
TELE 259 FAM 115370 CERA 368 USNM 164594 
TELE 260 .... 115371 CERA 369 USNM 164595 
TELE 261 ..... 10878 CERA 370 USNM 164596 
TELE 262 FAM 11509 CERA m USNM 164597 
TELE 263 .... 115592 BICO 379 USMM 161924 
TELE 264 .... 115252 BICD 382 USNM 162931 
APHE 273 AMNH Ains.74·2 BICO 384 USNM 162933 
APHE 274 .... 104623 BICO 386 USNM 162935 
APHE 275 AMNH FLA 166·2565 BICO 387 USNM 162937 
PERA 276 AMHH 108338 BICD 388 USNM 162936 
SUBH 279 AMllH 1109 BICD 389 USNM 162939 
HTCO 280 ..... 14433 BICO 390 USNM 162938 
TELE 281 FAM 114588 BICO 392 USNM 162941 
TELE 292 FAM 11,585 BICO 393 USNM 16Z9'3 
TELE 283 FAM 11'597 BICD 394 USNM 1~2 
TELE 286 AtUIH 2623 BlCD 396 USNM 162944 
TELE 290 AMNH 8391 BICD 397 USNM 162946 
TELE 292 .... 11,570 BICD 398 USNM 162948 
BICO 294 •c2 41993 BICO 402 USNM 182018 
BICO 295 •c2 27135 BJCO 405 USNM 182046 
CERA 297 MCZ 3"1850 BICD 407 USNM 18219, 
CERA 298 MCZ 24917 BICO 408 USNM 199Q68 
JAVA 299 MCZ 2732' BICO 410 USNM 199067 
UNIC 303 MC2 26269 BICD "' USNM 199069 
BICO 305 MC2 15695 BICD 412 USNM 199070 
TELE 312 .... 11,526 BICD 414 USNM 199522 
TELE 313 .... 11,523 BICD 418 USNM 5'0004 
TELE 314 .... 1°'209 TRIG 421 USNM 4815 
PERA 319 FAM 114310 TRIG 423 USNM 5667 
APHE 322 .... 114358 TELE 424 KUVP [lllOU"ltedl 
HYRA 323 .... 12664 SUBH 425 KUVP 2787 
PERA 32' .... 109360 UNIC 426 FMNH 25707 
PERA 325 FAM 11,,12 UNIC 427 FMNH 25708 
APHE 330 F ... 114317 UNIC 429 FllllNH 57639 
APHE 331 .... 114319 CERA 431 FllllNH 29174 
APHE 333 FAM 11'322 BICD 436 FMNH 3'278 
APHE 338 .... 11'352 BICD 437 FMNH 85'29 
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...... Spee. # Museun I 

-----------------------------------------

BICO 441 FMNH 127849 
8100 443 FMNH 127851 

DICE 451 FMNH UC385 
MEND 454 FMNH UC1355 
MEND 457 FMNH P15146 

SUBH 458 FMNH P12018 
HYCO 460 FMHH P12011 
TRIG 470 DMNH 1510 
TRIG 474 DMNH F-126 
TRIG 477 DMfilH 2712 
TRIG 479 OflfH 2670 

TRIG 480 DMNH 412 
TRIG 481 DMNH 2695 
TRIG 483 DMNll 891 

TRIG 484 DflOIH 2674 

TRIG 485 DMNH 1037 

TRIG 486 DMNH 2724 
TRIG 491 DMNH 10i?9 
PERA 494 DMNH 732 

Note: Afil!NH 18650 is a cast. 
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APPE!IDIX 2. 

DATA SBBBT 

Data form used for each specimen (shown reduced in size). 
Measurements were taken from top-to-bottom, left-to-right. 
Ancillary data included genus/species/subspecies desiqnations 
(G\S\S), collection information (COLL.), museum identification 
{MUS.), field notes (FIELD), male/female (M\F), and locality­
stratigraphy (LOCAL). Teeth present and first molar wear stage were 
also recorded (p

1 = first deciduous premolar; P = first permanent 
premolar). 

IWOL 

MNCllB. I 
I 

CRANIUM 

--
OXP2 
CCPl 
OXOR 
BIOR 

•IZY 
ray 
PORB 
TFOB 

Trul 
~ 

ei...oM1 

TFHT 

"'"" LFHT 
ORTP 

CANA 

OXTO 

OXl.E 

LOJCB 
BICN 
CNLN 

UOJCB 

"""" 
FOMW 

COU; 

AELC: 
CiSDA.TE:. 

M\F 

1'""1~1 .... 1§1-l@!l! c:il 
MANDIBLE 

~~I CNP.I 
CPP.Z 

~ 
~ GT 

:!I 
Ml Ml 

CNCN 
CNM3 
CPM3 

CP<lH 
RAMO ...... 
ANGC 
AN(3W 

CPCP 

MCNL 

MNCiT ···-LM1L 

LM1W 

""° B1M1 

""" 
BCM• 
BOHT 
BCBR 
SVML 

SVMW 
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APPBllDJ:lt 3 • 

HBASURBKBll'r DEPJ:HJ:TJ:OHS 

APPARATUS 

Roman numerals indicate instrument (caliper) type or measurement 
aid (plexiglas)• lowercase letters refer to caliper subparts or to 
different aids. The numerals and letters are referred to in the 
descriptions of measurements. 

I. Fowler 22· Digi~al Caliper.(Swiss). This allows outside 
measurements only using longer sq-~ared-tip jaws (I.a) or shorter 
pointed-tip jaws (I.b). The metric range is 0 - 369 mm., accurate 
to 0.01 mm. 

IX. Fowler (Sylvac) Ul~racal II 6• Digital Caliper.(Swiss). 
Includes longer, pointed jaws for outside measurement (II.a), 
shorter, pointed jaws for inside diameters (II.b), and a depth 
gauge (II.c). The metric range is O - 153 mm, accurate to 0.01 mm. 

III. GPH Anthropometer.(Swisa). A specialized caliper designed for 
taking hum.an somatic measurements. Jaws are long (22cm) and the 
tip-to-tip measurement range is o - 210 cm, accurate to o.s mm. 

IV. Helios 12" Dial Ca.Ziper.(West German). Similar to I, but non­
digital. Includes depth gage (IV.a) with maximim depth of 33 cm, 
accurate to o.os mm. 

v. Plexiglas Plates. Rectangles, 10" by l", 2•, or 3" (V.a). 
Oddcut, 21" X 3• with 2• X a· corner removed (V.b). 12" by 4" 
rectangle with ruler attached to surface (V.c). Plate thickness is 
6 mm (nearest mm)• 
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LANDMARK DEFINITIONS 

Uppercaee letters identify specific landmarks and are referred to 
in the description of measurements. 

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

Given the diversity and irregularity of the occipital region, some 
judgement is required to locate this point. When there is a 
distinct nuchal ridge, it is simply followed to the median plane, 
and if the ridge is thick, the superior margin is used. Where the 
ridge is lees distinct, it must be decided where the dorsal surface 
of the skull "ends" and the occipital surface "begins". Because 
the ridqe may turn inferiorly as it approaches the midline, this 
landmark does not necessarily correspond to the moat superior point 
of the occiput, nor to the most posterior point of the occiput, 
depending on the inclination of the occipital "plane" and the 
presence of tuberous and rugoee areas-

Measurements to this point: OXTPr OXP2, OXPO, OXTO, OXLE, OXAE, 
OXOR, OXM3 

B- Posterior margin on the basiocciput 

Between the occipital condylee inferiorly, the baeiocciput presents 
a rounded posterior margin which is somewhat external and inferior 
to the true foramen magnum aperture. The most posterior point of 
the marqin in the median plane is marked while observing the skull 
posteriorly at the level of the occipital condyles. 

Measurements to this point: OXTOr MGPL 

c. Most lateral point on the artLcula.r eminence 

The articular surf ace 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. Thie point does not necessarily 
correspond to the moat lateral point of bone in the region, or of 
the zygomatic arch. 

Measurements to this point: OXAE, AEAE, AEP2, AEOR 
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D. Nost anterior point on the margin 0£ the orbit 

This point ie difficult to determine for several reasons: the 
orbital margin is not well-defined, being rather rounded and 
smoothly continuous with adjacent bone, and the lacrimal process 
and foraminae may appear to occupy the position. In such cases, 
the point is considered as just inferior to the lacrimal process. 

Measurements to this point: OXOR, AEOR, BIOR, ORP2, ORNA, ORTP, 
ORMX 

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

The anterior and lateral margins of the alveo1us are continuous at 
the anterolateral "corner•. The center of this curved part is 
determined by eye. 

Measurements to this point: OXP2, OCP2, AEP2, P2MX 

F. Nost posterior point on the palate in the median plane 

This is straightforward when the suture between the palatine bones 
is 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 
posteromost medial points of both sides. 

Measurements to this point: MGPL, PALL, 

G. Nost lateral point on the mandibular condylar articular surface 

As with the articQlar eminence, texture and hue usually distinguish 
it from the surrounding bone. It is usually at or just medial to 
the most lateral point of bone. 

Measurements to this point: CNCN, MCNL, CNP2, CNM3 
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K. Anterior margin of the mandibular ramus in the occlusai plane 
of the tooth row 

This point is constructed by placing the broad part of v.c on the 
mandibular teeth such that the narrower section passes along the 
lateral surf ace of the mandibular ramus and the indented edge abuts 
the anterior margin of the ramua. The inferior surface of the 
plastic is used to mark the point. 

Measurements to this point: RAMD 

I. (Note: •I• is omitted as a landmark identifier to avoid 
confusion with the Roman numeral I above, indicating an instrument 
type). 

J. Posterior margin of the mandibular ramus in the plane of the 
tooth row 

Position v.c as for a. With the projecting flange against the 
ramua, mark the posterior margin of the ramus in the plane of the 
inferior surface of the flange. 

Measurements to this point: RAMO 

~- Host posterolataral point on the grinding surface of the lower 
third moiar 

When the posterior loph is worn, its moat posterior point is easily 
identified. In the unworn tooth, the grinding surface is 
considered to be the ridge of the loph. 

Measurements to this point: OXM3 

L. Hose superior point on the coronoid process 

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

Measurements to this point: CPCP, CPP2 , CPM3 , CPRH 

313 



N. Aneerior limie oL the temporal line 

The temporal line may be distinguished as a ridge or line 
separating the relatively smooth bone of the temporal fossa from 
the rougher bone of the dorsal skull surface. Anteriorly, the line 
ends 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 using I.b. In Diceros bicornis, the temporal line 
intersects a second ridge coursing anterosuperiorly from the optic 
and mandibular foraminae. The intersection is the marked point in 
this case. 

Measurements to this point: TFLN 

N. Posterior limit of the temporal fossa 

As the temporal line courses posteriorly (see M), it eventually 
arches laterally along the occipital margin. Judging the most 
posterior point of this arch requires care, and it may be more 
lateral or more medial depending on the species. 

Measurements to this point: TFLN 

a. Interseceicn of the alveolar margin wLth the plane passing 
through the anterior margin of the orbit and perpendicular to the 
eooth row 

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

Measurements to this point: TFHT, LFHT 

P. Host anterior poin~ on the maxillary bones 

Where functional incisors are absent, this point is on a projection 
of bone. care must be taken to assess any breakage. In species 
with incisors, the point is located sagittally between first 
incisors. 

Measurements to this point: P2MX, ORMX 
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Q. Nose posterior point on the alveolar margin Of the third upper 
molar 

Measurements to this point: OXM3, M3M3, MXGT, MXMO 

R. Nost posterior point on the occlusal surface of the most 
post:erior molar 

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

s. Nost anterior ex~ent of the attachment of the masseter to the 
zygoma~ic arc:h 

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

Measurements to this point: ZYLN 

'r. Point on the .inLerior margin of the mandible in the plane 
passing through the mandibular notch and perpendicular to the plane 
of the tooth roW" 

Measurements to this point: RAMH 

MEASUREMENT DESCRIPTIONS 

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

Skull 

ABAE - Biartic:ular eminence breadth. Distance between the most 
lateral points of the articular eminences (C to C). 

AZOR - Articular eminence to orbit. c to D using I. 

ABP2 - Articular eminence to sec:ond upper premola¥ Most lateral 
point of the TMJ articular surface to most posterior margin of P2. 
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BICN - Bicondylar breadth. Horizontal distance between the most 
lateral points on the occipital condyles using I.a. 

BIOR - Biorbital breadth. D to D using III. The orientation of 
the caliper is not important as long as the tips are in the 
sagittal planes through the points. If lacrimal processes 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. 

BIPG - Bipostglenoid breadth. Inside distance between the 
postglenoid processes measured at their bases. 

BIZY - Outer bizygomatLc breadth. Distance between the most 
lateral points of the zygomatic arches. Place jaw of III 
vertically against the arch and close against the corresponding 
point on the opposite aide. 

BRAS - Binasal breadth. Nasal breadth measured at an estimated 
point 50% of the distance between the moat posterior point of the 
nasal incision 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 against the most lateral 
margin of the condyle. This measurement should be approximately 
parallel to the long axis of the condyle. 

CNPG - condyle to postglenoid process. Distance between the 
occipital condyles and the postglenoid processes. Place XII 
against the posterior surfaces of the occipital condyles and close 
down against the processes anteriorly. 

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

B%11A - External nasal aperture breadth. outside diameter of the 
anterior nasal aperture measured at its most lateral points when 
viewed anteriorly. Pace I-a against the lateral aide of the nasal 
wall and close the opposite jaw against the analogous point on the 
opposite side of the skull. 
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l'llKl - Face height including upper first molar. Distance from the 
lateral occlusal margin of te first upper molar to the dorsal 
midline of the cranium in a plane passing through D. 

POMB - Foramen magnum height. Foramen magnum height from the 
superior to inferior margins using II.b. Place a jaw against the 
table of bone forming the floor of the foramen and spread the other 
jaw to the superior margin. The superior margin often includes 
irregular bony outgrowths or a vertical slit in the midline. In 
either case, the "upper margin" is obtained by estimating a 
smoothly extrapolated. curvature based on the remaining margin of 
the foramen. Smaller specimens may require the use of II.b. 
FOllN - Foramen magnum width. Distance between the most lateral 
margins of the fora.men magnum. Uee the jawe of III (either end) 
as inside calipers. True distance is the reading plus 20.0 mm to 
correct for the width of the caliper jaws (as in ZYZY). Smaller 
specimens may require the use of II.b. 

IHPB - Infraorbital foramen height. vertical height of the 
infraorbital foramen. Using I.a, make a judgement as to the 
boundary of the foramen and measure in the most convenient 
orientation of the caliper. 

IllPW - Infraorbital foramen vidth. Horizontal width of the 
infraorbital foramen. Measured as for INFH but in the horizontal 
plane. 

Ll"ln'.' - Lower face height. D to O using I.b. 
LO:Z:B - Lower occipital breadth. Breadth of the occiput in the 
horizontal plane passing through the superior margin of the 
occipital condyles. 

MGAB - Foramen magnum to articular eminence. Posterior margin of 
the basiocciput to the lateral articular eminence. 

MGPL - Foramen magnum to 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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MOZB - Middie occipital breadth. Distance between lateral 
occipital margins at a level between LOXB and ooxa and measured in 
two ways depending on the nature of the occipital reqion: (a) where 
the occiput is concave, the minimum distance is measured, (b) where 
it is straight or convex, the distance is measured in an estimated 
plane SO' of the distance between A and LOXS. 

llZG~ - Saxiiiary grinding tooth row length. Distance from the most 
anterior point of P2 to the most posterior point of M3 a1ong the 
grinding surface. 

MXllO - Maxillary molar tooeh row length. Distance from the most 
anterior point of Ml to the most posterior point of M3 along the 
grinding surf ace. 

NlNl - Breadeh across upper first molars. Distance across across 
the first upper molars measured between the buccal crown surfaces 
at their most lateral points inferior to the alveolar margi.n. 
Place tip or edge of I.a against one tooth and close against 
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. 

N3N3 - Breadth across upper ehird molars. outside diameter across 
the th.ird upper molars measured at the distal root. Place I.a with 
tip in the plane of the alveolar margin and side vertical against 
most lateral surface 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 seems most 
natural. 

OCP2 - Occipital condyle 
occipital condyle to D. 
surface of the occipital 
same side. 

to second upper premolar. 
Hold jaw of III against the 
condyle. Spread second jaw 

posterior 
point to D of 

ORNJ: - Orbit to maxillary tip. D to the midline in the plane of 
the most anterior projection of the maxillary/premaxi1lary bones. 
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ORNA - orbit to nasal incision. Most posterior point on the margin 
of nasal incision to D. Place jaw of I.a against the margin of the 
incision and the other jaw tip at the indicated point. 

O~ - orbit to nasal tips. D to the midline in the vertical plane 
of the nasal tips using v.a. 

OXAB - Occiput to articular eminence. A to C using I.a. 

OXLI: - Occipical length. Distance from A to B using I.b. 

0%113 - occiput to third upper molar. A to Q using I.b. 

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

0%P2 - occiput co second upper premolar. A to D. From the aide of 
the skull, place the tips of III at the indicated points. In cases 
where both points cannot be seen at the same time, it must be 
decided which point is most easily held in place while out of view. 

o~ - Tocal occipital height. Total vertical length of the 
occipital region measured from the external surf ace of the inferior 
margin of the foram.en magnum to A. 

o~ - Occiput to nasal tips. Plane of the moat anterior points 
of the nasal bones to A. Place V.b across nasal tips to define 
plane. Place a jaw of III. against the plate in the midline and 
close opposite jaw point to A. This method does not account for 
distances between the nasal tips or presence or abeence of bone in 
the midline posterior to the tips. 

PAI.J> - Palate depth. Depth of the palate measured across the first 
molar. Place v.a across the first molars. Measure anteriorly from 
the plate to the midline of the palate with II.c. 

PGLB - Postglenoid process heighc. Place V.a (ln) horixontally 
across the tip of the postglenoid process. Use II.c to measure 
vertically from the plate to the bone at the base of the process. 
correct for thickness of the plastic. 
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PX.OR - Palate to orbit. Posterior margin of the palate in the 
median plane (P) to the most anterior point on the margin of the 
orbit (D). 

PLP2 - Palate to second upper premolar. Posterior margin of the 
palate in the median plane to the anterolateral margin of the 
alveolus of the second Upp@r premolar. 

PORB - Postorbital constriction width. Distance across the 
narrowest constriction of the cranium posterior to the orbits and 
medial to the zygomatic archs. Judging from directly above, place 
one jaw of III vertically against one side at the narrowest point 
and close opposite jaw against corresponding surface on the 
opposite side. 

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

P2KI: - second upper premolar to maxillary tip. Anterolateral 
margin of the second upper premolar to the midline in the plane 
passing through the tips of the (pre}maxillary bones. 

P2P2 - Breadeh across second upper premolars. Outside diameter 
across the second upper premolars measured beween the most lateral 
partat the distal root. Place r.a with tip in the plane of the 
alveolar margin and side vertical against most lateral surface 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 seems most natural. 

TBRB - Biterygoid process breadth. Breadth of the pterygoid 
processes measured between their most lateral points. Place a jaw 
of I.a against the most lateral point of one process and close down 
the other jaw on the corresponding opposite point. 

TBRB - Pterygoid process height. Vertical height of the pterygoid 
processes. Place V.a (l"} across the inferior limits of the 
pterygoid processes and balance perpendicular to the processes. At 
the posterior edge of the plate in the midline, use II.c to measure 
the distance to the bone. 
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~P'llT - Toeaz face heigh~. Distance from o to the midline dorsally 
in the plane passinq through the anterior margin of the orbit and 
perpendicular to the tooth row. 

TP'LH - TemporaZ fossa lengeh. N to N using I.a or III. 

TFOS - TemporaZ fossa opening. Distance across the temporal fossa, 
approximately anteroposteriorly, where the fossa opens inferiorly. 
Place the jaws of III through the fossa and spread to the widest 
points, making sure that comparable parts of the jaws are touching 
bone. 

UPBT - Upper face heighe. Distance from D to the dorsal median 
surface in the plane passing through D and o. 

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

UMlW - lfa.xiZlary firs~ molar bread'th. Width of the first upper 
molar measured between roots as close as possible to both alveolar 
margins. 

UOZB - Upper occipital breadeh. Breadth of the occiput superiorly 
eitheri (a) where the nuchal ridge ends and the margin turns 
anteriorly or inferiorly, or (b) where the margin has a maxi.mum 
distingished from the minimum in MOXB 

Z"Dr.f - Zygoma~ic height. Measure vertically in the plane passing 
through AB and approximately parallel to the external surf ace of 
the arch. 

ZYLN - Zygomaeic process length. Masseter attachment along the 
length of the zygomatic arch measured from c to s. 

ZYZY - Inner bizygomaeic breadeh. Distance between the medial 
sides of the zygomatic arches in the coronal plane that passes 
through the most lateral points on the medial aides of the arches. 
Using III as an inside caliper, place one jaw against the internal 
surf ace of the zygomatic arch where the internal surf ace is 
farthest from the sagittal plane. The true distance equals the 
reading plus 20.0 mm to correct for the width of the jaws. 
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Mandible 

ANOD - Handibular angle depth. Distance across the lateral surface 
of the mandibular angle measured from B to a point approximately 
50% of the distance along the arc between J and ~. 

ANOW - Mandibular angle vidth. Mediolateral width of the 
mandibular ramus measured at a point 50' of the distance along the 
arc between J and ~- With I.a, grip the mandible at and gently 
rock until minimum distance is attained. 

BDMl - Handibular 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 
Ml and perpendicular to the tooth row (as for BDHT). 

BDll'r - Handibular body height. vertical depth of the mandibular 
body measured from the margin of the alveolus between the roots of 
Ml perpendicular to the tooth row and body along the external 
surface. Place VI against mandible inferior to the first molar. 
Place I.a tip at alveolar margin and close opposite jaw against 
plastic. 

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

BIH3 - Breadth across third lower molars. R to R using II. 

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

8IP2 - Breadth across seond lower premolar. Distance across both 
tooth rows at the level of the second lower premolar mesaured from 
D to D using I.a. 

322 



CHP2 - condyle to second lower premoZar. Most lateral point of the 
occipital condyle to the most anterior point of P2 at the grindinq 
surface. 

CPCP - Bicoronoid process breadth. Distance between the the most 
superior points of the coronoid processes (L to L) using I.b. 

CPP2 - Coronoid process to second lower premoZar. Superiorm.ost 
point of the coronoid process to the most anterior point of the 
second lower premolar at the grinding surface. 

CHCH - Mandibular bicondyZe breadth. Distance between the most 
lateral points of the articular surf aces of the mandibular condyles 
(G to G). Position opposite jaw points of I.a at the marked points 
indicated. 

CNll3 - Condyle to third iower molar. G to X using I.b. 

CPM3 - Coronoid process to third lower molar. Most superior point 
on the coronoid process (L) to the most posterior point of M3 (K) 
at the grinding surface. If the top of the coronoid process 
appears flattened then take the midpoint. 

CPRB - Coronoid process height. From a tangent plane passing 
through the inferiorm.ost part of the mandibular notch and parallel 
to the tooth row to L. Place a jaw of I.a adjacent to the lateral 
side of the ram.us in the appropriate plane of the notch, then-close 
down the opposite jaw to the top of the process. This measurement 
is usually slightly off vertical. 

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

HCNL - Mandibular condyle length. Length of the mandibular 
condylar articular surface measured from the most medial point to 
G. The discussion of o above also applies to the most medial 
point. 
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MRGT - H411.dibular grinding tooth row length. Distance from the 
most anterior point of P2 at the grinding surface to the most 
posterior point of MJ along the qrindinq surface perpendicular to 
the tooth row. 

IOIMO - Handibular molar tooth row l.ength. Dist·ance from the most 
anterior point of Ml to the most posterior point of M3 along the 
grinding surface perpendicular to the tooth row. 

LlllL - Lower first molar length. Lenqth of the first lower molar 
at the grinding surface. Place the tip of II.b across the most 
anterior point of the tooth surface with the jaw perpendicular to 
the tooth row. Close down the opposite jaw to the tooth or an 
analogous plane. 

LlllW - Lower first molar width. Mediolateral width of Ml 
perpendicular to the tooth row meaaured across the middle of the 
distal root. Place the tip of I.a at the alveolar margin midway 
between the poaterior margin and the tooth constriction. With the 
first jaw vertical, close the second jaw against the lateral 
surface of the tooth. 

PZirP - Second lover premolar to nasal. tip. Distance from the 
anterior margin of the occlusal surface of the second lower 
premolar to the anterior limit of the mandibular symphyais in the 
midsaggital plane. Use I.a. 

RAND - Handibular ramus depth. Distance from G to T using I.a. 

RAMB - Handibular ramus height. Distance from the inferiorm.ost 
point of the mandibular notch to the inferior margin of the 
mandible, perpendicular to the plane of the tooth row. 

SYKL - Handibular symphysis length. Greatest length of the 
mandibular symphysis in the median plane. Place tip I.a against 
the most anterior limit then close oppoaite jaw against posterior 
limit such that correspondinq parts of the caliper jaws are 
touchinq bone. May measured from above or below. 
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SYHN - lfa.n.dibular symphysis depth. Maximum thickness of the 
mandibular symphysis in the median plane measured from the 
posterior aspect. From below and between the bodies, place I.a 
against internal (superior) surface of symphyeie and close opposite 
jaw against external (inferior surface) surface. Some rugosity of 
the lower surf ace may be included but any distinct ridge or other 
boney exeneions not directly contr.ibuting to the connection of the 
mandibular bodies should be excluded. 
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APPENDIX 4. 

RAW DATA 

Raw data for specimens used in analyses. Skulls (N=184~ are listed first, followed by 
mandibles (N=l87). Genera and specimens are listed in the same order as in Tables 2 
(skull) and 3 (mandible). Skull data is presented in two parts: AEAE - MXGT and MXMO -
ZrLN. Estimated measurements are indicated by brackets()• All measurements are in 
millimetera. 

SKULL (AEAE - MXGT) 

ID GENUS SUBGEN AEAE AEOR AEP2 BICN BIZY LFMT LOXB M1M1 M3143 MGAE MXGT 

CERA 22 CERA CERAS 332 250 455 151 332 125 226 211 138 229 280 
CERA 59 CERA CERAS m m 449 151 334 123 239 218 134 229 279 
CERA 99 CERA CERAS 361 i!34 453 152 363 139 216 210 146 257 279 
CERA 101 CERA CERAS 344 247 451 154 357 130 267 224 144 239 287 
CERA 102 CERA CERAS 309 211 m 136 317 125 228 201 136 215 260 
CERA 103 CERA CERAS 337 251 454 145 360 126 242 210 m 236 263 
CERA 104 CERA CERAS 340 242 448 150 358 151 241 201 132 244 263 
CERA 1'1 CERA CERAS 349 242 451 147 342 132 245 220 1" 234 265 
CERA 142 CERA CERAS 342 244 460 154 345 163 257 205 124 240 275 
CERA Z98 CERA CERAS 330 258 451 154 334 146 255 207 135 233 251 



JO GENUS SUBGEN AEAE AEOR AEPZ BICN BIZY Lf~T LOMB H1H1 HlH3 HGAE HMGT 

CERA 360 

CERA 366 

CERA l67 
CERA 368 
CERA 369 

CERA 371> 
CERA l71 
CERA l72 
CERA t.31 

SOO 21 
SOO •6 

BJCO 147 
BICO 149 

BJCO 150 

BICO 151 

BICO 152 

BJCO 155 
BICO 157 

BICO 161 
BICO 166 
BICO 167 
BICO 168 
BJCO 169 

8JCO 170 

8JCO m 
BJCO 176 

CERA CERAS 
CERA CERAS 

CERA CERAS 
CERA CERAS 
CERA CERAS 
CERA CERAS 
CERA CERAS 
CERA CERAS 
CERA CERAS 

SOO SOOS 
SUMA SOOS 

BICO BJCOS 
BICO BICOS 
BICO BICOS 
BICO BICOS 
BICO BICOS 
BICO BICOS 
BJCO BICOS 
SICO BICOS 
BICO BICOS 
BICO SICOS 
BICO BICOS 
BICO BICOS 
81CO BICOS 
8JCO mos 
BICO BICOS 

326 
318 
323 
338 
320 
3'3 
335 
372 
336 

284 
142 

335 
316 
310 
317 
328 
289 
3'7 
331 
313 
327 
325 

311 
m 
330 
317 

242 
250 
245 
262 
241 
265 
239 
26' 
255 

185 
186 

222 
244 
223 
232 
238 
212 
248 
230 
237 
233 
245 
232 

223 
233 
248 

439 
457 
445 
455 
435 
453 
433 
444 
4'3 

304 
300 

384 
in 
374 
374 
382 
356 

••8 
380 
386 
382 
399 

368 

376 
379 
375 

152 
139 
142 
142 
136 

147 
m 
143 
145 

97 
123 

138 
135 
128 
149 
132 
131 
152 
125 
132 
126 
137 
133 
m 
137 
126 

325 
318 
322 
338 
318 
3'1 
335 
375 
340 

310 
300 

340 
ll2 
326 
322 
336 
310 
358 
340 
32• 
338 
345 
328 
334 
343 

327 

130 
138 

129 
139 
128 
125 
126 
1'5 
138 

96 
86 

100 
91 
97 
91 
80 

73 
95 
92 
95 
95 
97 

184 
89 

100 
97 

238 

239 
258 
246 

242 
259 
235 
255 
248 

198 
194 

227 

229 
225 
255 
238 

215 
2•9 
232 
2'l 
242 
237 
215 
236 
252 
237 

203 
214 
203 
205 
197 
219 
214 
201 
207 

178 

171 

206 
193 
192 
196 
198 
186 
199 
203 
192 
202 
188 
179 
200 
208 
203 

130 
m 
140 
136 
129 
139 
130 
1'5 
140 

111 
115 

138 
122 
121 
119 
133 
115 
126 
121 
135 
123 
135 
129 
129 
132 
117 

221 
226 
236 
226 
221 
241 
228 
255 
2•2 

169 
171 

228 
209 
197 
210 
216 
182 
221 
222 
202 
215 
223 
195 

217 

208 
205 

269 
256 
262 
270 
262 
275 
257 
251 
272 

187 
204 

255 
249 
231 
272 
249 
245 
251 
2•6 
2l6 
265 
243 

241 
250 
259 
259 
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10 GENUS stJ8GEN AEAE AEDR AEP2 81CN 81ZY LFHI L0!8 H1H1 M3H3 MGAE H!Gl 

61CO 177 BICO BICOS 

81CO 178 81CO 81COS 
&ICO 161 &JCD &JCOS 
&ICO 295 BICO BICOS 
81CO 305 BICO 8ICOS 
&ICO 379 BJCO BICOS 
&JCO 382 BICO 81COS 
BICO 384 BICO 81COS 
BICO 386 BICO BJCOS 
BICO 387 BICO BICOS 
BICO 388 BICO BICOS 
BICO 189 BICO BICOS 

BICO 390 BICD BICOS 
&ICO 391 8ICD BICOS 
81CO 394 81CO 81COS 
&ICO 395 BICO BICOS 
BICO 396 8100 BICOS 

BICO 397 BICO BJCOS 
BICO 396 BICO BICDS 

81CO 402 81CO 81COS 
BICO 'i04 BICO BICOS 
BICO 405 BICO &ICOS 
BICO 407 &ICD BICOS 
&ICO 408 BICO &ICOS 

BICO 409 BICO BICOS 

BICO 410 BICO BICOS 
BICO 411 BICO 81COS 
BICD 412 BJCO BICOS 

321 245 382 128 
310 215 357 111 
318 226 363 124 
305 216 353 123 
138 m 181 121 
310 226 354 128 
320 247 382 130 
324 231 389 141 
314 242 369 151 
313 252 383 138 
312 221 381 149 
297 237 398 112 
318 219 38] 131 
311 219 391 152 
324 235 38] 133 
318 231 383 1l9 
m 211 •os 144 
317 239 187 1•2 
310 223 362 133 
116 229 356 132 
124 m 1n m 
299 243 370 118 
Joa 210 110 124 
111 221 in 111 
306 218 360 135 
312 22• 356 131 
299 217 351 131 
308 217 361 139 

132 
l2l 
330 
312 
318 
323 
346 
346 
340 
329 
342 
317 
]34 
]56 
337 
339 
357 
334 
325 
131 
331 
113 
325 
327 
317 

321 
310 
324 

89 237 203 125 215 263 
92 212 178 125 201 234 
87 211 181 m 208 239 
n 211 181 116 19S 238 
83 m 198 121 213 26! 
all 224 197 120 213 241 
99 246 210 132 212 244 
96 219 211 138 217 260 
89 238 197 135 209 235 

94 264 203 121 212 m 
100 242 191 137 214 239 

10• 228 192 "' 211 246 
96 241 197 123 220 253 

100 254 200 133 221 250 
87 251 209 121 214 259 

102 2ll 214 128 213 263 
90 240 208 123 216 270 
90 229 210 118 212 272 
78 220 193 114 209 258 
90 220 195 115 206 241 

85 222 199 130 215 252 
91 222 200 111 198 258 

98 215 183 120 202 222 

87 230 194 116 205 245 

86 217 179 113 202 236 
85 221 19S 120 197 256 
90 21e m 111 198 226 
78 213 192 132 202 241 



"' "' "' 

ID 

BICO 414 
BICO 418 

BICO 436 

BICO 437 
BICD 441 

UNIC 48 
UNJC 53 
UNJC 55 
UNJC 303 

UNJC 348 

UNJC ,26 
UNIC 427 
UNIC 'lD 

JAVA 17 
JAVA 18 
JAVA 299 
JAVA 351 

ACER 245 
ACER 12, 

MYN 111 

AMYN 461 

GEM US SUBGEN 

BICO BICOS 
BICO BICDS 
8JCO BICOS 
BICO BICOS 
BICO BICOS 

UNJA UNICS 

UNJA UNICS 
UNJA UNICS 

UNJA UNICS 

UNJA UNICS 

UNJA UNICS 
UNJA UNICS 

UNJA UNI CS 

UNJA JAVAS 
UNJA JAVAS 
UNJA JAVAS 
UNJA JA.VAS 

ACER ACER1S 
ACER ACEAZS 

'""" AMYNS 

AMYN AMYNS 

AEAE AEDR AEP2 BICN 

316 237 376 131 
313 217 37D 128 

298 225 359 129 
315 226 366 128 
317 234 372 126 

342 265 380 136 
128 239 365 141 
347 247 380 115 
l7D m 376 147 
365 268 4D9 117 
34J 256 319 138 
351 267 181 138 
352 249 386 142 

312 236 327 136 
119 234 117 125 
m 242 119 151 
128 248 123 143 

290 232 152 114 
365 196 342 1JD 

194 123 228 85 
195 llD 221 84 

BIZY LFHI LO>IB M1MI H3"l HGAE MXGT 

321 96 221 184 124 2D9 217 
145 85 212 193 126 2D5 242 
lD5 87 226 182 114 198 219 
131 87 229 199 12D 2D7 259 
141 91 2l4 197 121 2D6 247 

356 98 273 215 142 217 26D 
147 ID9 27D 2D4 127 226 257 
372 91 286 222 146 221 262 

311 117 287 22D 115 24D 264 
372 126 296 224 146 211 255 
359 ID2 286 215 151 216 234 
36D l1D 272 227 143 217 253 
l7D 114 227 224 127 228 261 

344 69 298 193 112 2~ 211 
311 11 285 l9D 11D 188 221 
346 65 278 197 11D 215 221 
118 61 282 JT9TJ 114 2D6 22D 

291 73 226 (!86) 1D2 21D 239 
357 121 258 2D6 129 268 245 

llD 48 1D2 123 96 148 154 
2D5 51 1DD 107 82 138 14D 



w 
w 
0 

ID GENUS SUBGEN AEAE AEOR AEP2 BICN BIZY lFHf LOXB M1M1 M3M] MGAE MICGf 

APHE 205 

APHE 268 

APHE 269 
APHE 270 

APHE 271 
APHE 272 

APHE JJO 

APHE JJ4 

APHE 335 

OICE 219 
DICE 201 
OICE 204 
OICE 266 
OICE 240 
OICE 267 

FORS 127 
FORS 130 

APHE APHE1S 262 

APHE APHE2S 315 
APHE APHE2S 292 
APHE APHE2S 294 

APffE APHE2S 327 
APHE APHE2S J10 

APHE APHE2S J25 

APHE APHEZS 297 
APHE APHE2S 283 

DICE DICE1S 213 
DICE DICE1S 194 
DICE DICE1S 207 
DICE DICE2S 214 
DICE DJCE3S 243 
DICE DICEJS 271 

FORS FORSS 230 
FORS FORSS 236 

HYAA 4 ffYAA HYRA1S 111 
ffYAA 5 HYRA HYRA1S TJ 

169 

194 

210 

209 
217 

194 

216 

21J 

186 

162 
167 

168 

181 
208 

195 

160 

1J5 

286 

l45 
JSO 

J56 

l65 
JJ7 

Jn 
J79 
JJO 

24J 

2'1 
259 

268 
J17 

J20 

275 
255 

86 1J9 

76 123 
HYAA 10 HYRA HYRA2S 126 103 168 
HYAA 6 HYRA HYRA2S 162 112 184 
ffYRA 12 HYAA HYRA2S 112 116 167 

96 

1l5 
12J 

126 
1J7 

122 

134 

127 

124 

80 

84 

9J 

95 
118 
112 

84 

76 

236 

J21 

295 
299 
Jl6 
J06 

J27 
JOO 

286 

2J6 

1226) 
229 

226 
247 

285 

249 

12l6J 

48 122 

J8 86 
51 133 
58 179 

46 82 

86 

85 

95 
80 
76 

71 

107 

92 

75 

41 

42 

55 

65 

14 

61 

47 

65 

J1 
27 

JS 

J2 

J9 

140 

2J5 

216 

202 

227 
208 

241 

212 

194 

122 

122 

127 

125 

149 

118 

13J 

104 

67 

55 

119 

180 

179 
180 

184 

164 
172 

186 
186 

142 

128 

141 

1JO 

1JO 

159 

1J8 

127 

78 
54 

71 98 

90 110 

67 75 

91 

128 
11] 

124 

147 
107 

124 

118 

115 

87 

8J 

74 

87 

89 

117 

102 
81 

59 

l5 

165 

196 

178 

185 

196 
171 

192 

180 

1Bl 

154 

1J2 

1J8 
154 

174 

164 

156 

1J2 

75 

46 

192 

226 

27l 
226 

240 
217 

219 

241 

24J 

169 

166 

195 

182 
217 
204 

165 
157 

Bl 
72 

62 90 106 
76 106 116 

49 74 92 



10 GENUS SUBGEH AEAE AEOR AEP2 BICN Bl2Y LFNJ LOMB M1M1 M3Ml MGAE MXGT 

HYCO 116 HYCD NYCDS 130 
HYCO 117 ffYCO HYCDS 107 
HYCO 120 HYCD HYCDS 108 
HYCO 460 HYCO HYCDS 115 

95 151 
88 151 
98 160 
88 141 

52 135 
49 128 
48 115 
46 125 

33 
38 
45 
38 

82 
66 
71 
71 

82 
90 
86 
89 

55 101 104 
42 83 109 
52 93 113 
51 88 101 

INDR 258 INDA INDAS -~~J1__612___J09 588 145 358 219 214 498 376 

MEND 171 MENO MENDS 208 164 257 
MENO 195 MENO MENDS 171 147 228 
MENO 196 MENO MEMOS 156 139 221 
MEND 197 MENO MENDS 181 135 228 
MEND 198 MENO MENDS 165 129 214 
MEND 200 MENO MENDS 160 129 212 
MENO 201 MENO MENDS 178 147 236 
MENO 453 MENO MENDS 177 129 254 
MENO 454 MEND MENDS 201 142 236 
MENO 456 MENO MEMOS 180 144 212 
MENO 457 MEND MENDS 192 133 241 
MENO 452 MENO MEMOS 180 135 217 
MEND 141 MENO MENDS 188 145 211 
MENO 158 MEND MENDS 198 152 241 
MENO 172 MEND MENDS 168 153 236 
MENO 186 MENO MENDS 191 146 2lD 
MENO 187 MENO MENDS 198 160 251 
MENO 188 MEND MENDS [1811 157 236 

79 240 
71 175 
70 161 
7D 186 
71 206 
65 162 
74 182 

78 213 
84 238 
73 184 
81 198 
74 169 
78 2J1 
80 20D 
65 170 

76 203 
84 227 
70 194 

44 143 13D 

41 109 "' 
42 113 117 
42 131 111 
50 1J1 110 
47 103 104 
55 116 102 
51 126 129 
46 1]8 122 
43 116 m 
41 um 128 

[39) 113 121 
47 129 117 
56 129 128 
49 109 105 
48 122 102 
49 130 118 
51 114 106 

89 129 175 
58 116 159 
59 104 156 
69 115 147 
60 121 156 
61 113 154 
61 114 163 
87 128 160 
77 119 156 
19 121 156 
81 120 167 
62 111 1611 
74 121 152 
70 119 163 
50 113 164 
66 134 160 
72 124 171 
52 117 166 



ID GEHUS SUB GEN AEAE AEDA UP2 BICN 8JZY LFHT LOMB M1M1 MlM3 MGAE MKGT 

PERA 324 PERA PERA1S 226 178 12891 85 237 63 142 11481 94 140 182 

PERA 276 PERA PERA1S 280 186 305 90 253 79 176 156 98 165 208 

PERA 326 PERA PERA2S 145 210 352 140 359 65 239 209 152 225 263 

PERA 327 PERA PERA2S 405 258 399 151 429 96 268 260 153 214 2n 

PERA 329 PERA PERA2S 387 250 417 162 412 91 27'1 236 140 238 287 

SUBH 28 SUBH SUBH1S 191 152 242 72 196 50 115 run [75) 130 163 

SU8H 29 '"'" SUOH1S 170 145 238 n 176 57 101 105 75 126 146 

SU8H 31 SUBH SUBH1S 196 160 242 n 219 56 125 129 81 1l5 176 

SU8H 27 SU8H SUBtt1S 188 136 217 73 197 l9 116 112 76 137 143 

SU8H 32 SU8H SU8H1S 189 152 256 76 200 70 112 131 89 137 170 

SUBH 36 SUBH SU8H2S 195 146 247 60 200 64 116 116 65 [1401 163 

SUBH 64 SU8H SUBH2S 221 154 252 94 235 75 141 130 93 164 169 

SUOH l5 SU8H SU8H2S 208 156 257 95 220 69 130 146 92 1lB 176 

'"'" 63 SU8H SU8H2S 190 162 264 86 197 56 122 106 61 140 186 

SUBH 228 SUBH SUltllS 239 189 271 105 280 37 161 140 102 166 m 
SUBH 229 '"'" SUBH3S 235 176 295 96 264 56 152 124 8l 141 162 

SUBH 231 '"'" SUBH3S 232 173 271 110 269 55 145 151 107 160 192 

SUBH 233 '"'" SU&HlS 225 167 265 96 263 " 147 140 102 133 156 

SUBH 236 '""" SUBH]S 246 165 281 99 257 60 155 144 107 156 180 

SUBH 278 SU8H SUBH3S 227 175 270 102 237 52 139 146 95 154 188 

SU8H 458 SU8H SUBll3S 244 170 276 95 260 [621 143 1l1 99 162 192 



w 
w 
w 

ID 

IELE 141 
fELE 342 
IELE 317 
TELE 318 

TELE 344 
TELE 255 
TELE 311 

TELE 312 
TELE 313 

TELE 314 
TELE 315 
TELE 316 
TELE 281 
TELE 496 
TELE 497 
TELE Z84 

TELE 287 
TELE 291 

TELE 424 

GENUS SUB GEN 

IELE IELEIS 
IELE fELE1S 
IELE IELE2S 
TELE TELE2S 

TELE IELE2S 
TELE IELE2S 
TELE TELE]S 

TELE TELE]S 
TELE IELElS 
TELE TELE3S 
TELE IELElS 
TELE TELE3S 

IELE IELE4S 
TELE TELE4S 

TELE TELE4S 
TELE TELE5S 
fELE TELE5S 
TELE TELE5S 
TELE TEL£5S 

AE~E AEOR AEP2 BICN 

281 232 328 124 
288 m m 99 
3ll 241 m 1l2 
318 276 365 106 
347 259 374 134 
308 263 372 127 
296 248 361 111 
118 !51 (3691 m 
307 230 355 124 
312 244 l51 m 
300 268 394 130 
273 251 376 113 
294 268 397 132 
119 256 412 141 
312 270 420 128 
ll5 294 428 1'2 
143 265 416 136 
170 281 420 145 
298 246 356 111 

BIZY LFHf LDJIS H1H1 H3Hl HllAE HXGI 

120 70 198 181 102 163 225 
306 59 211 178 (981 161 230 
360 91 231 165 12l 207 245 
355 76 227 166 107 192 254 
166 94 269 181 118 207 237 
319 68 217 163 115 180 250 
305 111 206 173 122 192 2ll 
m 99 216 1Bl 127 190 200 
310 98 216 94 [1121 196 160 
l2l BO 237 173 1D1 187 227 
323 87 228 194 130 170 253 
265 101 198 149 91 161 231 
305 126 224 170 8' 168 256 
340 108 236 213 125 190 270 
352 113 2l4 208 128 190 256 
374 115 mn 195 128 205 260 
147 90 227 198 117 196 12•n 
172 IDS 283 205 m 224 280 
314 91 12211 192 [119] 175 269 



... ... ... 

10 

TRIG 462 

TRIG 422 
1RIG 463 
TRIG 468 
TRIG 469 
TRIG 470 
TRIG 471 

TRIG 472 
TRIG 476 
TRIG 475 
TRIG 492 

TRIG 490 
TRIG 23 

GENUS SUBGEN 

TRIG TRIGS 

TRIG TRIGS 
TRIG TRIGS 
TRIG TRIGS 
TRIG TRIGS 
TRiil TRIGS 
TRiil TRIGS 

TRIG TRIGS 
TRIG TRIGS 
TRIG TRUiS 

TRIG TRIGS 
TRIG TRIOS 
TRIG TRIOS 

AEAE AEOR AEPZ BJCN 

210 164 254 87 
208 162 265 78 
m 140 m n 
212 135 230 89 
206 m 286 11 

209 170 261 74 
201 173 261 73 
193 m 290 66 
226 156 262 87 
231 170 260 86 
221 162 273 1841 
230 167 262 85 
244 183 281 88 

am LFHT LOMB H1H1 H3"3 HGAE HMGT 

227 54 128 132 86 148 187 
228 53 121 149 82 168 194 

17? 64 147 105 74 130 159 
234 66 136 131 84 158 170 
217 66 111 126 96 150 184 
219 65 121 131 73 154 176 
208 69 105 124 eo 137 170 
205 67 82 118 n 131 177 
249 41 126 152 9J 149 168 
246 42 120 148 84 160 186 
244 51 129 150 106 148 189 
260 60 116 141 95 157 168 
292 59 128 146 108 159 174 



w 
w 
U1 

SKULL (MXMO - ZYLN) 

ID GENUS SUDGEH MICPKJ 

CERA 22 CERA CERAS 167 
CERA 59 CERA CERAS 161 
CERA 99 CERi\ CERi\S 172 
CERA 101 CERi\ CERAS 161 
CERA 102 CERi\ CERAS 158 
CERA 103 CERA CERAS 162 
CERA 104 CERA CERi\S 166 
CERA 141 CERi\ CERAS 151 
CERA 142 CERA CERAS 180 

CERA 298 CERA CERAS 151 
CERA l60 CERA CERAS 169 
CERA 366 CERA CERAS 157 
CERA 367 CERA CERAS 142 

CERA 368 CERA CERAS 149 
CERA 369 CERA CERAS 147 
cw 370 CERA CERAS 155 
CERA 371 CERA CERAS 151 
CERA 37Z CERA CERi\S 158 
CERA 431 CERA CERAS 163 

SOO 21 SIMA SIMA 119 
SOO 46 SIMA SUMA 120 

OCP2 

628 
626 
643 
632 
590 
628 
643 
606 
646 

638 
60] 

627 
634 
624 
599 
644 
610 
636 

632 

400 
414 

OXAE ., .. PORD TFLN ZYKT ZYLN 

315 480 109 357 66 286 
330 486 105 3liJ 69 270 
335 492 108 370 69 278 
335 492 112 360 77 278 
301 435 110 315 71 244 
310 470 112 336 73 295 
343 504 110 363 78 288 
343 514 114 363 78 283 
354 520 119 1n 62 282 

3l8 498 116 370 77 301 
lDl 445 1Dl 329 76 254 
317 479 112 355 58 277 
!29 50] 115 369 68 295 
310 4n 112 347 65 270 
299 439 109 349 65 237 
325 488 121 376 76 292 
321 473 112 !59 75 263 
356 516 119 1n 79 298 
321 464 m l48 69 257 

222 313 115 211 44 179 
212 289 116 189 43 169 



ID GENUS SU8GEN MKl10 OCPZ OKAE OKDll POllB TFLN zm ZYLH 

8100 147 BICO BICBS 155 550 295 411 122 295 53 220 

8100 149 BICO BICBS 146 526 264 385 117 282 48 227 

8IC8 150 8ICO BICOS 145 509 267 384 119 280 51 210 

BICO 151 BICO BICOS 162 514 274 387 118 290 52 211 

81CO 152 81CO BICOS 151 529 274 403 118 280 42 m 
8100 155 8100 BICOS 143 490 256 347 103 240 48 204 

atco 157 BICO BICBS 148 555 301 415 124 306 57 226 

BICO 161 BICO BICBS 151 536 299 319 140 289 60 218 

8100 166 llCO BJ CBS 144 528 270 417 122 280 49 225 

BICO 167 BICO BICBS 160 520 279 397 122 2n 54 m 
BICO 168 8ICO BICBS 145 547 299 429 131 312 55 222 

8100 169 au:o BICOS 147 493 265 391 116 295 49 215 
8100 170 BICO Bf CBS 149 522 279 406 120 275 53 212 

8100 174 BICB BICBS 152 521 279 396 134 273 49 218 

81CO 176 8ICO 81005 154 510 2n 395 131 286 so 201 

8100 m BICB BICOS 157 528 284 426 122 290 46 231 

BICO 178 BICO BICOS 115 488 259 364 116 2n 47 198 

BICO 181 BICO 81COS 142 508 275 383 108 269 48 238 

BICO 295 BICB 81COS 141 482 250 345 110 244 52 207 

BICO 305 BICO BICOS 154 514 279 410 125 296 50 240 

au:o 179 BICB BICOS 148 505 255 367 110 277 51 225 

eu:o J82 BICO BICOS 103 512 268 409 127 109 51 234 

BICO J84 BICO BICOS 156 542 286 412 128 299 49 227 

BICO J86 BJCO BICOS 141 520 276 415 116 123 45 m 
BJCO 387 81CO BJ CBS 146 510 279 414 120 298 47 226 

BICB 388 BICO BICOS 141 535 286 401 ,,. 277 57 278 

BICO 389 BICO au:os 149 552 261 195 118 291 46 228 

BICB 390 BICO BICOS 156 542 276 191 112 295 54 262 

w 
w 

"' 



JO GENUS SUBGEN MKHO OCP2 BXAE OXOR POR8 TFLN ZYHT ZYLN 

BICO 393 BICO BICOS 150 545 !98 445 
BICO 394 BICO BICOS 151 525 275 414 
BICO 395 BICO BICOS 165 517 270 447 
BICB 396 BICO BICOS 162 560 285 420 
BICB 397 BICO BICOS 151 540 282 198 
BICB 398 BICO 81COS 154 516 273 338 
BICO 402 BICO BICOS 141 501 265 379 
BICB 404 BICB BICOS 144 512 268 187 
BICB 405 Bies BICBS 152 511 269 403 
8ICO 407 BICD BICBS 136 474 249 355 
81CO 408 81CO 81CBS 145 516 271 373 
BICO 409 BICO BICOS 146 490 249 369 
BICO 418 BICO BICOS 148 488 ~55 358 
BICO 411 BICO BICOS 116 493 250 365 
BICO 412 BICB BICOS 149 505 270 176 
BICO 414 BICO BICOS 145 525 275 199 
BICO 418 BICB 81COS 148 510 270 390 
BICO 436 BICO 81COS 144 495 257 367 
BICO 437 BICB BICOS 151 513 275 396 
BICO 441 BICO BICOS 148 513 266 408 

UNIC 48 UNJA UNICS 145 512 263 361 
UNIC 53 UNJA UNICS 145 508 259 356 
UNIC 55 UNJA UNICS 147 517 271 358 
UNIC 303 UNJA UNICS 150 519 284 365 
UNIC 348 UNJA UNICS 155 556 281 391 
UNIC 426 UNJA UNICS 145 518 256 367 
UNIC 427 UNJA UNICS 155 517 269 378 

121 111 57 
119 270 48 
118 278 48 
125 298 45 
118 281 51 
111 291 42 
115 281 52 
124 270 50 
115 287 45 
110 250 45 
116 269 53 
115 263 50 
101 273 53 
111 245 45 
121 261 49 
114 2n 54 
111 272 49 
107 265 46 
125 276 45 
117 290 46 

111 268 73 
100 253 70 
110 251 aa 
116 250 80 

120 284 n 
112 289 72 
126 292 72 

219 
241 
224 
229 
218 
215 
211 
227 
218 
192 
222 
209 
201 
244 
227 
207 
211 
207 
215 
206 

232 
225 
226 
216 
257 
237 
242 



ID GENUS SU8GEN "X"° OCP2 DllAE OXOR POR8 TFLN ZYHT ZYLN 

UNIC 430 UNJA UNICS 147 m 262 358 108 2n 61 240 

JAVA 17 UNJA JAVAS 126 456 233 314 121 236 52 193 

JAVA 18 UNJA JA.VAS 130 432 2Z9 299 110 205 56 182 

JAVA 299 UNJA JAVAS 131 463 252 319 118 218 54 204 

JAVA 351 UNJA JAVAS IZ9 461 2Z9 334 114 234 54 207 

ACER 245 ACER ACER1S 1'5 484 270 394 91 267 61 219 

ACER 124 ACER ACER2S 1'4 517 294 1n 138 2n 63 192 

MYN 111 AHYN AMYNS 112 323 170 281 61 201 34 120 

MYN 461 MYN AMYNS 95 ]28 160 268 6l 208 ]5 121 

APHE 205 APHE APHE1S 115 399 192 291 72 230 52 179 

APHE 268 APHE APHE2S m '55 250 382 106 263 69 213 

APHE 269 APHE APHE2S 132 469 241 359 110 234 16 215 

M'HE 270 APHE APHE2S 135 480 230 m m 239 71 216 

APHE 271 APHE APHE2S 145 470 235 366 112 259 71 219 

APHE 272 APHE APHE2S 126 08 260 m 187 263 56 204 

APHE 330 APHE APHE2S 125 493 263 383 121 256 67 229 

APHE 33' APHE APHE2S 144 508 241 361 102 251 67 216 

APHE 335 APHE APHE2S 141 445 2Z9 296 94 218 68 184 

DICE 239 DICE 81CE1S 99 350 178 294 BI m l6 164 

DICE 203 B1CE OICE1S 182 336 164 251 9] 181 37 148 

DICE 204 DICE DICEIS 117 358 155 260 91 20D 43 147 

DICE 266 DICE DICE2S 187 379 184 297 84 2l2 49 159 

"' "' "' 



ID GENUS SUBGEN Ml(HO OCP2 O)(AE OXOR PDR8 TFLN zm ZYLN 

DICE 240 DICE DICE3S 140 451 229 337 101 260 65 1116 

DICE 267 OICE DICE3S 129 429 223 373 113 273 51 177 

FORS 127 FORS FORSS 104 388 175 294 116 22D 36 149 

FORS 138 FORS FOftSS 105 366 187 285 61 217 1391 142 

HYCD 116 tnco HY COS 59 236 140 205 57 156 29 93 

tnco 111 HYCD HYCOS 63 219 116 1116 42 146 34 116 

HYCO 120 HYCO HY COS 62 240 125 205 •• 152 33 94 

HYCO 460 HYCO HYCDS 58 215 110 179 44 145 32 116 

KYRA 4 tiYRA HYRA1S 52 190 10D 168 48 120 22 91 

HYRA 5 tiYRA HYRA1S 44 167 71 131 37 92 1211 73 

KYRA 10 tiYRA HYRA2S 68 232 105 176 49 132 25 108 

HYRA 6 HYRA HYRA2S 73 261 134 205 61 163 25 100 

HYRA 12 HYRA HYRA2S 58 216 116 183 43 140 28 105 

INDR 258 IHDR INDRS 232 1025 525 802 194 662 101 371 

MENO 171 MENO MENDS 106 338 149 231 79 175 45 149 

MENO 195 MENO MEN OS 90 311 142 219 81 161 44 149 

MENO 196 MENO MEN OS 97 306 136 226 65 168 40 139 

MEND 197 MENO MENDS 88 279 138 221 68 160 40 137 

•ENO 198 •ENO •ENOS 97 303 153 197 62 160 51 135 
MENO 200 MENO MEN OS 91 294 125 212 69 m 39 129 

•ENO 201 •ENO MENDS 103 312 116 233 83 146 52 143 

•ENO 453 •ENO •ENOS 97 327 m 230 80 168 54 131 

•ENO 454 MENO MENDS 98 313 161 240 82 172 46 132 

... ... 
"' 



"' ... 
0 

ID 

MEND 456 
MENO liS7 

MENO 143 

MEND 158 

MEND 1n 
MENO 186 
MENO 187 

MEND 188 
MENO 452 

PERA 324 

PERA 276 

PERA 126 

PERA 327 

PERA 129 

SUDll 28 

SUBH 29 

SUBH 11 
SUBH 27 

SUBH 32 

SUB!t 38 

SUBH 64 

SUBH 35 

SUBH 63 
SU811 228 

GENUS 

MEND 
MEND 

MEND 

MEND 

MENO 

MENO 
MENO 
MEND 

MENO 

PERA 

PERA 

PERA 

PERA 

PERA 

SUBH 
SUBll 

SUBH 
SUBH 
SUBH 

SlJBH 

SlJBH 

SlJBH 

SlJBH 

SlJBH 

SUBOEN MKMO OCP2 

MENDS 95 319 

MENOS 98 315 

MENDS 92 312 

MENCS 97 323 

MENDS 93 320 

MENDS 98 329 

MENDS 101 324 

MENDS 99 324 

MENDS 1D3 295 

PERA1S 1D7 355 

PERA1S 112 415 

PERA2S 155 495 

PERAZS 177 531 
PERA2S 164 552 

SUBH,S 101 341 

SUBH1S 88 116 

SUBH1S 101 150 

SUBH1S 87 314 

SUBH1S 100 157 

SUBH2S 95 340 

SlJBm 101 369 

SlJBHZS 114 354 

SUBH2S 110 366 

SUB!t]S 105 395 

OXAE D•OR .... TFLN ZYHT ZYLN 

136 219 77 160 37 141 

145 219 82 159 42 141 

152 225 90 151 42 127 

164 234 80 160 52 126 

[137] 237 63 162 44 141 
146 236 71 144 61 138 

157 m 79 160 55 150 

164 234 6B 167 51 138 

131 189 76 148 42 112 

175 255 70 192 51 168 

202 280 82 229 61 185 

250 320 102 216 78 214 

294 352 125 245 82 250 

261 361 m 248 76 254 

160 265 55 201 4Z 128 

146 256 56 1T7 43 135 

m 258 77 174 46 134 

151 247 77 172 40 142 

174 277 65 166 48 119 

176 280 72 192 44 129 

184 290 6B 215 41 149 

177 285 72 209 44 116 

175 287 63 20S 53 148 

281 326 101 227 44 153 



w ... ... 

ID 

SUBH 229 
SU8H 231 
SUBH 233 
StJ8H 236 
StJ8H 278 
StJ8H 458 

TELE 3'1 
1ELE 342 
TELE 317 
TELE 318 
TELE 344 

1ELE 255 
TELE 311 
TELE 312 
TELE 313 
TELE 314 

TELE 315 

TELE 316 

TELE 281 
!ELE 496 
1ELE 497 
TELE 284 
TELE Z87 
TELE 291 
JELE 'i24 

GENUS 

SUBll 
SUBH 
SUBH 
StJBH 
SUB!t 

SUBH 

1ELE 
me 
TELE 
TELE 
TELE 
TELE 
TELE 
TELE 
TELE 

TELE 
TELE 
TELE 

TELE 
TELE 
TELE 
!ELE 
TELE 
TELE 
TELE 

SUBGEN MXHO 

StJ8H3S 116 

StJ8H3S 119 
SUBHJS 109 
SUBlllS 118 
SUBlllS 114 

StJBH3S 115 

TELE1S 138 
1ELE1S 1'6 
TELE2S 161 
1ELE2S 170 
TELEZS 152 
TELE2S 162 
TELE3S 147 
TELE3S 148 
TELElS (1]1J 

TELE JS 149 
TELE]S 168 
TELE3S 153 
TELE4S 161 
TELE4S 1n 
TELE4S 169 
TELE5S 173 
TELE5S 179 
TELE5S 185 
TELE5S 184 

DCP2 QKAE 

387 216 

410 208 
344 208 
383 222 

381 185 

395 188 

428 210 
408 205 

459 228 

471 219 
490 247 
505 Z14 

499 252 
[4Bn 238 
480 227 
483 243 
493 215 
471 209 
519 239 
519 228 
540 241 
558 242 

15461 242 
562 260 
491 Z07 

o•OR PORB TFLN ZYllT ZVLM 

336 n 245 61 184 

322 86 226 47 168 

311 88 206 53 158 

348 79 250 59 179 

317 80 229 44 162 

294 86 210 48 165 

306 116 Z13 76 204 

304 93 217 59 186 

325 89 236 79 178 

34Z 84 Z59 79 205 

358 101 247 96 zzo 
350 89 Z41 86 ZZ9 

344 92 222 76 205 
360 86 228 80 219 

337 79 236 79 200 
355 87 Z66 83 206 
338 89 246 73 229 
313 59 254 87 Z03 

345 69 243 83 Z35 
38Z 85 242 74 Z21 
367 97 256 BO Z39 

388 102 268 87 268 

371 85 267 92 252 

382 106 282 79 254 

331 72 273 73 211 



w ,.. 
N 

10 

TRIG 422 
TRIG 462 

TRIG 463 
TRIG 468 

TRIG 46'1 
TRIG 470 
TRIG 471 
TRIG 4n 
TRIG 476 
TRIG 475 
TRIG 492 

TRIG 490 
TRIG 2l 

GENUS 

TRIG 
TRIG 
TRIG 
TRIG 

TRIG 
TRIG 
TRIG 
TRIG 
TRIG 
TRIG 
TRIG 
TRIG 

TRIG 

SU8GEN HXHO OCP2 OXAE 

TRIGS 125 l70 181 
TRIGS 119 l71 2BD 
TRIGS 99 l46 160 
TRIGS m l31 192 
TRIGS 116 41l 190 
TRIGS 118 JM 192 
TRIGS 118 364 180 
TRIGS 113 3lB 190 
TRIGS 112 359 175 
TRIGS 121 367 177 
TRIGS 122 376 183 
TRIGS 109 363 25l 
TRIGS 109 388 183 

OXOll POllB TFLN 2YltT 2YLN 

298 7l 2l2 56 159 
l17 69 247 50 140 
254 56 195 ll 127 
262 67 204 65 125 
320 77 242 61 16'1 
lBl 65 221 62 156 
305 67 m 65 159 
324 64 267 52 164 
295 75 211 36 144 
296 72 220 37 165 
311 81 242 " 143 
307 91 226 47 155 
386 93 236 " 163 



w ... .... 

MANDIBLE 

10 GENUS 

CERA 22 CERA 
CERA 59 CERA 
CERA .. CERA 
CERA 101 CERA 
CERA 102 CERA 

CERA 103 CERA 
CERA 104 C£RA 
CERA 141 CERA 
CERA 142 CERA 
CERA 297 CERA 
CERA 298 CERA 
CERA 360 CERA 
CERA 366 CERA 
CERA 367 CERA 
CERA 368 CERA 
CERA ]69 CERA 
CERA 370 CERA 
CERA 371 CERA 
CERA 431 CERA 

SUBGEN 

CERAM 

CEAAM 
CERAH 
CERAH 
CERAH 
CERAM 
CERM 
CERM 
CERAH 
CERM 
CERAH 
CEA AM 

CERAM 

CERAH 

CERAH 
CERM 
CERAH 
CERAM 
CERM 

ANGO ANGW BOBR 

152 54 59 
147 53 59 
153 64 70 
164 61 64 
141 59 58 
163 52 65 
152 62 68 
165 51 60 
166 60 63 
177 55 60 
168 62 61 
146 55 59 
160 48 62 
162 55 62 
175 42 58 
154 48 55 
164 50 65 
169 54 57 
m 49 61 

BDHT eo•1 CNM3 LM1L LM1W """" RA!IJ RAHN 

116 149 260 43 30 150 158 224 
121 148 243 47 35 153 159 223 
117 152 264 39 30 151 171 251 
122 157 281 46 30 148 m 225 
109 m 262 29 33 124 164 208 
121 157 268 43 29 144 174 240 
132 161 256 51 33 139 166 232 
119 152 264 46 28 141 169 215 
117 154 280 32 ll 147 186 211 
127 149 298 31 28 138 177 248 
120 156 272 35 34 138 178 2l4 
112 144 251 37 29 147 157 218 
110 138 265 32 30 140 175 231 
112 146 273 44 28 146 18! 239 
112 141 254 49 28 152 187 222 
114 142 249 43 27 138 170 212 
119 149 271 47 27 144 184 234 
117 146 273 39 30 140 185 230 
121 150 258 49 27 152 1118 249 



w ... ... 

10 

"""" 21 """" .. 
BICO 147 
81CO 149 

SICO 150 

SJCO 151 

BICO 155 
BICO 157 

BICO 161 
BICO 166 
81CO 167 

BICO 168 

BJCO 169 

81C0 170 

81CO 174 

BICO 176 

BICO 1n 
BICO 178 
BICO 181 
BICO Z9• 
BJCO Z95 

81CO 105 
81CO 379 
8JCO 382 

GENUS SUBGEN ANGO 

"""" SUMAll 113 
SUit\ SIJIAH 11Z 

SICD BICOM 123 
BICO SICOM 140 
BICO SICOM 127 
SICO 81COM 145 
BICO BICOH 111 
BICO 81COM 140 
BICO 81COH 137 
BICO BICOM 130 
BJCO BJCOM 132 
BICD BICCll t35 
BICO BICOM 130 
BICO BJCOM 118 
BICO 81COM 110 
81CO BICOM 135 
BICO BICOM 125 
BICO 81COM 114 

BICO 81COM 126 
81CO 81COM 123 
SICO 81COM 115 

BICO BJC04 135 
BICO BICOM 140 

BICO BICOM 140 

ANGW 

38 
37 

•B 
•o 
•3 
•9 
•1 
•1 
5• 
•5 

" 50 
•7 
•1 
51 
51 
•8 
34 
•1 
•B 
•8 
5• 
50 

•• 

80BR 

1• 
36 

52 
52 

•8 
51 

'' 51 
59 
51 
5• 

'' 50 

•1 
52 
57 
53 
57 

•9 
•8 
51 
53 

53 

55 

80HT 

6J 
61 

89 
87 
89 
88 

79 
85 

101 
83 
80 

98 
M 
M 
88 
89 
88 

73 
75 
76 
79 
85 
n 
92 

80H1 

83 
134 

12• 
m 
116 
123 
10\I 
120 

m 
110 
116 

121 
112 
119 
123 
126 
121 
96 

108 
110 
109 
12l 
111 
126 

CNl!l 

189 
165 

185 
194 
217 
207 

m 
227 
204 
219 

196 
m 
203 

205 
195 
197 
201 
197 
197 

167 

187 

209 
182 
m 

LH1L 

•o 
36 

52 
50 
•1 ,. 
•8 ,8 
•• 
•1 
48 

•1 
u 

'' •9 
•6 
•9 
•2 
•5 
u 
43 
50 
48 

•1 

LM1W 

22 

21 

32 
30 
26 
29 

30 
28 
27 

29 
31 
30 
30 
26 
29 

30 
29 
29 

27 

21 
29 

JO 
29 

27 

HNHO 

166 
120 

155 
152 
133 
1'l 

1•6 
1•1 
1•1 
131 
155 
135 
13l 
138 
1•8 
151 

15• 
135 

1'5 

1•• 
137 
151 
150 
147 

RAMO 

166 
117 

m 
1'2 
m 
155 
116 
155 
1'0 
1•3 

1•0 
1'l 
127 
133 
136 
139 
132 
m 
134 
125 
115 
132 

1'7 
1•8 

RAllH 

152 
166 

178 

181 
m 
188 

160 
202 

182 
176 

180 

191 
166 
162 
186 
197 
183 

168 
1n 
180 

181 
180 

155 
194 



"' ... 
U1 

10 

BICO 384 
BJCO 386 

BICO 387 
BICO 388 
BICO 389 
BICD 390 
BJCO 392 
BICO 393 
BICO 394 
BICO 396 

BICD 397 

BICO 398 
81CO 402 
BJCO 405 
8100 407 
BICO 408 
BJCO ,10 
BJCO 411 
BICO 412 
!UCO ,14 

8100 418 

81CO 436 
81CO 437 
BICO 441 
BICD 443 

GENUS SUBGEN ANGO 

BICO BJCOH 133 
BICO BICOM 124 
BICO Blfllt 139 
BICD BICllt 129 

BJCO BICllt 141 
BJCO BICOM 141 
BJCO BICOM 133 
BICD BICOH 149 
81CO BIC<lt 134 
BICD BICOM 133 
BJCO BIC<lt 142 
BICO BIC<lt 1l1 
BICO BIC<ll 122 
BICD BIC<lt 125 

BICO BICOM 106 
BICD BICOM 124 
BICO BICOM 128 
BICO BICOM 121 
BICO BJC<lt 131 

BICO BJCOM 129 

BICO 81C<lt 127 
RICO 81C<lt 120 
BICO 81C<lt 128 
BICO 81C<lt 139 
BICO SICOH 140 

ANCiW 

50 
50 
41 
55 
40 
45 
41 
49 
41 
48 
33 
44 
45 
40 
u 
39 
35 
36 

42 
50 
Ii 
41 

52 
48 
45 

.... 
56 
50 
56 
49 
48 
5l 
56 
5l 
58 
54 
50 
48 
50 
57 
48 
49 
51 
46 
54 
50 
52 
48 
57 
57 
57 

BOHT 

87 
81 
96 

101 
93 
89 
85 
92 

100 
82 
114 

114 

81 
97 
88 
74 
85 
81 
85 
90 

83 

114 
89 
93 
88 

119 
108 
12l 
12l 
119 
m 
113 
122 
132 
109 
122 
118 
105 
130 

106 
106 

114 
98 

113 

115 
114 
118 
125 
122 
116 

CNH3 

213 
209 
201 
2ll 
218 
220 
198 
224 
207 
178 
192 
188 

194 
19l 
204 

199 

192 
199 

210 
206 

207 
181 
!89 
204 
227 

lM1L 

45 
42 
43 
40 
43 
49 
48 

" 48 
52 
49 
47 

" 47 

" 46 
45 
39 

" 40 
46 
47 
47 

" " 

LM1Y 

28 
29 

28 
27 
27 
30 
28 
l1 
27 
26 
25 
27 
28 
28 
28 
28 
27 
22 
27 
27 
29 

28 
26 
27 
lO 

"""" 
144 
133 
141 
133 
142 
147 
148 
m 
146 
154 
149 
149 
141 

151 
1ll 
147 
140 
128 
140 

1l1 
1l8 
14' 
150 
138 
138 

RAii> 

140 
139 
130 
140 
150 
145 
135 
156 
1l7 
m 
147 
137 
!lO 
128 
121 
130 
126 
127 
140 

m 
124 
130 
130 
148 
150 

.... 
189 
189 
164 

189 
181 
201 
188 

186 
180 
179 

192 
182 
In 
167 
163 
163 
181 
177 
195 

183 
191 
171 
189 
177 
179 



... ... 
en 

10 GENUS SUBGEN ANGO ANGW 80BR BDHT 

UNIC 48 UNJA UNICll 151 39 51 83 
UNIC 53 UNJA UNICM 140 47 49 89 
UNIC 55 UNJA UNICH 150 47 54 83 
UNIC 303 UNJA UNICM 160 45 55 92 
UNIC 348 UNJA UNJCM 165 47 55 95 
UNJC 349 UNJA UNJCM 159 45 51 99 
UNJC 426 UNJA UNJCM 145 49 53 93 
UNIC 427 UNJA UNICM 142 52 50 83 
UNIC 429 UNJA UNICM 161 46 56 102 

JAVA 17 UNJA JAVAM 129 37 41 74 
JAVA 18 UMJA JAVAH 143 36 42 66 

JAVA 299 UNJA JAVAM 141 39 42 68 

ACER 206 ACER ACER1M 150 28 47 87 
ACER 245 ACER ACER1M 151 32 ~2 85 
ACER 124 ACER ACER2H 156 36 44 78 
ACER 212 ACER ACER2H 152 37 41 87 

APHE 209 APHE APHE1M 137 27 51 89 
APHE 211 APHE APHE1M 138 23 ~9 79 
APHE 207 APHE APHE1M 133 21 (~5] 66 
APHE 208 APHE APHE1M 141 20 38 91 
APHE 213 APHE APHE2H 150 26 45 78 
APHE 211 APHE APHE2" 150 35 42 91 
APHE 274 APHE APHE2" 151 30 51 91 
APHE 330 APHE APffE2" (1561 34 45 105 
APHE 331 APHE APHE2" 153 32 41 97 

BON1 CNM3 LH1l 

112 228 42 
120 212 41 
116 233 43 
125 234 48 
113 263 42 
118 256 37 
116 254 37 
108 247 41 
118 243 43 

101 186 40 
96 175 39 
95 185 41 

112 198 42 
107 206 41 
109 201 43 
106 218 34 

111 194 36 
91 209 34 
87 179 37 

109 193 36 
107 186 44 
112 199 37 
IDB 205 41 
121 234 38 
117 210 41 

LM11.1 NNMO ROO 

26 143 158 
31 141 154 
29 147 151 
27 15S 163 
31 145 111 
27 136 170 
31 133 155 
30 140 153 
31 135 167 

23 124 133 
22 129 144 
24 128 144 

28 135 131 
27 134 152 
29 125 150 
24 112 152 

26 123 137 
24 115 140 
25 124 135 
28 121 133 
25 135 140 
26 121 142 
30 130 152 
24 121 150 
28 125 135 

''"" 
238 
213 
251 
250 
249 
247 
239 
223 
247 

179 
181 
186 

212 
197 
221 
220 

205 
192 
195 
202 
200 
204 
220 

229 
210 



ID 

APHE 333 
APHE 214 
APHE 215 
APHE 216 
APHE 275 
APHE 322 
APHE 338 

APHE 339 
APHE 494 

DICE 241 

DICE 451 

GENUS SUBGEN ANGD 

APHE APHE2M 143 
APHE APHE3H 150 
APHE APHE3M 163 
APHE APHE3M 175 

APHE APHE3M 201 
APHE APHE4H 182 
APHE APHE4M 190 
APHE APHE4H 188 
APHE APHE4M 168 

DICE OICE1M 134 
DICE OICE2M 104 

FORS 126 FORS FORS1N 141 

FORS 128 FORS FOA52M 127 

FORS 129 FORS FOASZM 97 

HYAA 4 HYRA HYRA1M 
HYRA 323 HYRA HYRA1M 

80 

63 
HYRA 6 HYRA HYRA2M 101 
HYRA B HYRA HYAA2M 92 

HYCD 117 HYCD HYCOM 
HYCO \20 H't'CO HYCOM 

HYCO 280 HYCO HYCOM 
HYCD 460 HYCO NYCOM 

INDA 258 INOR IHORM 

90 
89 
85 
81 

255 

ANGY 

32 
28 
36 

29 
32 
34 
32 
28 
29 

14 
40 

18 
11 

7 

11 
7 
9 

[81 

6 
7 
6 
6 

67 

80BA 

39 
55 
58 
55 
57 
61 
60 

65 
58 

29 
25 

25 
23 
26 

17 
15 
20 
18 

23 
23 
20 
22 

79 

BDHT 

82 
86 

105 
86 

116 
121 
138 

115 
120 

73 
57 

66 

56 
50 

35 
28 
49 
44 

42 
41 
42 
40 

129 

BOHi 

IDB ,,, 
128 
121 
153 
151 
169 
149 
151 

94 
71 

78 

66 

62 

45 
34 
60 
52 

54 
53 
49 
51 

166 

CNH3 

213 
224 
225 
233 
252 
229 

253 
270 
224 

152 
144 

145 
130 
97 

69 
62 
97 
79 

71 

87 

82 

74 

353 

LM1L 

32 
46 
49 
54 
54 
56 
58 
51 
49 

43 
23 

32 
24 
27 

15 

14 
21 
19 

18 
19 
17 

18 

75 

LH1W 

19 
32 
38 

31 
31 

[38] 

39 
36 
33 

23 
18 

22 
17 
15 

9 
10 

14 
15 

12 
13 

12 
12 

53 

HNMO 

126 
146 
158 
162 
163 

180 

181 
162 
172 

136 
85 

106 
84 

80 

48 
44 
66 
61 

59 
60 

60 

57 

223 

AOO 

152 
154 
169 

178 
181 
175 
166 

191 
160 

112 
88 

101 

102 
78 

63 

52 
89 
66 

78 
74 
77 
68 

226 

AAllH 

227 
224 
228 
235 
278 
272 
264 
280 

238 

171 
138 

153 

137 
124 

82 
7l 

118 
101 

107 

m 
98 

100 

330 



w .. 
"' 

ID 

MEN8 189 
MEND 190 
MEND 191 
MENO 192 
HENO 194 
MEND 454 
HEHO 457 
MENO 158 

MEND 1n 

MEND 186 
MEND 132 

PENE 15 

PERA 276 

PERA 340 
PERA 324 
PERA 319 

PEA• J25 

SUBH 35 

SUBH l,3 

SUllH 44 
SUBH 28 

SUBlt 29 

SUBH 38 
SUBH 40 
SUBH 65 

GENUS SUBGEH ANGD 

MEN8 MEN01M 96 
MENO HEN01H 92 
MENO HEN01M 108 
HEN8 MEN01M 96 
HENO HEN01H 96 
MEND HEN01M 113 

HEHO HEN01M 103 
MENO HEND1M 108 
MEND HEHD1M 100 
MENO H£N01M 99 
MENO HEND2M 100 

PENE PENE1M 81 

PERA PEAA1M 133 
PERA PERA1M 121 
PERA PERA1H 113 
PERA PERA2M 155 
PERA PERA2H 162 

SUBH SUBN1M 103 
SUBH SUBN1H 126 
SUBH SUBN1M 126 
SUBH SUBH1M 102 
SUBH 5UBH1M 10J 
SUBK SUBH1M 108 
SUBH SU8H1M 121 
SUBH SUBH1M 104 

ANGW 

l6 
JO 
J9 
27 
29 

4J 
42 
l4 
24 
46 
JI 

10 

19 
22 
1l 
25 
26 

19 
19 
Zl 
15 

1l 
15 
14 

14 

BDllR 

Z6 
25 
25 
22 
Z6 
29 

24 
28 
27 
Jl 

J5 

22 

4J 

40 
J8 
5Z 

[5JJ 

Z8 
30 
JJ 
27 
28 
27 
22 
27 

8DMT 

5J 
51 
55 
52 
51 
51 
56 
59 
48 

57 
64 

47 

79 
67 
8Z 
9D 
87 

5Z 
55 
73 
52 
57 
55 

73 

58 

8DM1 

67 
69 
68 

63 
64 
65 
70 

78 
74 
n 
85 

57 

101 

97 
94 

115 
119 

68 

75 
84 
70 

70 
65 
86 
72 

CNH3 

111 
110 

129 
116 
120 
nm 
[1411 
1Z9 
116 
134 
141 

105 

180 

162 
173 
219 
216 

117 
1J5 

150 

1ZO 
141 
1J8 

127 
125 

LH1L 

30 
26 
25 
Z5 
25 
Z4 
27 
29 

Jl 
Z4 
31 

20 

41 
42 
J5 
4J 

50 

38 
l4 
27 
28 
25 
27 
JO 
Z8 

LH1W 

19 
18 
17 
19 
18 
19 
18 
20 
20 
21 
22 

29 

Z7 
26 
J1 
33 

22 
18 
25 
18 
18 
19 
20 
19 

MNHO 

98 
86 
90 
90 

90 
89 
90 
9Z 

100 
91 

114 

70 

116 
1J5 
116 
148 
167 

110 

105 

97 
97 
85 

B9 
104 
89 

AOO 

78 
78 
85 
79 
92 
77 
75 

89 
100 

96 

9Z 

82 

1J5 
m 
117 
147 

163 

101 
111 

102 

88 
102 
107 

112 
98 

AAHlt 

137 
129 

141 
138 
132 
144 
1J6 
1J8 
147 
148 

158 

115 

189 
168 

164 
210 
Z09 

133 
146 
159 
127 
138 
129 

151 
133 



"' ... 
Ill 

10 

SU8H 32 

SU8H 33 

SU8H 231 

SU8H 232 
SUBll 234 

SUBH 279 
SUBll 458 
SUBll 425 

TELE 249 

TELE 250 

TELE 253 
TELE 346 

TELE 347 

TELE 259 

TELE 260 
TELE 254 
TELE 255 

TELE 217 

TELE 218 
TELE 219 
TELE 221A 
TELE 2218 

TELE 262 
TELE 263 
TELE 26'1 
TELE 312 
TELE 313 

GENUS SUBGEN 

SU8H SU8H211 
SUBll SUBll2M 

SUBll SUBH!H 

SUBH SUBH3H 
SUDlt SUBll!H 
SUBtl SUBll!H 
SUBH SUBHlM 
SUBH SUBlt!H 

TELE TELE1H 

TELE TELEIH 
TELE TELE1H 

TELE TELE2M 

TELE TELE211 
TELE TELE2M 
TELE TELE2M 

TELE TELE2M 
TELE TELE2M 
TELE TELE!H 

TELE TELE3H 
TELE TELE!H 

TELE TELE!H 
TELE TELE!H 

TELE TELE!H 
TELE TELE3M 

TELE JELE!H 
TELE TELE!H 

TELE TELE!H 

ANGO 

120 
m 
Ill 
117 
129 
129 
122 

121 

144 

154 
149 
152 
149 
141 
144 

167 
154 
152 
16'1 
136 
127 
138 

m 
139 
135 
162 
148 

~NGW 

1l 
15 
18 
17 
24 
1l 
25 
12 

22 

21 

28 
lD 
26 
31 
30 

!l2J 
33 
20 
2l 
33 
29 
15 
24 

[301 

" 37 
24 

BDBR 

JO 
ll 
35 

36 
UBI 
37 
36 
26 

45 
42 
39 

49 
49 
53 
49 

46 
45 

" 47 
46 
48 
44 
48 
47 
49 
50 .. 

BDHT 

63 
60 

60 
56 
n 
57 
6'I 

61 

n 
72 
88 

86 
83 

103 
96 

101 
94 
90 

102 
118 
84 
69 
76 
83 
87 

106 
95 

BOH1 

75 
76 
79 

71 
90 

74 
82 

1751 

108 
102 
106 

114 
109 
121 
117 
121 
114 
124 
125 
136 
112 
100 

112 
IOI 
113 
125 
119 

CN"3 

128 
120 

11401 
146 
148 
137 
155 
139 

175 
184 
207 
201 
185 
215 
214 
221 
229 
186 
217 
218 
196 
181 

191 
216 
188 

221 
201 

LN1L 

27 

28 
3l 
37 
27 
32 
33 
32 

.. .. 
37 
46 

" " 50 
38 

" 48 

" 48 
48 
49 
48 

" .. 
42 
45 

unw 

21 

20 
21 

24 
22 
21 
25 
21 

30 
30 
20 
l6 
34 

29 
31 
32 
31 
29 
27 
23 
27 
25 
27 

ll 
31 
27 
29 

"""° 
96 
95 

112 
113 

98 
108 
112 
104 

157 
140 
Ill 
150 
159 
153 
160 

m 
138 
155 
144 

155 
154 
155 

157 
143 
158 
142 
144 

RAMO 

115 
105 
108 
94 

125 
112 
95 

108 

12l 
148 

142 
146 
132 
m 
128 

172 
153 
131 
148 

144 
128 

115 
1'2 
140 
135 
15! 
134 

RMH 

146 
141 
148 
148 
154 
149 
148 
146 

189 
183 
183 
218 
183 
227 
228 

222 
216 
202 
240 
210 
200 
175 
186 
201 
208 
235 
205 



w 
U1 
0 

10 

TELE 314 
TELE 261 
TELE 226 
TELE 281 
TELE 282 
TELE 283 
TELE 286 
TELE 424 
TELE 223 
TELE 224 
TELE 225 
TELE 227 
TELE 290 
TELE 292 

TRIG 421 
TRIG 491 
TRIG 423 
TRIG '70 
TRIG 474 
TRIG 4n 
TRIG 479 

TRIG 460 
TRIG 481 
TR1G 483 

TR1G 484 

TRJG 485 

TRIG 486 

GENUS SUBGEN ANGO 

JELE TELE3H 15D 

TELE TELE3M 152 
TELE TELE4M 150 
TELE TELE4M 156 
TELE TELE4M 141 
TELE TELE4M 167 
TELE TELE5M 138 
TELE TELE5M 154 
TELE TELE5H 167 
TELE TELE5M 141 
TELE TELE5H 161 
TELE TELE5M 146 
TELE TELE5M 138 

TELE TELE5M 152 

TR1G TRIGM 126 

TRIG JRIGH 125 
TRIG THIGH 134 

TRIG TRIGM 128 
TRIG TRIGM 115 

TRIG TlllGM 129 

TRIG TRIGM 117 
TRIG TRIGM 12D 
TRIG TRIGH 123 
TRIG TRIGM 110 
TRIG THIGH 126 

TRIG TRIGH 123 
TRIG TRIGM 122 

ANGW 

39 
34 
33 
35 
52 
39 
24 
27 
46 
22 
27 
34 
26 
34 

12 
15 
18 
15 
17 
17 
20 
18 
18 
11 
13 
11 

19 

BOBR 

54 
55 
51 
45 
60 
70 
50 
45 
60 
46 
48 
57 
55 
65 

32 
31 
34 
31 
31 
32 
40 
32 
30 
37 
35 
32 
29 

BDHT 

61 
109 
90 

112 
113 
120 
98 
96 

112 
102 
98 
93 

109 

99 

65 
67 
62 
65 
66 
70 
71 
66 
69 
63 
75 
60 
64 

60M1 

102 
123 
105 
132 
135 
133 
121 

11241 
138 
136 
131 
122 
123 

136 

60 

81 
76 
81 
79 
65 
65 
63 
63 
73 
69 
74 
60 

CN"3 

226 
247 
246 
239 
241 
250 
202 
191 
264 
214 
215 
213 

122n 
210 

156 
146 
132 
167 
145 
159 
136 
137 
152 
158 
119 
136 
164 

LM1L 

47 
40 
43 
47 
52 
54 
45 
49 
46 
59 
53 
46 
49 
56 

33 
27 
32 
31 
26 
26 
32 
30 

33 
30 
31 
31 
28 

LM1W 

29 
24 
28 
32 
32 
35 
33 
31 
32 
30 
32 
31 
30 
30 

23 
22 
22 
22 
20 
20 
22 
23 
20 
?.4 
21 
21 
20 

MNMO 

145 
11601 
142 
159 
126 
173 
160 
170 
163 
181 
178 
T62 
16l 
171 

115 
102 
110 
106 

96 

99 
111 
112 
111 
109 
111 
113 
106 

RAMO 

162 
147 
165 
160 
141 
178 
129 
123 

'1621 
131 
144 
T46 
136 
152 

[120) 

126 
120 
129 
112 
122 
106 
116 
114 

106 

118 
117 
107 

..... 
203 
232 
213 
249 
212 
255 
216 
207 
2l0 
221 
228 
230 
225 
226 

168 

154 
147 
162 
156 
m 
170 
152 
168 

146 
155 
146 
159 



w 

"' ... 

ID GENUS SUBGEN ANGD ANGW BDBR BDflf BDH1 CNH3 L"1L 

ZAIS 107 ZAIS ZAIS1• 232 26 57 87 120 200 46 
ZAIS 114 ZAIS ZAIS2" 225 16 33 98 119 202 51 

LHHI MNMO RAMO RAMM 

31 166 196 257 
31 182 170 271 



APPBlll>IX 5 • 

tJHIVARIATB STATISTICS 

Summary univariate statistics for skull and mandible subgeneric 
groups respectively. Within each section, living groups are 
followed by fossil groups. subgroups are listed by code in the 
same order as in Table 2 (skull) and Table 3 (mandible) . 

SKULL 

Subgr014> N variable .. Min Max Mean s.o. c.v. 

CERAS 19 .... 19 309 37Z 335.6 14.80 4.4 
AEOR 19 211 265 246.1 12.56 5.1 
AEP2 19 431 460 447.7 8.33 1.8 
BICN 19 134 154 146.0 6.53 4.4 
BIZT 19 317 375 339.2 16.82 4.9 
lfHT 19 123 163 134.2 10.71 7.9 
LOXB 19 216 267 244.0 12.?S 5.2 
M1M1 19 197 224 208.9 7.56 3.6 
11316 19 124 146 136.3 5.99 4.3 .... 19 215 257 234.3 10.96 4.6 
OXGT 19 251 287 267.1 10.24 3.8 

"""" 19 142 180 158.9 9.43 5.9 
OCP2 19 590 646 625.7 16.50 2.6 
OXAE 19 299 356 325.5 17.05 5.2 
OXOR 19 435 520 482.6 24.87 5.1 
POR8 19 103 121 112.1 4.59 4.0 
TFLN 19 315 376 355.4 16.26 4.5 
ZTHT 19 58 79 71.1 6.10 8.5 
ZTLN 19 237 301 276.2 18.34 6.6 
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Subgroup • Variable • Min ••• ••an s.a . c.v. 
----------------------·--------·-----------··----------·-----------

SIMAS 2 .... 2 142 284 213.0 100.40 47.1 
AEOR 2 185 186 185.5 0.70 0.3 
AEP2 2 300 304 302.0 2.82 0.9 
BICN 2 97 123 110.0 18.38 16.7 
BlZY 2 300 310 305.0 7.07 2.3 
lFHT 2 86 96 91.0 1.a1 7.7 
LOXB 2 194 ,.. 196.0 2.82 1.4 
M1M1 2 171 178 174.5 4.94 2.B 
M3K3 2 "' 115 113.0 2.82 2.5 .... 2 169 171 170.0 1.41 0.8 
MXGT 2 187 204 195.5 12.02 6. 1 

"""" 2 119 120 119.5 0.70 0.5 
OCPZ 2 400 414 407.0 9.89 2.4 
OllAE 2 212 222 217.0 1.01 3.2 
OXOR 2 289 313 301.0 16.97 5.6 .... 2 115 116 115.5 0.70 0.6 
TFLN 2 189 211 200.0 15.55 7.7 
2YflT 2 43 " 43.5 0.70 1.6 
2YLN 2 169 179 174.0 7.07 4.0 

BICCS 48 .... 48 289 347 316.9 11.56 3.6 .... 48 210 252 231.7 10.80 4.6 
AEP2 48 330 408 374.5 15.13 4.0 
BICN 48 111 152 133.5 8.23 6.1 
BIZY 48 305 358 331.5 12.41 3.7 
LfflT 48 73 104 90.9 7.33 8.0 
LOXB 48 210 264 231.7 12.61 5.4 
M1M1 48 177 214 195.7 9.33 4.7 
M3K3 48 111 144 125.3 7.88 6.2 .... 48 182 228 208.8 8.93 4.2 
MXGT 48 222 273 249.0 12.24 4.9 
MXMO 48 103 165 147.7 9.38 6.3 
OCP2 48 474 560 519.1 20.59 3.9 
OXAE 48 249 301 272.4 13.26 4.8 
OXOR 48 338 447 392.4 26.12 6.6 
PORB 48 103 140 118.5 7.57 6.3 
TFLN 48 240 323 281.3 17.66 6.2 
ZYflT 48 42 60 49.7 4.00 8.0 
ZYLN 48 192 278 222.7 16.26 7.3 
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SubgrOl.4) • variable • Jlflin ••• Mean S.D • c.v. 
--------------------------------------------·---------------·------

UNI CS 8 .... 8 328 370 349.7 13.28 3.7 
AEOR 8 239 268 255.2 10.59 4.1 
AEP2 8 365 409 382.0 12.46 3.2 
BICN 8 135 147 139.2 3.91 2.8 
BIZY 8 347 377 364. 1 10. 19 2.7 
LFNT 8 91 126 108.3 ,, .14 10.2 
LDXB B 227 296 274.6 21.27 7.7 
lflM1 8 204 227 218.8 7.l7 3.3 
M3M3 8 115 152 137.2 12.71 9.2 ..... 8 216 240 224.S 8.4D 3.7 
MXGl B 234 264 255- 7 9.52 3.7 
HlOID 8 145 155 148.6 4.27 2.8 
OCP2 8 508 556 522.7 15.54 2.9 
OXAE B 256 284 268. 1 10. 14 3.7 
OXOR B 356 391 366.7 12.06 3.2 
PORB 8 100 126 112.a 7.88 6.9 
TflN B 250 292 270.5 17.49 6.4 
ZYHT 8 67 88 74.8 6.64 8.8 
ZYLN B 225 257 236.8 10.17 4.2 

JAVAS 4 AEAE 4 319 332 327.7 6.13 1 .8 
AEOR 4 234 248 240.0 6.32 2.6 
AEPZ 4 317 327 321.5 4.43 1.3 
BICN 4 125 151 138.7 11.02 7.9 
BIZY 4 331 346 339.7 6.75 1.9 
LFHl 4 61 77 68.0 6.83 10.0 
LOXB 4 278 298 285.7 8.65 3.0 
M1M1 4 190 197 192.7 3.09 1.6 
M3M3 4 110 114 111.5 1.91 1.7 ..... 4 188 215 203.2 11 .23 5.5 
MXGl 4 220 231 223.7 4.99 2.2 

"""" 4 126 131 129.0 2.16 1.6 
OCP2 4 432 463 453.0 14.30 3.1 
OXAE 4 ZZ9 252 235.7 10.99 4.6 
OXOR 4 299 334 316.5 14.43 4.5 
PORB 4 110 121 115.7 4.78 4.1 
TFLN 4 205 236 223.2 14.59 6.5 
ZYHT 4 52 56 54.0 1.63 3.0 
ZYLN 4 182 207 196.5 11.38 5.7 
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51..i>gr-oup • Variable • Min Max Mean S.D. c.v. 
········------------··-····-------·······-··---------·-······------

ACER1S .... 290 290 290.0 
AECR 232 232 232..D 
AEP2 352 352 352..0 
BICll 114 114 114.0 
BIZY 293 293 293.0 
LFHT 73 73 73.0 
LOXB 226 226 226.0 
M1M1 186 186 186.0 
M3M3 102 102 102.0 
MGAE 210 210 210.0 
llXGT 239 239 239.0 

"""" 145 145 145.0 
OCP2 4"4 ... 4"4.0 
OXAE 270 270 270.D 
OXCR 394 394 394.0 

"""' 91 91 91.D 
TFLll 267 267 267.0 
ZYHT 67 67 67.D 
ZYLN 219 219 219.0 

ACER2S AEAE 365 365 365.0 
AEOR 196 196 196.0 
AEP2 342 342 342.0 
8ICN 130 130 130.0 
8IZY 357 357 357.0 
LFHT 121 121 121.0 
LOXB 258 258 258.0 
M1M1 206 206 2.06.0 
M3Ml 129 129 129.0 
MGAE 268 268 268.0 
llXGT 245 245 245.D 

"""" 1'4 '" 144.0 
OCPZ 517 517 517.0 
OXAE 294 294 294.0 
OXOR 377 377 377.0 

"""' 138 138 138.0 
TFLN 277 277 277.0 
ZYHT 63 63 63.0 
2YLN 192 192 192.0 
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Subgr~ • Variable • •In ••• Me11n s.o . c.v . 
-------------------------------------------------------------------

AMYNS 2 .... 2 194 195 194.S 0.70 0.3 ..... 2 123 130 126.S 4.94 3.9 
AEP2 2 221 ZZB 224.5 4.94 2.2 
BICN 2 B4 85 84.5 0.70 0.B 
BIZY 2 130 205 167.5 53.03 31.6 
LFHT 2 48 53 50.5 3.53 7.0 
LOXB 2 too 102 101.0 1.41 1.4 
M1M1 2 107 123 115.0 11 .31 9.8 
"3M3 2 B2 96 89.0 9.89 11. 1 .... 2 138 1'8 143.0 7.07 4.9 
MXGT 2 140 154 147.0 9.89 6.7 

"""" 2 95 112 103.5 12.02 11.6 
CCP2 2 323 328 325.5 3.53 1.0 .... 2 160 170 165.0 7.07 4.2 
OXllR 2 26B 281 274.5 9. 19 3.3 
PllRB 2 61 63 62.0 1.41 2.2 
TFLN 2 201 208 204.5 •.94 2.4 
ZYHT 2 3' 35 3'.5 0.70 2.0 
ZYLN 2 120 121 120.S o.70 0.5 

APHE1S AEAE 262 262 262.0 ..... 169 169 169.0 

AEP2 286 286 286.0 
B1CN 96 96 96.0 
812Y Z36 Z36 236.0 
LFHT 86 86 86.0 
LOXB 140 140 140.0 
M1M1 119 119 119.0 
"3M3 91 91 91.0 .... 165 165 165.0 
MXGT 192 192 192.0 

"""" t 15 115 115.0 
CCP2 399 399 399.0 
OXAE 192 192 192.0 
OXOR 291 291 291.0 
PORB 72 72 72.0 
TFLN 230 Z30 230.0 
ZYflT 52 52 52.0 
ZYLN 179 179 179.0 

356 



Subg~~ • Variable • Min • •• Mean s.o . c.v. 
·-------···-·-------------------··----------------------------····-

APHEZS • ..... • 283 327 305.3 16-Zl 5.3 
AEOR • 188 217 205.1 11.34 5.5 
AEP2. • 330 379 354.8 17.86 5.0 
81CN 8 122 137 128.5 5-92 4.6 
BIZT 8 288 336 309.5 17.46 5.6 
LFHT 8 71 107 85.1 12.15 14.2 
LOXB 8 194 241 216.8 16.30 7.5 
M1M1 8 164 186 178.8 7.54 4.2 
M3M3 8 107 147 122.0 12. 18 9.9 .... 8 171 196 185.1 8.98 4.8 
MXGT • 217 273 236.1 18-38 7.7 

"""" • 125 145 135.2 7.62 5.6 
OCP2 8 438 500 ,6!.7 22.01 4.6 
OlCAE 8 229 263 243.6 1Z.93 5.3 
OXOR • 296 383 3'57.7 28-44 7.9 
PORB 8 94 121 108.1 8.02 7.4 
TFLN 8 218 263 247.8 16. 12 6.5 
ZYHT 8 56 76 68.1 s.11 8.3 
ZYLN 8 184 Z29 212.0 13.24 6.2 

OICE1S 3 ..... 3 194 213 204.6 9.71 4.7 
AEOR 3 162 168 16'5.6 3.21 1.9 
AEP2 3 241 259 247.6 9.86 3.9 
BICN 3 80 93 85.6 6.65 7.7 
BIZY 3 226 236 230.3 5.13 2.2 
lFHT 3 42 55 47.3 6.BO 1'-3 
LOllB 3 122 127 123.6 2.88 2.3 
M1M1 3 128 142 137.o 7.81 5.7 
M3M3 3 74 87 81.3 6.65 •• 1 
MGAE 3 132 154 141.3 11.37 8.0 
MXGT 3 166 195 176.6 15.94 9.0 

"""" 3 99 117 106.0 9.64 9.0 
OCP2 3 336 358 348.0 11. 13 3.1 
OXAE 3 155 178 165.6 11.59 6.9 
OXOR 3 251 294 268.3 22..67 8.4 
PORB 3 81 93 88.3 6.4Z 7.2 
TFLN 3 181 215 198.6 17.(13 8.5 
ZYHT 3 36 43 38.6 3.78 9.7 
ZYLN 3 147 164 153.0 9.53 6.Z 
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Slbgr0l4' • variable • Min ... Mean s.o • c.v . 
--------------------------~----------------------------------------

BICE2S AEAE 244 244 244.8 
AEDR 170 170 178.0 
AEP2 278 278 278.0 
BICN 95 95 95.0 
Bl2Y 260 260 260.0 
LFHT 62 62 62.0 
LOX8 143 143 143.0 
M1M1 131 131 131.0 
M3M3 .. .. 99.0 .... 162 162 162-0 
MXGT 192 192 192.0 -- 115 115 115.0 
OCP2 395 395 395.0 
OXAE 188 188 188.0 
OXDR 294 294 294.0 
PORO 86 86 86.0 
TFLN 210 210 210.0 
ZYHT 48 48 48.0 
ZYLN 165 165 165.0 

DICE3S 2 AEAE 2 243 271 257.0 19.79 7.7 
AEDR 2 195 208 201.5 9.19 4.5 
AEP2 2 317 320 318.5 2.12 0.6 
BICN 2 112 118 115 .o 4.24 3.6 
BIZY 2 247 285 266.0 26.87 10., 
LFHT 2 54 61 57.5 4.94 8.6 
LOX8 2 149 158 153.5 6.36 4.1 
M1M1 2 130 159 144.5 20.50 14.1 
M3M3 2 .. 117 103.0 19.79 19.2 
MGAE 2 164 174 169.0 7.07 •• 1 
MXGT 2 204 217 210.5 9.19 4.3 
MXMO 2 129 140 134.5 7.77 5.7 
OCP2 2 429 451 440.0 15.55 3.5 
OXAE 2 223 229 226.0 4.24 1.8 
OkOf! 2 337 373 355.0 25.45 7.1 

""'" 2 101 113 107.0 8.48 7.9 
TFLN 2 260 273 266.5 9.19 3.4 
ZYHT 2 51 65 58.0 9.89 17 .0 
ZYLN 2 177 186 181.5 6.36 3.5 
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Subgroup N Variable N Hin ••• Mean S.D. t.v. 
-------------------····--·-------------------------·---------------

FORSS 2 AEAE 2 230 236 233.8 4.24 1.8 
AEOR 2 135 160 i47.5 17.67 11.9 
AEP2 2 255 275 265.8 14.14 5.3 
8tCN 2 76 84 80.8 5.65 7.0 
8lZT 2 236 249 242.5 9.19 3.7 
LfHT 2 47 65 56.8 12.7Z 22.7 
LOKB 2 104 133 118.5 20.50 17.3 
M1M1 2 127 138 132.5 1.n 5.8 
"3113 2 81 102 91.5 14.84 16.2 
NGAE 2 132 156 144.0 16.97 11.7 
NXGT 2 157 165 161 .o 5.65 3.5 

"""" 2 104 105 104.5 0.70 D.6 
OCP2 2 366 388 377.0 15.55 •• 1 
DXAE 2 175 187 181 .o 8.48 4.6 
OXOR 2 285 294 289.5 6.36 2. 1 
PORB 2 61 116 88.5 lS.89 43.9 
TFLN 2 217 220 218.5 2.12 0.9 
ZYHT 2 l6 39 37.5 2. 12 5.6 
ZTLN 2 142 149 145.5 4.94 3.4 

HYRA1S 2 AEAE 2 73 111 92.0 26.87 29.2 
AEOR 2 76 88 82.0 8.48 18.3 
AEP2 2 123 139 131.0 11.31 8.6 
81CN 2 38 •• 43.0 7.87 16.4 
BIZY 2 86 122 104.0 25.45 24.4 
LFHT 2 27 31 29.0 2.82 9.7 
L8XB 2 55 67 61.0 8.48 13.9 
M1M1 2 54 78 66.8 16.97 25.7 
"3113 2 35 59 47.8 16.97 36. 1 
NGAE 2 46 75 60.5 20.50 33.8 
NXGT 2 72 83 n.5 1.n 10.0 

"""" 2 44 52 48.0 5.65 11. 7 
OCP2 2 167 190 178.5 16.26 9. 1 
OXAE 2 71 108 85.5 20.50 23.9 
OXOR 2 131 168 149.5 26.16 17_5 
PORB 2 37 •• 42.5 1.n 18.3 
TFLN 2 92 120 106.0 19.79 18_6 
ZYHT 2 21 22 21.5 0.70 3.2 
ZTLN 2 73 91 82.8 12.n 15.5 
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Subgroup • Yar1able • Mfn • •• Mean S.D • c.v. 
-----------·-------------------------------------------------------
HYRA2.S 3 .... 3 112 162 133.3 25.79 19.3 

AEOR 3 103 116 110.3 6.65 6.0 
AEP2 3 167 184 173.0 9.53 5.5 
BICN 3 •6 58 51.6 6.02 11.6 
BIZY 3 82 179 131.3 '8.52 36.9 
LFHT 3 32 39 35.3 3.51 9.9 
LOX8 3 67 90 76.0 12.28 16.1 
M1M1 3 75 110 94.3 17.78 18.8 
M3IB 3 •9 76 62.3 13.50 21.6 .... 3 74 106 90.0 16.00 17.7 ... , 3 92 116 104.6 12.05 11.5 

"""" 3 58 73 66.3 7.63 11.5 
OCP2 3 216 261 236.3 22-81 9.6 .... 3 86 134 108.3 2.4.17 22..3 
OXOR 3 176 205 188.0 15.13 8.0 
PORB 3 •3 61 51.0 9.16 17.9 
TFLN 3 132 163 145.0 16.09 11.0 
ZYHT 3 is 18 io.o 1.73 6.6 
2YLN 3 100 108 104.3 4.04 3.8 

HY COS 4 .... 4 107 130 115.0 10.61 9.2 .... ' 88 98 92.Z 5.05 5.4 
AEP2 4 141 160 150.7 7.76 5.1 
BICN 4 46 52 'B.7 2.50 5.1 
BIZY 4 115 135 125.7 B.30 6.6 
LFHT 4 33 45 38.5 4.93 12.8 
LOX9 4 .. 81 n.s 6.75 9.3 
M1M1 ' 82 90 86.7 3.59 4.1 
M3IB ' 41 55 50.0 5.59 11. 1 .... ' 63 101 91.2 7.67 B.4 ... , 4 101 113 106.7 5.31 4.9 

"""" 4 58 63 60.5 i.38 3.9 
OCPI ' 215 240 227.5 12..34 5.4 
OXAE 4 110 140 122.7 13.04 10.6 
OXOR 4 179 ios 193.7 13.30 6.8 .... 4 40 57 45.7 7.67 16.7 
TFLN 4 145 156 1,9.7 S.18 3.4 
2YHT 4 29 34 32.0 2.16 6.7 
ZYLN ' 86 94 89.7 4.34 4.8 
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Subgroup • variable • Min • •• Mean s.o. c.v. 
------------------------------------------------------------······· 
lNDRS AEAE 570 570 570.D .... 374 374 374.0 

AEPZ 63Z 63Z 632.0 
81Cli 309 309 309.0 
BlZY 588 588 588.D 
LFKT 145 145 145.o 
LOXB 358 358 358.0 
M1M1 Z79 Z79 Z79.D 
1131'3 Z14 214 214.0 .... 498 498 498.0 
MXGT 376 376 376.D 

"""" 23Z 23Z 232.D 
DCP2 1DZ5 1025 1025.D 
OXAE 5Z5 5Z5 525.D .... BOZ BOZ BOZ.O 
POR8 194 194 194.0 
TFLN 662 66Z 66Z.O 
ZYKT 101 101 101.0 
ZYLN 371 371 371.0 

MENOS 18 AEAE 18 156 208 181.3 14. 10 7.7 
AEOR 18 1Z9 164 143.6 10.78 7.5 
AEPZ 18 Z12 Z57 233.0 13.17 5.6 
BlCN 18 65 84 74.6 5.78 7.7 
BlZY 18 161 Z40 197.7 24.59 12.4 
LFHT 18 39 56 46.7 4.88 10.4 
LOXB 18 103 143 122.1 11.00 9,0 
M1M1 18 10Z 130 115.7 9.73 8.4 
1131'3 18 50 89 68.1 11.35 16.6 .... 18 104 134 118.8 7.10 5.9 
MXGT 18 147 175 160.7 7.08 4.4 

"""" 18 88 106 96.8 4.76 4.9 
DCP2 18 279 338 313.5 14.34 4.5 .... 18 116 164 143.8 13.31 9.2 .... 18 189 Z40 223.1 13.73 6. 1 
POR8 18 6Z 90 75.Z 7.93 10.5 
TFLN 18 144 175 159.2 9.21 5.7 
ZYKT 18 37 61 46.6 6.7Z 14.4 
ZYLN 18 126 150 137.6 7.33 5.3 
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Subgroup • Variabl@ • Min • •• ..... s.o. c.v. 
--------------------------·-----------·-··-------·----·---------·-· 

PERA.15 2 AEAE 2 226 280 253.0 38.18 15.0 
AEllll 2 118 186 192.0 5.65 3. 1 
AEP2 2 289 305 297.0 11.31 3.9 
BICN 2 85 .. 87.5 3.53 4.0 
BIZY 2 237 253 245.0 11.31 4.6 
LFHT 2 63 79 71.0 11.31 15.9 
LOXB 2 142 176 159.0 24.04 15.1 
lf11f1 2 148 156 152.0 5.65 3.7 
M3M3 2 94 99 96.0 2.92 2.9 
•GAE 2 140 165 152.5 17.67 11.5 
NXGT 2 192 208 195.0 18.38 9.4 

"""" 2 107 132 119.5 17.67 14.7 
OCP2 2 355 415 385.0 42.42 11.0 
OllAE 2 175 202 188.5 19.09 10. 1 
OXOR 2 255 280 267.5 17.67 6.6 
PORB 2 10 82 76.0 8.ti8 11.1 
TFLN 2 192 229 210.5 26.16 12.li 
ZYHT 2 51 61 56.0 7.07 12.6 
ZYLN 2 168 185 176.S 12.02 6.8 

PERA.25 3 AEAE 3 345 405 379.0 30.18 8. 1 
AEllll 3 210 258 239.3 25.71 10.7 
AEP2 3 352 417 389.3 33.56 8.6 
BICN 3 140 162 151.0 11.0D 7.2 
8!2Y 3 359 429 liOO.O 36.51 9.1 
LFHT 3 85 96 90.6 5.50 6.0 
LDXB 3 239 279 262.0 20.66 7.8 
M11f1 3 209 260 235.0 25.51 10.8 
"3"3 3 140 153 148.3 7.23 4.8 .... 3 225 238 232.3 6.65 2.8 
IOIGT 3 263 287 274.0 12. 12 4.4 

"""° 3 155 177 165.3 11 .06 6.6 
OCP2 3 495 552 526.0 28.92 5.4 
OXAE 3 250 294 268.3 22.89 8.5 
OXOR 3 320 361 34li.3 21.54 6.2 
PORB 3 102 125 117.0 13.00 11.1 
TFLN 3 216 248 236.3 17.67 7.4 
2.YHT 3 16 92 78.6 3.05 3.e 
2YLN 3 214 254 239.3 22.03 9.2 
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Subgl"oup • Val"iable • Min • •• Mean s.o. c.v. 
----------··------------------------------------------··-----------

SUBH1S 5 AEAE 5 170 196 186.8 9.88 S.2 
AEOll s 136 160 149.D 9.0D 6.D 
AEP2 s 217 256 239.D 14.07 S.8 
BICN 5 72 77 74.0 2.34 3. 1 
Bl2Y 5 176 219 197.6 15.27 7.7 
LFHT s 39 70 54.4 11.28 20.7 
LOXB s 101 12S 113.8 8.64 7.S 
M1M1 5 10S 131 118.8 11.09 9.3 
M3M3 5 75 89 79.2 6.01 7.S 
MGAE 5 126 137 133.0 4.84 3.6 
MXGT s 143 178 160.0 15. 14 9.4 

"""" s 87 103 95.8 7.66 7.9 
OCP2 5 314 3S7 339.6 16.44 4.8 
OXAE 5 146 174 156.8 10.84 6.9 
OXDll s 247 277 260.6 11. 19 4.2 
PDllB 5 SS 77 66.0 10.n 16.3 
TFLN s 166 201 178.0 13.47 7.S 
2YHT s 40 48 43.8 3.19 7.2 
2YLN s 128 142 135.6 5.31 3.9 

SUBH2S 4 .... 4 190 221 203.5 13.91 6.8 
AEDll 4 146 162 1S5.0 6.83 4.4 
AEP2 4 247 264 25S.O 7.25 2.8 
BICN 4 80 95 88.75 7.0 7.9 
BllV 4 197 23S 213.D 17.86 8.3 
LFKT 4 S6 75 66.0 8.04 12.1 
LOXB 4 116 141 127 .25 10.8 8.4 
M1M1 4 106 146 124.5 17.38 13.9 
M3M3 4 61 93 82.75 14.9 18.0 .... 4 138 164 145.5 12.36 8.S 
MXGT 4 163 186 173.S 9.88 5.6 

"""" 4 95 114 105.0 8.60 8. 1 
OCP2 4 340 369 357.25 13.2 3.6 
OXAE 4 175 184 178.0 4.08 2.2 
OXOll 4 280 290 28S.5 4.20 1.4 
PDllB 4 63 72 68.7 4.2 6.2 
TFLN 4 192 215 205.2 9.7 4.7 
ZYHT 4 41 53 45.5 5.19 11.4 
ZYLN 4 129 149 140.5 9.67 6.8 
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Subgroup • Variable • Min • •• Mean S.D • c.v. 
----------------------------··---------·--------------··-----------

SUBH3S 7 .... 7 225 246 235.4 8.05 3.4 
AEOR 7 165 189 173.5 7.91 •.5 
AEP2 7 265 295 275.8 9.97 3.6 
BlCN 7 95 110 100.4 5.56 5.5 
BlZY 7 237 280 261.4 13. 10 5.0 
LFHT 7 37 62 52.2 8.92 17.0 
LDXB 7 139 161 148.8 7.58 5.0 
M1M1 7 124 151 139.4 9.19 6.5 
M3"3 7 83 107 99.2 8.34 8.4 ..... 7 133 166 153.1 11.92 7.7 
MlCGT 7 156 192 181 .o 12.47 6.8 -- 7 105 119 113.7 5.02 4.4 
OCP2 7 344 410 385.0 20.53 5.3 
OXAE 7 185 222 202.8 13.64 6.7 
OXOR 7 294 348 322.0 17.40 5.4 
PORB 7 77 101 85.2 8.07 9.4 
TFLN 7 206 250 227.5 16.25 7. 1 
ZYHT 7 44 61 50.8 6.96 13.6 
ZYLN 7 153 184 167.0 11. 10 6.6 

TELE1S 2 AEAE 2 281 288 284.5 4.94 1. 7 
AEOR 2 221 232 226.5 7.77 3.4 
AEP2 2 325 328 326.5 2.12 0.6 
BICN 2 99 124 111.S 17.67 15.8 
BlZY 2 306 320 113.0 9.89 3.1 
LFHT 2 59 70 64.5 7.77 12.0 
LOXB 2 198 211 204.5 9. 19 4.4 
M1M1 2 178 181 179.5 2.12 1. 1 
M3"3 2 98 102 100.0 2.82 2.8 ..... 2 161 163 162.0 1.41 0.8 
MlCGT 2 225 230 227.5 3.53 1.5 -- 2 138 146 142.0 5.65 3.9 
OCP2 2 408 428 418.0 14.14 3.3 - 2 205 210 Z07.5 3.53 1.7 
OXOR 2 304 306 305.0 1.41 0.4 
PORB 2 93 116 104.5 16.26 15.5 
TFLN 2 213 217 215.0 2.82 1.3 
ZYHT 2 59 76 67.5 12.02 17.8 
ZYLN 2 186 204 195.0 12.72 6.5 
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Subgroup • Variable • Min • •• . ... S.D • c.v. 
--------------------------·----·-·-··········-··--···-·-·--··-··--· 

TELE2S 4 AEAE 4 308 347 326.5 17.09 5.2 
AEOR 4 241 276 259.7 1,,45 5.5 
AEP2 4 351 374 365.5 10.,0 2.8 
BICN 4 108 134 125.2 11.87 9.4 
BIZY 4 319 386 355.0 27.58 7.7 
LFHT 4 68 94 83.2 12.52 15.0 
LOXB 4 227 289 246.0 28.95 11.7 
Jlll1Jlll1 4 163 186 178.7 10. 71 5.9 
113113 4 107 123 115.7 6.70 5.7 ..... 4 180 207 196.5 13.07 6.6 
MXGT 4 237 254 2,6,5 7.32 2.9 

"""° 4 152 170 161.2 7.36 4.5 
OCP2 4 459 505 481.2 20.33 4.2 
OXAE 4 214 247 227.0 14.53 6.4 
OXOR 4 325 358 343.7 14. 10 4.1 
PORB 4 84 101 90.7 7.22 7.9 
TFLN 4 236 259 245.7 9.91 4.0 
ZYH1 4 79 96 85.0 B.04 9.4 
ZYLN 4 178 229 208.0 22.31 10.7 

TELE3S 6 AEAE 6 273 318 301.0 15.84 5.2 
AEOR 6 230 268 248.6 12.29 4.9 
AEP2 6 351 394 367.6 15.79 4.2 
BICN 6 111 131 122.0 8.39 6.8 
BlZY 6 265 331 309.5 23.78 7.6 
LFHT 6 80 111 96.0 10.95 11.4 
LOXB 6 198 237 216.8 14. 17 6.5 
Jlll1Jlll1 6 94 194 161.(1 36.03 22..3 
113113 6 91 130 113.B 15.43 13.5 ..... 6 161 196 182..6 13.90 7.6 
MMGT 6 160 253 217.3 32.81 15.1 ...., 6 131 168 149.3 11.87 7.9 
OCP2 6 471 499 485.5 9.87 2.0 
OXAE 6 209 252 230.6 16.66 7.2 
OXOR 6 313 360 341.1 16.58 4.8 
PORB 6 59 92 82.0 12.06 14.7 
TFLN 6 222 266 242.0 16.54 6.8 
ZYHT 6 73 87 79.6 4.96 6.2 
ZYLN 6 200 229 210.3 11.23 5.3 
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Subgl"oup • Variable • Min Max Mean S.D. c.v_ 
-------------------------------------------------------------------

TELE4S l .... l 294 ll2 315.0 19.31 6.1 
AEOA l Z56 270 264.6 7.57 2.8 
AEP2 l 397 4ZO 409.6 11.67 2.8 
BICN l 128 141 133.6 6.65 4.9 
BJZY l 305 352 ll2.l 24.41 7.3 
LFHT l 108 126 115.6 9.Z9 8.0 
LOXB l 224 2l6 231 .l 6.42 2.7 
M1M1 3 170 213 197.0 23.51 11.9 
03IG 3 84 128 112.3 24.58 21.8 .... 3 168 190 182.6 12.70 6.9 
MXGT 3 256 270 261.3 7.57 2.8 
IOCMO 3 161 177 169.0 8.0 4.7 
0CP2 3 519 540 526.0 12. 12 2.3 
OXAE 3 228 241 236.0 7.0 2.9 

"""" l 345 382 364.6 18.61 5. 1 
POAB l 69 97 83.6 14.04 16.7 
TFLN 3 242 Z56 247.0 7.81 3. 1 
ZYHT 3 74 83 79.0 4.58 5.8 
ZYLN 3 221 239 231.6 9,.45 4.0 

TELE5S 4 AEAE 4 Z98 370 336.5 29.71 8.8 
AEOA 4 246 Z94 271.5 zo.n 7.6 
AEP2 4 356 428 405.0 ll.04 8.1 
BJCN 4 113 145 134.0 14.49 10.8 
812Y 4 314 374 351.7 28.00 7.9 
LFHT 4 90 115 100.7 11.5 11.41 
LOXB 4 221 283 247.0 28.70 11.6 
H1M1 4 192 205 197.5 5.56 2.8 
03IG 4 117 133 124.2 7.54 6.0 .... 4 175 224 200.0 20.34 10.1 
MXGT 4 260 280 269.0 8.28 3.0 
IOCMO 4 173 185 180.2 5.5 3.051 
OCP2 4 491 562 539.2 32.87 6.0 
OXAE 4 207 260 237.7 22.18 9.3 
OXOR 4 ll1 388 368.0 ZS.65 6.9 
POAB 4 n 106 91.2 15.73 17.2 
TFLN 4 267 282 272.5 6.85 2.5 
ZYHT 4 73 92 82.7 8.42 10.1 
ZYLN 4 211 268 246.2 24.55 9.9 
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Subgroup • variable • Min ... . ... S.D • c.v. 
····--··········---·-·-·-···-····------------·---------·---····----

TRIGS 13 AEAE 12 1n 244 212.5 18.55 8.7 
AEOR 12 135 183 164.0 13.70 8.3 
AEP2 12 230 290 262.8 17.87 6.8 
BJCN 12 .. 89 80.4 7.50 9.3 
BIZY 12 179 292 231.3 28.22 12. 1 
LFHT 12 41 69 58.2 9.37 16.0 
LOX8 12 82 147 120.7 15.78 13.0 
M1M1 12 105 152 134.8 14.34 10.6 
IClll3 12 n 108 87.1 11.78 13.5 
MGAE 12 130 168 149.9 11.4' 7.6 
MXGT 12 159 194 177.0 10.23 5.7 

"""" 12 99 125 115.5 6.84 5.9 
OCP2 12 331 413 367.0 21.77 5.9 
OXAE 12 160 253 188.9 21.66 11.4 
OXOR 12 254 324 299.8 20.63 6.8 
POR8 12 56 93 73.0 10.53 14.4 
TFLN 12 195 267 229.8 19.72 8.5 
Z'tHT 12 33 65 50.1 11.14 22.2 
ZYLN 12 125 169 151.4 14.39 9.5 
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MANDIBLE 

Subgroup • variable • Min ••• Mean s.o . c.v. 
-------·----------------·-------···---------------------------------

CE ... 19 ANGD 19 141 177 160.5 10.18 6.3 
AMGW 19 42 64 54.4 5.81 10.6 .... 19 55 70 61.3 3.78 6.1 
BDM1 19 1n 161 148.6 7.05 4.7 
SDHT 19 109 132 117.7 5.77 4.9 
CNlll 19 243 298 265.3 12.93 4.8 
LM1l 19 29 51 41.1 6.81 16.5 
LM1W 19 27 36 30.2 2.86 9.4 
MNMO 19 124 153 143.7 7.09 4.9 ...., 19 157 188 173.8 10.01 5.7 .... 19 208 251 228.7 12.96 5.6 

2 ANGD 2 112 113 112.5 0.70 0.6 
ANGW 2 37 38 37.5 0.70 1.8 .... 2 34 36 35.0 ,_,, 4.0 
BDM1 2 83 134 108.5 36.06 33.2 
BDHT 2 61 63 62.0 , _,, 2.2 
CNM3 2 165 189 1n.o 16.97 9.5 
LM1L 2 36 40 38.0 2.sz 7.4 
LM1W 2 21 22 21.5 o.70 3.2 
MNMO 2 120 166 143.0 32.52 22.7 ...., 2 117 166 141.5 34.64 24.4 .... 2 152 166 159.0 9.89 6.2 

BICON 47 AMGD 47 106 149 130.2 9.17 7.0 ..... 47 n 55 45.5 5-Zl 11.5 
SDBR 47 44 59 52.0 3.56 6.S 
BDM1 47 96 132 116.8 8.15 6.9 
BDHT 47 73 101 86.4 6.81 7.8 
CNll3 47 167 233 201.8 14.57 7.2 
LM1L 47 39 52 45.3 3.24 7.1 
LM1W 47 21 32 28.0 2.06 7.3 

"""° 47 128 155 143.0 7.28 5.0 
lWIJ 47 115 156 135.9 9.96 7.3 .... 47 155 202 180.2 10.90 6.0 
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Subgt'Ol.4) • Variable • Min • •• .... s.o . c.v. 
-------·--------------------------·----------------------------···--

UNICM 9 .... 9 140 165 152.5 9.07 5.9 
ANGW 9 39 52 46.3 3.50 7.5 
BDBll 9 49 56 52.6 2.50 4.7 
BDM1 9 108 125 116.2 4 .91 4.2 
BDNT 9 83 102 91.0 7.08 7.7 
CNM3 9 212 263 241.1 15.97 6.6 
LM1L 9 37 48 41.5 3.32 7.9 
LM1U 9 26 31 29.2 Z.04 7 .o 

"""" 9 133 155 141.6 6.83 4.8 ...... 9 151 173 160.4 8.06 5.0 ..... 9 213 251 239.6 13.n 5.5 

JAVAM 3 .... 3 129 143 137.6 7.57 5.5 
ANGW 3 36 39 37.3 1.52 4.0 
BDBR 3 ., 42 41.6 0.57 1 .3 
BDM1 3 95 101 97.3 3.21 3.3 
BDHT 3 .. " 69.3 ,_ 16 6.0 
CNM3 3 175 186 182.0 6.08 3.3 
LM1L 3 39 " 40.0 1.00 2.5 
LM1U 3 22 24 23.0 1.00 4.3 

"""" 3 124 129 127.0 2.64 2.0 .... 3 133 144 140.3 6.35 4.5 ..... 3 179 186 182.0 3.60 1.9 

ACER1M 2 .... z 150 151 150.5 0.10 0.4 ..... z 28 32 30.0 Z.82 9.4 
eoa• 2 " 47 44.5 3.53 7.9 
BOH1 2 107 112 109.5 3.53 3.2 
BDffT 2 85 87 86.0 1.41 1.6 
CNM3 2 198 206 202.0 5.65 2.8 
LM1L 2 ., 42 41.5 0.70 1.7 
LM1W 2 27 28 27.5 0.70 2.5 

"""" 2 134 135 134.5 0.70 0.5 .... 2 131 152 141.5 14.84 10.4 ..... 2 197 ,,, 204.5 10.60 5. 1 
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Subgr~ • variable • Min ... .. .. s.o . c.v. 
·-·--------------------·----------·--------·---------·--------------
ACER2M 2 .... 2 152 156 154.0 2.82 1.8 

ANGW 2 36 37 36.5 0.70 1.9 
BOBR 2 41 44 42.5 2. 12. 4.9 
BOM1 2 106 109 107.5 2.12 1 .9 
BOHT 2 78 87 82.5 6.36 7.7 
!:N"3 2 201 218 209.5 12.02. 5.7 
L"1L 2 34 43 38.5 6.36 16.5 
LM1\il 2 24 29 26.5 3.53 13.3 

""'"' 2 112 125 118.5 9.19 7.7 
RAii> 2 150 152 151.0 1.41 0.9 .... 2 220 221 2.2.0.5 o.70 0.3 

APHE1M 4 .... 4 133 141 137.2 3.30 2.4 
ANGW 4 20 27 22.7 3.09 13.6 
BOBR 4 38 51 45.7 5.73 12.5 
BOM1 4 87 111 101.0 11 .19 11 .0 
BOHT 4 66 91 81.2 11 .44 14.D 
CNMl ' 179 209 193.7 12.25 6.3 
LM1L 4 34 37 35.7 1.25 3.5 
LM1W 4 24 28 25.7 1.70 6.6 

""'"' 4 115 124 12.D.7 4.03 3.3 ...., 4 133 140 136.2 2..98 2.1 .... ' 192 205 198.5 6.02 3.0 

APHE2M 6 ANGD 6 143 156 150.5 4.32. 2.8 
ANGW 6 26 35 31.5 3.20 10.1 
BOBR 6 39 51 43.8 4.21 9.6 
BOM1 6 107 121 112.. 1 5.70 5.0 
BOHT 6 78 105 90.6 9.81 10.8 
CNMl 6 186 234 207.8 15.99 7.6 
L"1L 6 32 44 38.8 4. 16 10.7 
LM1W 6 19 30 25.3 3.77 14.9 

""'"' 6 121 135 126.3 5.42 4.2 
RAMO 6 135 152 145- 1 7. 16 4.9 .... 6 200 229 2.15.D 12.. 13 5.6 
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Subgr01.41 • variable • Min • •• Mean s.a. c.v. 
---------------------·------·---------------------------------------
APHE3M 4 .... 4 150 201 1n..2 21.71 12.6 ..... 4 2B 36 31.2 3.59 11.5 .... 4 55 58 56.2 1.5 2.6 

BOM1 4 111 153 128.2 17.91 13.9 ... , 4 86 116 9B.2 14.84 15., 
CNMl 4 224 252 233.5 12.97 5.5 
LH1L 4 46 54 50.7 3.94 7.7 
LM1V 4 31 38 33.0 3.36 10.2 .. .., 4 146 163 157.2 7.80 4.9 ...., 4 15' 181 170.5 12.12 7.1 .... 4 224 278 241.2 Zl..91 10.3 

APHE4M 4 .... 4 168 190 182.0 9.9] 5.4 
ANGW 4 28 34 ]0.7 2.75 8.9 .... 4 SB 65 61.0 2.94 4.B 
BBH1 4 149 169 155.0 9.38 6.0 
BOHT 4 115 138 123.5 10.01 8.1 
CNMl 4 224 270 244.0 21.46 8.7 
LM1L 4 49 58 53.5 4.20 7.8 
LM1W 4 33 39 36.5 2.64 7.2 .. .., 4 162 1B1 173.7 8.80 5.0 .... 4 160 191 173.0 13.49 7.7 .... 4 238 2BO 263.5 lB.21 6.9 

DICE1M 1 .... 134 134 134.0 
ANGW 14 14 14.0 .... 29 29 29.0 
BOH1 94 94 94.0 
BOHT 73 73 73.0 
CNMl 152 152 152.0 
LM1l 43 43 43.0 
LM1W 23 23 23.0 ...., 136 136 136.0 .... 112 112 112.0 .... 171 171 171.0 
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Subgroup • Variable • Min Max Mean S.D • c.v. 
-----------··--------·---------------·----------------·-·-----------

DICE2M .... 104 104 104.D 
ANGll 40 40 40.0 
BDBR 25 25 25.D 
BOM1 71 71 71.0 
BOHT 57 57 57.D 
C""3 144 144 144.0 
LM1l 23 23 23.0 
LM1W 18 18 18.0 .. .., 85 85 85.0 ....., 88 88 88.0 ..... 138 138 138.0 

FORS1M .... 141 141 141.0 
ANGll 18 18 18.D .... 25 25 25.0 
BOM1 78 78 78.D 
BOHT 66 66 66.0 
CNM3 145 145 145.0 
LM1L 12 l2 12.0 
LM1W 22 22 22.0 .. .., 106 106 106.0 ....., 101 101 101.0 ..... 153 151 153.0 

FORS2M 2 .... 2 97 127 112.0 21 .21 18.9 
ANGW 2 7 11 9.0 2.82 31.4 .... 2 23 26 24.5 2.12 8.6 
BOM1 2 62 66 64.0 2.02 4.4 
BOHT 2 50 56 51.0 4.24 8.0 
CNM3 2 97 tlO 113.S 23.ll 20.5 
LM1L 2 24 27 25.5 2.12 8.3 
lM1W 2 15 17 16.0 , .41 8.8 .... 2 80 B4 82.0 2.82 3.4 
RAii> 2 78 102 90.0 16.97 18.8 .... 2 124 137 130.5 9.19 7.D 
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Subgroup N Var;able N Min ... Mean s.o . c.v. 
·-----------·-------------------------------------·-·--------·--·---

KYRA1M 2 ANGD 2 63 80 71.5 1Z.02 16.8 
ANGW 2 7 11 9.0 2.82 31.4 
BDBR 2 15 17 16.0 1.41 8.8 
BD•1 2 34 45 39.5 7.77 19.6 
BOKT 2 28 35 31.5 4.94 15.7 
CNM3 2 62 69 65.5 4.94 7.5 
LM1L z 14 15 14.5 0.70 4.8 
LM1W z 9 10 9.5 0.70 7.4 

"""" z •• 48 46.0 2.82 6. 1 . ..., 2 52 63 57.:S 7.77 13.5 .... 2 73 82 77.5 6.36 8.2 

KYRA2M 2 .... z 9Z 103 97.5 7.77 7.9 
ANGV 2 8 9 8.5 0.70 8.3 .... 2 18 zo 19.0 1 .41 7.4 
BD•1 2 52 60 56.0 5.65 10.1 
BOKT 2 •• 49 46.5 3.53 7.6 
CNM3 2 79 97 88.0 12.72 14.4 
LM1L 2 19 21 20.0 1.41 7.0 
LM1V 2 14 15 14.5 0.70 4.8 

"""" 2 61 .. 63.5 3.53 5.5 ...., 2 .. 89 77.5 16.26 20.9 .... z 101 118 109.5 12.02 10.9 

KYCCfl 4 ANGD 4 81 90 86.2 4.11 4.7 
ANGW • 6 7 6.2 0.50 8.0 .... • 20 Z3 zz.o 1.41 6.4 
80•1 4 49 54 51.7 2.21 4.2 
BOKT 4 40 42 41.2 0.95 2.3 
CNM3 4 71 87 111.5 7.32 9.3 
LM1L 4 17 19 1B.O 0.81 4.5 
LM1V 4 12 13 1Z.Z 0.50 4.0 

"""" 4 57 60 59.0 1.41 Z.3 ...., 4 68 111 74.2 4.50 6.0 ..... 4 98 1Z1 106.5 10.40 9.7 
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Sl&JgrDt4J • Variable • Min - Mean S.D • c.v. 
-----------------------·-------------------------·--------·---------

INDRM ANGD 255 255 255.0 ..... 1 67 67 67.0 
BOOR 1 79 79 79.0 

BD•1 166 166 166.0 
BOHT 129 129 129.0 
CNKl 353 353 353.0 
LM1L 75 75 75.0 
LM1W 53 53 53.0 
MNMO 223 223 223.0 ·- 226 226 226.0 .... 330 330 330.0 

MEN01M 10 ANGD 10 92 113 101. 1 6.72 6.6 ..... 10 24 46 35.0 7.43 21.2 
BOOR 10 22 31 26.3 2.58 9.8 
BOM1 10 63 78 69.0 4.69 6.7 
BOHT 10 48 59 53.3 3.36 6.3 
CNKl 10 110 147 125.3 12.73 10. 1 
LM1L 10 24 31 26.6 2.54 9.5 
LM1M 10 17 21 i8.9 1.19 6.3 

"""° 10 86 100 91.6 4.22 4.6 ·- 10 75 100 84.9 8.87 10.4 .... 10 129 148 139.0 6.1Z 4.4 

MEN02M ANGD 100 100 100.0 ..... 31 31 31.0 
BOOR 35 35 35.0 
BOM1 85 85 85.0 
BOHT 64 64 64.0 
CNKl 141 141 141.D 
LM1L 31 31 31.0 
LM1W 22 22 22.0 
MllMO 114 114 114.0 ...., 92 92 92.0 .... 158 158 158.0 
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Subgr~ • Variable • Min • •• . . .,, s.o. c.v. 
----------···-·----------------------------------------·····-······· 

PENE1M ANGD 81 81 81 
ANGW 10 10 10 
BORR 22 22 22 
BOM1 57 57 57 
BDHT 47 47 47 
CNM3 105 105 105 
LM1l 20 20 20 
U01W 13 13 13 

"""" 70 70 70 . ..., 82 82 82 .... 115 115 115 

PERA1M 3 ANGD 3 113 133 122.3 10,06 8.2 
ANGW 3 13 22 18.0 4.58 25.4 
BORR 3 38 43 40.3 2.51 6.2 
BDM1 3 94 101 97.3 3.51 3.6 
BDHT 3 67 82 76.0 7.93 10.4 
CNM3 3 162 180 171.6 9.07 5.2 
U01L 3 35 42 39.3 3.78 9.6 
U01W 3 26 29 27.3 1.52 5.5 ...., 3 116 136 129.0 11.26 8.7 ...., 3 111 135 121.0 12.48 10.3 .... 3 164 189 173.6 13,42 7.7 

PERA2M 2 ANGD 2 155 162 158.5 4.94 3.1 
AMGW 2 25 26 25.5 0.70 2.7 
BDBR 2 52 53 52.5 0.70 1.3 
BOll1 2 115 119 117.0 2.82 2.4 
BDHT 2 87 90 88.5 2.12 2.3 
CNM3 2 216 219 217.5 2.12 0.9 
U01L 2 43 50 46.5 4.94 10.6 
LM1W 2 31 33 32.0 1.41 4.4 
MNllO 2 148 167 157.5 13.43 8.5 ,..., 2 147 163 155.0 11.31 7.2 .... 2 209 210 209.5 0.70 0.3 
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Subgroup • Variable • Min • •• Keen S.D • c.v. 
---·--··--------··--------·-----·-··-------··-·------·-·------··----

SU9H1M • .. .., • 102 126 111.6 10.78 9.6 
ANGV • 13 21 16.2 2.96 18.2 
BOOR 8 22 33 27.7 3.10 11.1 
BOM1 8 65 86 73.7 7.53 10.2 
BOHT 8 52 73 59.3 8.66 14.S 
CNIG 8 117 150 131.6 11.28 8.5 
U11L 8 25 34 28.6 2.n 9.5 
LM1W 8 18 25 19.8 2.47 12.4 . ..., 8 as 110 97.0 8.89 9. 1 ·- 8 88 112 10Z.6 T.70 7.5 .... B 127 159 140.3 12.60 8.97 

SUBH2M 2 .... 2 114 120 117.0 4.24 3.6 
ANGV 2 13 15 14.0 1.41 10. 1 
8081 2 30 31 30.5 0.70 2.3 
BOM1 2 75 76 75.S 0.70 0.9 
BOHT 2 60 63 61.5 2.12 3.4 
CNIG 2 120 128 124.0 5.65 4.5 
LM1L 2 27 28 27.S 0.70 2.5 
LM1\l 2 20 21 20.5 0.70 3.4 . ..., 2 95 96 95.S 0.70 0.7 .... 2 105 115 110.0 7.07 6.4 .... 2 141 146 143.5 3.53 2.4 

SIJ1IH3M 6 ANGD 6 117 133 125.1 6.08 4.8 
ANGV 6 12 25 18.1 5.41 29.8 
BOBR 6 26 38 34.6 4.36 12.s 
BOH1 • 71 90 78.S 6.83 8.7 
BOHT 6 56 77 62.5 7.66 12.2 
CNIG 6 137 155 144.1 6.79 4.7 
LM1L 6 27 37 32.3 3.20 9.9 
LM1W 6 21 25 22.3 1 .75 7.B .... 6 98 113 107.B S.87 5.4 ·- 6 94 125 107.0 11.52 10.7 .... 6 146 154 148.8 2.71 1 .8 
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Subgroup • variable • Min . .. ••an s.o. c.v. 
----------------------·---········-·--·--··-··----------------------

TELE1M l ANGD 3 144 154 149.0 5.00 3.3 .. .,, 3 Z1 2B 23.6 3.78 15.9 .... 3 39 45 42.0 3.00 1. 1 
BDM1 l 102 108 105.3 3.05 2.9 
BDMT 3 72 BB 79.0 8.18 10.3 
CNMl 3 175 207 1BB.6 16.50 B.7 
LM1L 3 37 4B 43.0 5.56 12.9 
U41W 3 20 30 26.6 5.77 21.6 

"""" 3 131 157 142.6 13.20 9.2 ....., l 123 14B 137.6 13.05 9.4 .... 3 1Bl 189 185.0 3.46 1.B 

TELE2M 6 ANGD 6 141 167 151.1 9.15 6.0 .. .,, 6 26 33 30.3 2.42 1.9 .... 6 45 53 4B.5 2.81 5.7 
BDM1 6 109 121 116.0 4.64 4.0 
BOMT 6 B3 103 93.8 7.9B 8.5 
CNM3 6 185 229 210.8 15.65 7.4 
t.M1L 6 38 50 44.0 4.69 10.6 
LMHI 6 29 36 32. 1 2-48 1.1 

"""" 6 138 160 150.5 8.73 5.8 ....., 6 124 1n 142.5 18.19 12.7 .... 6 1Bl 22B 215.6 16.69 1.1 

TELE3M 12 ANGD 12 ~27 164 144.6 11.73 8. 1 .. .,, 12 15 41 29.0 B.05 27.6 .... 12 44 55 48.3 3.39 7.0 
BOM1 12 100 136 116.0 11.28 9.1 
BDMT 12 .. 118 91.6 14.61 15.9 
CNM3 12 181 247 207.3 19.88 9.5 
LM1L 12 40 .. 45.3 3.11 6.8 
LM1W 12 23 33 27.5 2.84 10.3 

"""" 12 142 160 151.0 6.75 4.4 . ..., 12 115 162 139.9 12.42 8.8 ..... 12 175 240 208.0 19.28 9.2 
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Subg1'"0t4> • Val'"iable • Min • •• ••an S.D. c.v. 
------------------------------------------------------------·-------
TELE4M 4 .... 4 141 167 154.0 11.10 7.2 ..... 4 33 52 39.7 8.53 21.4 .... 4 45 70 56.5 10.90 19.3 

BD•1 4 105 135 126.2 14.22 11.2 
BDHT 4 90 120 108.7 12.99 11.9 
CNHl 4 239 250 244.0 4.96 2.0 
LN1L 4 43 54 49.0 4.96 10.1 
LN1W 4 28 35 31.7 2.87 9.0 

"""" 4 126 173 150.0 20.41 13.6 
RAii> 4 141 178 161.0 15.34 9.5 .... 4 212 255 232.2 22.94 9.8 

TELE5M 8 ANGD 8 138 167 149.6 10.78 7.2 ..... 8 22 46 30.0 7.76 25.8 .... 8 45 65 53.5 6.90 12.9 
BD•1 8 121 138 128.8 7.14 5.5 
80HT 8 93 112 101.1 6.33 6.2 
CNH3 8 191 264 217 .o 21.67 9.9 
LM1L 8 45 59 50.3 5.12 10. 1 
LM1W 8 30 33 31.1 1.12 3.6 -- 8 160 181 168.5 7.83 4.6 
RAii> 8 123 162 140.3 13-01 9.2 .... 8 207 230 223.1 a.11 3.6 

TRIGM 13 ANliD 13 110 134 122.9 6.34 5. 1 ..... 13 11 20 15.6 3.09 19.7 
BDBR 13 29 40 32.7 3.03 9.2 .... 13 73 •• 80.6 4.53 5.6 
BOHT 13 60 75 66.3 4.05 6.1 
CNH3 13 119 167 147.0 14.07 9.5 
LM1L 13 27 33 30.3 2.01 6.6 
LH1W 13 20 24 21.5 1.33 6.1 

"""" 13 98 115 107.9 5.37 4.9 ·- 13 106 129 116.3 7.30 6.2 .... 13 146 170 156.6 8.31 5.3 
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Subgroup • var-iable • Min • •• Mean S.D. c.v. 
--------------------------------------------------------------------

ZA1S1M 1 ANGD 232 232 232.D ..... 26 26 26.D .... 57 57 57.D 
BOM1 120 120 120.0 
BOHT 87 87 87.0 
Clll6 200 200 200.0 
LM1L 46 46 46.D 
Ul1" 31 31 31.0 

"""" 166 166 166.0 ..... 196 196 t96.D ..... 257 257 257.0 

ZAlS2M 1 AMGD 225 225 225.0 ..... 16 16 16.D .... 33 33 33.0 
BONI 119 119 119.0 
BDNT 98 98 98.0 
CNMl 202 202 202.D 
LMtL 52 52 52.0 
LM1lil 32 32 32.0 

"""" 182 182 t82.0 ..... 170 170 170.D ..... 271 271 271.0 
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APPEllllJ:X 6. 

SAS-J:HL PROGRllXS 

Statiatical programs written in SAS Interactive Matrix Language 
(SAS Institute, 1988). Program commente are bracketed by slashes 
and stars {/*comment*/). 

PRINCIPAL COMPONENTS ANALYSIS, GENERALIZED DISTANCES, Q-Q PLOTS, 
NOIU1ALITY TESTING, AND ANGULAR DIFFERENCES ROUTINES. 

t• lil.ILTIVAR.IML VER. 5-23-93 •t 
t• tilJLTIVARIATE ANALYSIS PROGRAM IN SAS IML •t 
/*--------····-··-- SET WORKING ENVIROMMeNT ------·-····--------···--•/ 

OPTIONS NOSOJRCE; /*EXCLUDE PROGRAM LINES FROM ClJTPUT-/ 

LIBNAME SASOAT 1C:\ZBALES\INPUT\SAS'; 
LIBNAME FLOPOAT 18:\ 1 ; 

PROC PRINTTO LOG: 1PRN 1 ; /* SET CJJTPUT DESTINATION */ 

PROC IML WQAICSIZE = 210; t• SET SPACE FOR MATRIX OPERATIONS •/ 

RESET LINESIZE = 175 PAGESIZE = 35; 
TWELVE = C12); 
NEWPAGE = B'f'TECTWELVE); t• PAGE BREAK CONTROL CCllE */ 

1•se1•1 TRUNCLEV = 96; 
1•--seT--*/ AXISPERC = (5}; ,. PERCENTAGE CUTOFF FOR PC AXES ., 

t•··SET·-•t PLOTTYPE = "GRPSYMB11 ; /'9 "Sexn nGRPNAME11 nGRPSYMB" "Locn "IND" •t 
1•--se1--•1 ANALYSE = 11AS11 ; ,. l'.AGl All GENERA CAS] All SUBGRCJ.IPS ., 

t• (SG] SCME GENERA lSS] SCl4E SUBGRClJPS •t 
IF ANALYSE = 11AG11 THEN DO; 

PRINT "·--·-···-·-·- ANALYSIS QF All GENERA ·········----·--"; 

PRINT "····--------····--·--·-··········-----····--------·--"; 

END; 

IF ANALYSE = 11AS11 THEN 00; 

PRINT "······--·--·- ANALYSIS OF ALL SUBGRQJPS ········---···11 ; 
PRINT 11 ···-----·······-··--·······-----·······-----·--·--···-11; 

END; 

IF ANALYSE = 11SG" f ANALYSE = 11SS11 THEN OD; 

OOGRPS = <MENO}; 

t• DOGRPS = CUNICM JAVAM}; •t 
t• DOGRPS = (TELE}; •/ 

t• OOGRPS "' CUNIO( JAVAM}; •t 
t• OOGRPS = CAMYN DICE FORS HYCO LOPS MEND PERA OACE R[GO TELE 

wsua YRAH); ., 

t• BOGRPS = (ACER DICE FORS HYCO LOPS MEND PERA RIGO SIJBH TELE •/ 

t• DOGRPS = CTELE1S TELE2S TELE3S TELE4S TELESS TELE6S}; •/ 
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/• DOGRPS = (TELE1M TELE2M TELE3M TELE4M 
TELE5M TELE6M TELE7M TELEBM TELE9M}; •/ 

1• DOGRPS = (BJCOS TELE1S TELEZS TELE3S TELE4S TELESS TELE6Sl; •t 
t• DOGRPS = (BICCIM TELE1M TELE2M TELE3M TELE4M 

TELESM TELE6M TELE7M TELEBM TELE9M}; •t 
t• BOGRPS = (BJCtJll CERAJlll UNICM JA.YAM SUWO; •t 
t• DOGRPS : CBICOS CERAS UNICS JAVAS StlU.S}; •/ 
t• DOGRPS = CA.CER1M ACER2M APHE1M APHE2M APHE3M APHE4M 

APHE5M DICE1M DICE2M DICE3M DICE4M OICESM 
FORS1M FOltS2M HYCCll HYRA.1M HYIA2M MEND1M 
MEND2M PERA1M PERA2M PERA3M SUBH1M SUBH2M 
SUBH3M SUBH4M TELE1M TELE2M TELE3M TELE4M 
TELE5M TELE6M TELE7M TELESM TELE9M TRIGM 
ZAIS1M ZAIS2M}; •/ 

1• DOGRPS = (ACER1S ACER2S AMYNS APHE1S APHE2S DICE1S 
DICE2S DJCE3S DICE4S DICESS DICE6S FORSS 
HYCOS HYRA1S HYU2S HYRA3S MENOS PERA1S 
PERA2S SUBH1S SUBH2S SUBH3S S\IBH4S SUBHSS 
TELE1S TELE2S TELElS TELE4S TELESS TELE6S 
TRIG1S TRIG2S XAMYS}; •/ 

PRINT"---···· FDLLOWING llRDIJPS SPECIFIED FOR ANALYSIS-·-·-----"; 
PR: I NT "- - • - • • • - - - --- • • - - - --- • -· ---- ••• -·. ---· _ ------- __ --- .. __ --"; 
PRINT DOGRPS; 
PRINT 11

- - • - • --- • ---- • • - • - ·- • - - - ---- • • ----· -- • - •• - • - •• •• --- --- -- .11; 

END; 
1•seT•1 REPEAT = 11Y11 ; ,. BYPASS 11CREATE11 STATMENTS [Y)es [N]o ., 
1•seT•t RUN = "M"; 1• [S]kull CMJandible •1 

IF RUN : 11$11 THEN DO; 
PCLIMJTS = C28D 125, -280 -125}; 
BLANKS= (II 11 ," 11}; 

PRINT 11······---------->> SICULL <<··-----------······--"; 
END; 
IF RUN = "M" THEN OD; 

PCLIMJYS = <100 40, ·100 ·4D}; 
BLANKS• (" 11 , 11 "}; 

PRINT 1
1·--·-----·····-"> MANDIBLE <<------·-----··-·--· 11

; 

END; 
1•se1•1 TFORM = {"N1'}; NO = { 11 N">; YES = (11Y11}; ,. TRANSFORMATION ., 
t•SET•/ PLEV; 1'MED11 ; ,. PRINT LEVEL [MIN) il!l.lft CMED]il.,m (MAX) il!l.lft ., 

1•seT•/ USE SA.SDA.T.MANDSUBS; ,. DATA SET FOR ANALYSIS-/ 
READ ALL INTO TEMPDA.TA. CRCMNAME=JD CCLNAKE=VARNAME]; 
IF TFORM = YES THEN OA1A. = LOGCTEMPOATA.)#0.43429448; 
IF TFORM 2 NO THEN DATA ; 1EMPDATA.; 

FREE TEMPOATA.; 
CASES = NROW(DATA); t• HUMBER OF CASES •t 
NVA.R = NCDL(OATA); /• NUMBER OF VARIABLES */ 
RCIWVA.R = VA.RNAME'; 1• Colurn of variable names •/ 
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t•--------------------·· SET GROUPINGS AND LABELS -----··------···---•/ 
READ All VAR{lDCAl} INTO lOCSEX; 
SEXCOL = SUBSTRClOCSEX,2.1>; 
LOCAlCOL = sUBSTRCLOCSEx.1,1); 

FREE LOCSEX; 
IF ANALYSE ; "AG" I ANALYSE = 11SG11 THEN DO; 

READ All VARCGENUS} INTO GRPLABLS; 
END; 
IF ANALYSE = •As•• I ANALYSE = 11SS" THEN DO; 

IF RUN = "M" THEN OD; 
READ All VARCSUBS) INTO GRPLABLS; 

END; 
IF RUN = 11S'1 THEN DO; 

READ All VARCSUBG} INTO GRPLABLS; 
END; 

END; 
IF ANALYSE = "AG" I ANALYSE = '1AS" THEN DO; 

GRPSROW = UNIQUECGRPLABLS>; /* ROW VECTOR *//* Row of 111i~ group names */ 
GRPSCOL = GRPSROW"; 

END; 

IF ANALYSE = 11SG" I ANALYSE = "SS" THEN 00; 
GRPSROW = OOGRPS; /* ROW VECTOR */ 

GRPSCOL = GRPSROW"; /* COLlllN VECTOR */ 

END; 
NGRPINJT = NROWCGRPSCDL); 

VARCOL = VARNAME"; I* COLUMN OF VARIABLE NAl1ES */ 
PRINT "NUMBER OF VARIABLES " NVAR; 
PRINT "VARIABLE NAMES 11 , VARCDL; 

IF ANALYSE = 11AG" J ANALYSE = ''SG11 THEN DD; 
PRINT "NUMBER OF STARTING GENERA 11 NGRPJNJT; 
PRINT 11GENERA NAMES "• GRPSCDL; 

END; 
IF ANAL 'f'SE = "AS" I ANALYSE = 11SS11 THEN DO; 

PRINT 11NUMBER OF STARTING SUBGROUPS " NGRPJNIT; 
PRINT "SUBGROUP NAl1ES 11 , GRPSCOL; 

END; 
NRCIOTS = NVAR; t• NUMBER OF PRINCIPAL COMPONENT ROOTS */ 

PCLABO = {PC}; t• PC AXIS LABELS RtlJTINES •/ 
PCLAB1 = REPEATCPCLAB0.1,NRCIOTS>; 
PCLAB2 = D0(1 1NRDDTS,1)j 
PCLAB2A = CHARCPCLAB2,2); 

CALL CHANGECPCLAB2A," 1","111 ); 

CALL CHANGECPCLAB2A," 2","2"); 
CALL CHANGECPCLAB2A," 311 

, 113"); 
CALL CHANGECPCLAB2A, 11 411 , 114"); 
CALL CHANGE(PCLAB2A," 511 ,11511 >; 
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CALL CHANGE(PCLAB2A," 6", 116">; 
CALL CHANGE(PCLAB2A," 711 , 11711 ); 

CALL CHANGECPCLAB2A, 11 8","8"); 
CALL CHANGE(PCLABZA," 9 11 ,"9H); 

PCLABL = COfilCAT(PCLAB1, PCLAB2A); 

/•------------- SUB-GENEIUC GRIXJP RWTINES ------------------------ •t 

1•------------------------------------------------------------------•1 
CNTSICJP = {0}; 

CNTGRPS = {0}; 
GRPNUM = (0}; 

DO ITERA = 1 TO NGRPINIT BY 1; J• CYCLE THROJGH GRCXJPS •1 

CNTCASES = {0}; 

GRPNUM = GRPNIJM+{1}; 
GRPNAME = GRPSCOL[GRPNUMJ; 

DO ITERB : 1 TO CASES; /• COLLECT GRCXJP INFO •t 
IF GRPLABLS[ITERBJ = GRPNAME THEN DO; /• FINO DATA FOR GRWP •/ 

CNTCASES ; CNTCASES + {1}; 
ROl.tlAT = DATA[JTERB,J; /• SPECIMEN DATA •/ 
If RUN : 11S" THEN DO; 

SIZEDAT1 : DATACITERB,13]; 
END; 
IF RUN = "M" THEN DO; 

SIZEDAT1 = DATA[ITERB,61; 
END; 
ROWID = IDCITERBJ; 1• SPECIMEN IB •/ 
SEICCHAR = SEICCOL Cl TERB]; J• SPECIMEN SEX •/ 
LDCALCHAR = LOCALCDL[ITERBl; /•SPECIMEN LOCALITY •t 
IF CHTCASES = 1 THEN DO; t• SETUP MATS FOR THIS GRIXJP */ 

SUBDAT : ROti«>AT; 
SIZEDAT2: SlZEDAti; 
SUBGRPIQ = GRPNAME; 
SUB IND ID = ROWID; 
SUBSEXS = SEXCHAR; 
SUBLOCS = LOCALCNAR; 

END; 
If CNTCASES > 1 THEN DD; t• ACCUM rOR THIS GRP •/ 

SUBOAT = SUBDAT//ROl.tlAT; 
SIZEDAT2 = SIZEDAT2//SIZEOAT1; 
SUBGRPID = SUBGRPID//GRPNAME; 
SUBINDID = SUBINDID//ROWID; 
SUBSEXS = SUBSEXS//SEXCHAR; 
SUBLOCS = SUBLOCS//LOCALCHAR; 

END; 
END; 1• GRPLABLS = GRPNAME LOOP •/ 

END; 1• END ITERB •t 
SUBStZE = HROWCSUBOAT); 
PRINT " SIZE OF GRCXJP 11 ITERA SUBSIZE; 
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lF SU8SIZE > 1 THEN DO; 
CNTGRPS = CNTGRPS•{T); 

/• ACClJM ACROSS GRPS FOR PO:JLED • / 

If ITERA : 1 THEN DO; 
GRPSKEPT = GRPNAME; 
GSIZECOL = SUBSIZE; 
A~CGRPIO = SUBGRPID; 
ACCINDID = SUBlNOID; 
SEXIDS = SUBSEXS; 
LOCALIDS = SUBLOCS; 
SIZEDAT3 -= SIZEDAT2; 

END; 
IF ITERA > 1 THEN DO; 

GRPSKEPT = GRPSKEPT//GRPNAME; 
GSIZECOL = GSIZECOL//SUBSIZE; 
ACCGRPID : ACCGRPID//SUBGRPID; 
ACCINDID = ACClNDID//SUBINOIO; 
SEXIDS = SEXIDS//SUBSEXS; 
LDCALIDS = LOCALIDS//SUBLOCs; 
SIZE0AT3 : SIZEDAT3//SIZEDAT2; 

END; 
END; t• SUBSlZE > 1 LOOP •/ 

FREE ROloOATj 

lf SUBSIZE z 1 THEN DO; /* KEEP TRACK DF SKIPPED GROUPS •1 
NAMESKIP = GRPNAMEflROWID; 

CNTSKIP :: CNTSICIP + (1): 

IF CNTSKIP = 1 THEN DO~ 
SKIPMAT = NAMESKIP; 

END; 
lf CNTSKlP > 1 THEN DO; t• MORE THAN ONE SKIPPED GROUP•/ 

SKIPMAT = SKTPMAT//NAMESKIP; 
END; 

END~ 

IF ITERA = NGRPINIT THEN BO; 
lf CNTSKIP > 0 THEN DO; 

PRINT 1151.MfARY OF SKIPPBJ 1-SPECIMEN GRCJJPS "; 
PRINT SKIPMAT; 

END; 
ENO; 

IF SUBSIZE = 1 THEN GOTO LEAPFROG; /*NO ANALYSlS FOR ONE SPECIMEN */ 
IF PLEV ~ 11MAX., THEN DO; 

PRINT NEWPAGE; 
PRlNT, GRPNAME; 
PRINT, SUBSlZECFORHAT~2.Dl; 

PRINT, SU8DATCFORMAT=3.D llCJWNAME = SUBINDIDS COLNAME: VARHAIEl; 
END; 

SUBMEANS ~ SUBDATC:,J; 1• ROW DF VARIABLE MEANS */ 
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fllEAHMA.T = REPEAT(SUBMEANS,SUBSIZE, 1); /•MEAN MATRIX•/ 
SUBDEVS = SlJBDAT • fllEANMA.T; 1• DEVIATIONS FRl'.Jt MEAN •/ 
SUBSSCP = SUBDEvs· • SUSDEVS; ,. Sl.l4S-OF-5GUARES AND CROSS-PROOUCTS ., 
suacov = SUBSSCP. ((SUBSIZE·(1JJ••·1.D):/• GRCJJP COVARIAHCE MATRIX., 

IF PLEV = 11NAX11 THEN DO; 

PRINT NEWPAGE; 
PRINT 11COVARIAHCE MATRIX FOR 11 GRPNAME; 
PRINT SUBCOV(FDIMAT=S.2 ROWNAME : ROWAR COLNAME = VARNAMEl; 

END; 

IF PLEV = 1'MAX11 THEN DD; 
VARIANCE s YECDIAG(SUBCOVJ; 1• COL1.14N VECTOR Of VARIANCES •/ 
STODEV = SQRT(VARIANCE); 
STOINVRS = STODEV##-1.0; 
STDMA.T = DIAG(STDINVRS); 
CORREL = STDMA.T • SUBCOV • STDMAT; /* CORRELATION MATRIX FRCM COVARIANCE MATRIX •t 
PRINT NEWPAGE; 
PRINT CORRELCFORMA.T=3.1 ROWNAME = ROWAR COLNAME = VARHAMEl; 

END; 
FREE MEANMA T SUBMEANS SUBSSCP CORREL; 

IF ITERA = 1 THEN DO; 
POOLDAT = SUBDEVS; 

J• SAYE MEAN-CORRECTED DATA FOR PCXlLED·WITHIN PCA •t 

END; 
(F ITERA ·= 1 THEN DO; 

PCXllDA.T = POOLDAT//SUBDEYS; 
END; 

FREE PCLABO PCLAB1 PCLAS2 PCLAB2A; 
CALL EIGEN(SlJBEIGVAL, SlJBEIGVEC, SUBCOV); 
SUBVALS;SU8EIGVAL[1:NRCXlTS,l; 
SUBEIGS=SUBEIGYECC,1:NRCXlTSJ; 

FREE Sl.IBEIGVAL SUBEIGVES; 
IF !TERA = 1 THEN DO; 

t• CDL\.litN OF EIGENVALUES •/ 
!* COLl.ltH OF EIGENVECTORS •t 

PCS= SUBEIGS(, 1]; t• ACaHJLATE PC 11S FOR ANGLE CALCS •/ 
VA.LSlMM = SUBVALS; t• ACClllJLATE EIGENVALUES FOR SUtHARY •t 

END; 
IF ITERA ·= 1 THEN DO; 

PCS= PCSllSUBEIGSC,11; 
VALSUMM = VALSl..lltl ISUBVA.LS; 

END; 
ADDVA.LS = SUBVALS[+,l; 1• SUJlll'ATE EIGENVALUES •t 
PERCENT= (SUBVALS • ADDVALS••-1,0) • 100; t• EIGENVALUE PERCENT OF TOTAL •t 

CNTSUB = {0}; 
ITVAL = NRCIW(SlJBVALS); 
DO ITERO = 1 TD ITVAL; 

PERCVA.L = SUBVALS[ITVALl; 
IF PERCVAL > 1 THEN DD; 

CNTSUB = CNTSUB + 1; 
END; 

END; 
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IF tTERA = 1 THEN DO; 

END; 

PERCS = PERCENT; 
ADDSt.Jilif = ADDVALS; 

IF ITERA -=1 THEN DD; 
PERCS = PERCSjjPERCENT; 
ADDSUMM : ADDSUMMf fADDVALS; 

END; 

VALMAT = SUBVALS I I PERCENT; 
NAMECOL = (EIGENVALUE PERCENT); 

FREE PERCENT; 

IF PLEV = "Mee• THEN DO; 
PRINT "GR<IJP SIZE • SUBSIZE; 
PRINT AGRClJP tS • GRPNAME; 
PRINT 11GRClJP EIGENVALUES" • VAUU.T [FcaMAT=7 .3 RDWNAME=PCLABL CDLNAME=NAMECCLJ •; 
PRINT nSUf OF THE EIGENVALUES 11 ADDVALSCFORMA.T=7.3l; 
PRINT NEWPAGE; 
PRINT 11GRClJP EIGENVECTORS FOR 11 GRPNAME; 
PRINT SUBEIGS[FQRMAT=6.3 Ra.NAME = ROWVAR COUMME = PClASll; 

END; 
VLABS1 = ROMVAR; 
EIGS1 = SUBEIGSC0 1]; 
ABEIGS = A8S(EIGS1]; 
R1 = RANKCABEIGS); 

SORTPC1 = EIGS1; 

1• SORTING Ra.JTINES •1 

DO JTERQ = 1 TO NVAR BT 1; 
RJ1 = R1 [(TERO]; 
SORTPC1 [RJ1 ,] = EIGS1 UTERQ 1]; 

VLABS1[RJ1.l = ROWARUTERQ,]; 
END; 

PR t NT NEWPAGE; 
PRINT 11SOR.TEO EIGENVECTORS FOR FIRST PRINCIPAL A>CJS 11 ; 

PRINT VLABS1 SCJRTPC1 [FORMT=4.2J; 
FREE ADDVALS PERCENT VALMAT NAMECCL; 

IF SUBSIZE > 2 THEN DO; ,. CORRELATIONS OF VARIABLES WITH PCS•/ 
DO FIRSTIT = 1 TO NVAR BY 1; 

00 SECONCIT = 1 TO NROOTS BT 1; 
EIG = SUBEtGSCFIRSTIT. SECONDITl; 
VAL= SUBVALS[SECONDIT,l; 
VAR = SU8COV[FIRSTtT 0 FIRSTIT]; 
IF VAL > 1 THEN 
CORRPC ~ EIG • SQRT(VAL)/SCIRTCVARJ; 
ELSE CQRRPC = D; 

IF SECONDJT = 1 THEN DO;/• CONSTRUCT ROW MATRIX •1 
RCllCORR = CORRPC; 
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ENO; 

IF SECONDlT ·=1 THEN DO; 

ROWCORR = ROWCORR 11 CORR PC; 

EkD; 

END; r• SECONDIT •1 

IF FIRSTlT = 1 THEN DD; 1• APPEND ROWS TD ~.ATRIX •1 

CDRRMT = RCM:ORR; 

END; 
IF FlRSTIT ·=1 THEN DO; 

CORRMAT = CORRMAT //ROWCORR; 

END; 

END; 1• FIRSTIT •1 
FREE SUBVALS SUBCOV COARPC ROWCORR; 

lf PLEV = "MAX" THEN DO; 

PR I HT NEWPA.GE; 

PRINT 11CDRRELATIONS Of VARIABLES Wl TH PRINCIPAL CClflPONENTS 11
; 

PRlNT CORRMA.TlFORMA.T = 4.3 RCMU.ME = VARMA.ME COLNAME = PCLABLl; 

END; 

END; /• END VA.RIABLE-COARELATIOtil ROUTINES •/ 

FREE CORRMAT; 

SUBSCOR = SUBDEVS • SUBElGS; r INDIVIDUAL SCORES •/ 
FREE SUBDAT SUBEIGS; 

FREE SUBDA.T SUBEIGS SCCIRMEAN SCOIHl>ES; 

IF SUBSIZE = 2 THEN DO; 

NPLOTS = 1; 
END; 

IF SUBSIZE > 2 THEN DO; 

IF CNTSUB < 3 THEN DO; 

NPLOTS = 1; 

END; 

If CNTSUB > 2 THEN DO; 
NPLOT1 = CNTSlB/2 + 3/4; 

NPLOTS = INT(NPLOT1); 

IF RUN = "M11 THEN IF NPLOTS = 6 THEN llPLOTS = 5; 

IF RUN = "511 THEN If NPLOTS = 10 THEN NPLOTS = 9; 

END; 

END; 1• Sl.BSIZE > 2 LOOP •/ 

KAX = (1); 
YAM = <2>; 

IF PLEV = 11MED 11 THEN DO; 

DO ITERC = 1 TO NPLOTS BY 1: /• SORT SCORES FOR EA.CH PLOT •/ 

XTMAT = SlBSCORC,KAX:YAXl; 
PCX = SUBSCORC,XA.Xl; 1• SORT ON JC-AXIS PCS•/ 
RS = RANIC(PCX); 

SORTIOS = SUBINOID; 
SORTVA.LS = XYMAT; 

DO ITERQ • 1 TO SUBSIZE BY 1· 
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llJ : RSCITEllOJ; 
SORTIDSCRJ.l : SUB I ND ID CITERQ 0 ); 

SORTVALS[RJ,J : XYMATCITEIHi.J; 

END: 

PRINT NEWPAGE; 
PRINT •SORTED SCOIES FCIR PC a YAX[FORMAT=2.0l ayS11 XAXCFORMAT=Z.OJ; 

PRINT SUBINDIO XYMATCFORMAT=4.1) SOll;TIDS SORTVALSCFORMAT :: 4.1); 

PRINT NE~AGE; 

IF PLOTTYPE = usEXq THEN PLOTLABL = SEXIDS; 

If PLDTTYPE = "L0C" THEN PLOTLABL = LCICALIDS; 

If PLOTTYPE = nGRPNAHEu THEN PLOTLABL = SUBGAPIO; 

If PLOTTYPE = alND11 THEN PLOTLABL = SUBJNDID; 

IF PLOTTYPE = 11GRPSYM911 THEN DO; 

PLOYLABL: SUBSTRCSUBGllPIDS. 1,1J; 

END; 

PLOTLABL = PLOTLABL//BLANKS; 

XYMAT = XYMAT/JPCLIMITS; 

CALL PGRAF(XYMAT. PLOTLABL, PCLABL(XAXJ. PCLASLCYAXl>; 

OLDXAX = XAX; 

OLOYAX = YAX; 
XAX = 0LDYAX+(1}; 

YAX = DLDXAX+C3}; 

END; 

END; 1• PLEV LOJP • / 

LEAPFROG:; 

ENO; J• END ITERA. •1 

NGAPKEPT = CNTGRPS; 
NIOS =- NAOWCACCINOID>; 

PRINT "GROUPS SKIPPED IN ANALYSIS " SKIPMAT; 

PRINT 11Nllt9ER DF Glltl.JPS REMAINING"• NGRPXEPT; 

PRINT "REMAINING GROOPS & SIZES". GRPSICEPT GSIZECOL; 

J• ------··------·· TOTAL VARIANCE VS SAMPLE SIZE ·----------··-----•/ 

,. ---·-------------------------------------------------------------•t 
If NGAPKEPT > 1 THEN DO; 

XYMAT1 ;:; GSIZECOLf(ADDSl.llC'; 

IF PLEV = 1'MED11 THEN DO: 
PRINT NEWPAGE; 

CALL PGRAFCXYMAT1, GRPSICEPT, 'SAMPLE SIZE', 1TOTAL VARIAMCE 1 ); 

END; 

END; 

FREE XYMAT1; 

/* -----···---·-· PC1 EIGENVALUE VS SAMPLE SIZE ---------·-·--------•/ 

,. -----------------------------------------·-------·-··------------•1 
IF PLEV = "MED" THEN 00; 

IF NGRPKEPT > 1 THEN DO; 
PAINT NEWPAGE; 

PC1VALR = VALSlMH1 ,l; 
PC1VALC = PC1VALR"; 
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END; 
END; 

XYMAT2 = GSIZECOL(IPC1VALC; 
CALL PGRAFCXYMAT2, GRPSKEPT, 'SAMPLE SIZE 1 , 'PC1 VARIANCE'); 

FREE XYMAT2 PC1VALR PC1VALC; 
t•·············-·· POOLED-WITHIN GRQJP ROUTINES --------·----·····---v/ 
!*------------------·-·-------------·----·---------------------------•1 

POOLNUM = NROW(POOLDAT); 
PRINT "'NlMBER OF PCIJLED DATA CASES " POOLNl.14; 
PCXlLSSCP = POOLDAT" * PCIOlDAT; 
POOLCOV = POOLSSCP • ((PCIJLNLll-NGAPKEPT) ... -1.0); /*POOLED COVARIANCE MATRIX*/ 

t• NROOTS = MIN(NVAR,POOLNl»l-(1)); */ 

NROOTS = WAR; 
PRINT " NlltBER OF ROOTS FOR POOLED ANALYSIS to NROOTS; 

PCLABO = (PC}; /* PC AXIS LABEL RCIJTlNES */ 
PCLAB1 = REPEAT(PCLAB0,1,NROOTSl; 
PCLAB2 = 00(1,NROOTS,1); 
PCLA82A = CltAR(PCLAH2,2); 

CALL CHANGE(PCLAB2A," 111 ,"1 11 ); 

CALL CHANGE(PCLAB2A," 2", 112"); 
CALL CHANGE(PCLAB2A," 311 • "311 ); 

CALL CKANGECPCLAB2A,• 411 ,"4•); 

CALL CHAHGECPCLAB2A," 5•1 ,"5">; 
CALL CHAHGECPCLA82A/1 6","611 ); 

CALL CHANGECPCLAB2A, '' 711 , "7"); 
CALL CHANGE(PCLAB2A, 11 8 11 ,•811 ); 

CALL CHANGE(PCLAB2A," 911,n9111; 
PCLABL = CQNCATCPCLA81, PCLA82A); 

FREE WSSCP; 
CALL ElGENCPCElGVAL, PCEIGVEC, PCXlLCOV); 
POOLEVAL : PCEIGVAL[1:NR00TS,); 
ADPOOVAL = PCIJLEVAL[+,J; /* SUMMA.TE EIGENVALUES */ 
POOLPERC = (POOlEVAL * ADPa:wAL**·1.0) * 100; t• EIGENVALUE PERCENT OF TOTAL */ 
aMJPERC = aJSl.M(POOLPERC); 
NPS = NROW(C\MUPERC); 

DO ITER = 1 TO NPS; 
IF C\JllJPERC[ITER,I < TRUNCLEV THEN DO; /*SET TRUNCATION LEVEL*/ 

TRUNCROW = ITER; 
END; 

END; 

/* DO ITER = 1 TO NPS WHILE(POOL.EVALCITER,J > 0.00001); 
TRUNCLEV = ITER; 

END; 
IF TRUNCLEV < NVAR THEN DO; 

PRUIT 11 ZERO EIGENVALUE TRUNCATION LEVEL " TRUNCLEV; 
END; */ 

CctJNTVAL = (0); 
DO ITER = 1 TD NROOTS BY 1; 
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IF POClPERC[ITERl > AXISPERC THEN DO; 

CQJNTVAL = COUNTVAL • (1); 
END; 

END; 

FIRSTCCL = PCEIGVEC[,11; 1• SAVE FIRST PC */ 

POOLSCOR = PCIOLDAT * PCEIGVEC; 

FREE PCEIGVEC; 

MAX1SCCR = MAXCPOlLSCORC, 11 ); 1• SETUP FOR. FIXING AXES */ 

MIN1SCOR :s MINCPOOl.SCCR C, 11 >; 
MAX2SCDR = MAXCPCIOLSCORC.2l >; 
MIN2SCCR = MINCPOCJLSCOlC.21 ); 

IWlVALS = IW<1SCCRflMAX2SCCR; 

MINVALS • MIN1SCCA:j(MIN2SCOR; 

BLMKS = en •• II 
11
); 

FREE MAX1SCOR MIN1SCOR MAX2SCOR MIN2SCOR; 

VALllAT = POOLEV•LI IPOOLPERCI ICIJl'lJPERC; 
COLNAM • {EIGENVALUE POFTOTAL ClllJLATIVE); 

PRINT NE\IPAGE; 

PRINT, "Sl.Mt.UY OF EIGENVALUES FOR PCIOLED·WITHIN PCA 11 ; 

PRINT VALMA.T (FORMAT = 9.6 l~AME = PCLABL CCLNAME = COLNAM1; 

IF REPEAT = "N" THEN DO; J• SAVE POOLED SCOREs IF RUN IS NOT REPEAT •/ 
IF RUN = "M" THEN DO; 

CREATE SASOAT.POQLSCOR VAR ( PC1 PC2 PCJ PC4 PCS PC6 PC7 PC8 PC9 PC10 PC11 ); 

END; 
IF RUN = 1•511 THEN DO; 

CREATE SASOAT .POCJLSCOR VAR ( PC1 PC2 PCJ PC4 PCS PC6 PC7 PCS PC9 

END: 
APPEND FRCJll PQOLSCOI; 

CLOSE SASOAT .POCJLSCCR; 
END; 1• END IEPEAT IF •/ 

PC10 PC11 PC12 PC13 PC14 PC15 PC16 

PC17 PC18 PC19 ); 

FREE PCLABL1 PCLABL2 PCLA8L3 PCL.ABL4 

KEEPEIG PCEIGMAT PCEIGVAL PCEIGVEC; 

NPLOTS1 = COUNTVAL/2 + 3/4; 

NPLOTS = INTCNPLOTS1); 

PRINT "N\.llllBER OF PLOTS FOR POOLED·WITHlN PCA • NPLOTS; 

lCAX = Cl>; 
TAX : {2); 

DO ITERZ = 1 TO NPLOTS BT 1; 

XYMAT = POOLSCCIRC.XAX:TAXJ; 
PCX :s POOLSCORC.XAX]; J• SOA:T ON X-AXIS PCS •/ 
as = RANICCPCX>; 

SORTIDS = ACCINOID; 

SORTVALS = XYMA.T; 
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SOll.TSIZE = SlZEDAT3; 
DO lTERQ = 1 TO POClLNlJit BY 1; 

RJ = RS(lTERQl; 
SC».TIDS(R:J,J = ACCINOID(ITERQ,]; 
SOITVALSCRJ,l = XYMA.T(ITERO,l; 
SORTSIZECRJ,] = SIZEDAT3CITER0,J; 

END; 
PRINT NEWPAGE; 
PRINT •POOLED SCORES FOR PC 11 YAXCFORMAT=2.0l 11VS11 XAXCFOMAT=2.0l; 
PRINT ACCINDID XYMAT [FORMAT = 4.1] SORT IDS SORTVALSCFDRMAT = 4. 1J 

SORTSlZE [FORMAT=3.0J; 
PRINT NEIJPAGE; 

FREE SOR.TSIZE; 

IF Pl.OTTYPE = "SEX11 THEN PLDTLABL = SEX IDS; 
l F Pl.DTTTPE = "l.QCll THEN P!.OTLABI. = LOCAL IDS: 
IF PLOTTYPE = "GRPNNff:" TKEN PLOTLABL = ACCGRPID; 
IF PLOTTYPE = •GRPSYM911 TMEN DO; 

PLOTLABL = SUBSTRCACCGRPl0,1,1>; 
END; 
IF PLOTTYPE = "1ND11 THEN PLOTLABL = ACCINDID; 
IF ITERZ = 1 T"EN DO; 

CALL PGRAFCXYMA.T, PLOTLABL, PCLABLCXAXJ, PCLABLCYAXl>: / 9 PC SCATTER•/ 
END; 

IF ITERZ > 1 THEN DD; 
XTFlXEDA = XYMA.T//MAXVALS; 
XYFIXED = XYFlXEDA//MINVALS; 
PLOTLABL = PLOTLABL//BL.ANKS; 
CALL PGRAFCXTFlXED, PLQTLABL, PCLABLCXAXl, PCL.ABL(YAXl>; 

END; 
FREE PCX PCXY RS SORTIDS SORTVALS XYMA.T XYFlXEDA XYFlXED; 

OLDXAX = XAX; 
OLDYAX : YAX; 
XAX = OLDYAX+{1); 
YAX = OLDXAX•C3); 

END; J• PLOT 1.<XIP •/ 

FREE PLOTl.ABL XYFIXEDA XYFlXEO; 
t•-------· SllilU.RY OF GRQ.JP AND PDCILEO EIGENVALUES···-·--·-·•/ 

1•-·--------·--·-··-··-----·--··-·-----·-·--------·----------•1 

IF NGRPKEPT > 1 THEN 00; t• SPLIT LARGE TABLE l"TO 1141'*/ 
LEFYN\IJll = NGRPKEPT/2; 
RITENUM = LEFTNUM + (1); 
LEFTLABL = GRPSICEPT"(,1:LEFTNl.Ml; 
L PODLAB :a '" POOL"; 
LABLLEFT = LEFTLABLllLPOOUl.B; 
RITELABL = GRPSKEPT"C,RITENl.tl:NGRPKEPTJ; 
PRINT NEWPAGE; 
PRINT 11Sl.MtARY CF SIJBGRQ.JP EIGENVALUES 11 ; 
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1• LEFT HALVES OF EIGENVALUE & SI.Ill-OF-EIGENVALUES MATRICES •1 

LEFTEVAL = VALsutft(.I:LEFTNl.Ml; 
LFTPCXIL = LEFTEVALf JPOOLEVAL; 1• PCXILED APPENDED TO LEFT HALF •t 

PRINT. LFTPCIOL(FORMAT=6.4 ROWNAME; PCLABL COL.NAME= LABLLEFT]; 
LEFTADD = ADDSUllllC1.1:LEFTN'-"l; 
ADDPOOL = LEFTADO( !ADPOOVAL: 1• POOLED APPENDED TO LEFT HALF •1 

PRINT 111Sllfl OF TKE EIGENVALUES"; 
PRINT, ADDPOOL.CFORMAT =- 6.4 COLNAME =- LABLLEFTJ; 

FREE LEFTEVAL LEFTADD ADPOOVAL; 
t• RIGHT NALVES OF EIGENVALUE & Sllfl-OF·EIGENVALUES MATRICES •1 

RITEEVAL ; VALSl.tll[,RITENIJll:NGRPKEPTl; 
PRINT, RITEEVAL(F~T:6.4 llDWNAME = PCLABL COLNAJllE = RITELABLJ; 

RITEADD = ADDSl.Jilt(,RITEN'-":NGRPKEPT]; 
PRINT, RCTEADD[FORMAT:6.4 COLNAME; RITELABLJ; 

FREE RITEEVAL ADDSUl9!. RITEADD; 
PRINT NEWPAGE; 
PRINT 115',llQRY OF PERCENTAGE CONTRIBUTIONS OF EIGENVALUES FOR SICUL VAR.IABLES11 ; 

LEFTPERC = PERCS(,1:LEFTNl.MJ; 1• LEFT HALF OF PERCENTAGES MATRIX •t 
LPERPOO = LEFTPERCf!POOLPERC; 1• PQO..ED APPENDED TD LEFT NALF •1 

PRINT, LPERPOOCFDRMAT=6.4 RDWNAME = PCLAEIL CDLNAME = LABLLEFTJ; 
FREE LEFTNUM LEFTPERC LEFTLADL; 

END; 

1• RIGHT HALF OF PERCENTAGE MATRIX •/ 
AITEPERC = PERCS(,RlTENUM:NGRPKEPT]; 

PAINT, RITEPERCCFORMAT: 6.4 RIJWNAME = PCLABL COLNAME = RITELABLl; 

FREE PERCS LEFTNUM RITENLIM LEFTPERC RlTEPERC LEFTLADL RITELABL LABLLEFT; 
1•-------------------- POOLED-WITHIN NOllMALITY CHECKS --····-----····•/ 
1•----····-··--····-----------------·----·--·····--------------------•1 

PRINT " DEGREES OF FAEEDC»t ADJUSTMENT "; 

OFT a PCXILN'-" • C1}; 
DFW : PCXILNIJlt • NGRPKEPT; 
FACTOR = DFT/DFW; 
PRINT 11TDTAL DF 11 , OFT; 
PRINT •Pct1LED W/l OF 11 , DFV; 
PRINT 11-·-···-DEGREES DF FREEDC»t TRANSFO!tMA!!~ FACTOR--·--"; 
PRINT FACTOR; 

FREE OFT OFW; 

/* -···- MAHALAN081S DISTANCES -··-- •t 
PRINT " USED TRUNCATED PC SCORES & LAMBDAS FOR OSQ CALCULATION"; 
PRINT "Nl.MBER OF LAMBDAS RETAINED 11 TRUNCRCIU; 
LAMBDIAG ; DIAG(POOLEVAL); 
LAMBDAS= LAMBDIAGC1:TAUNCRCJU,1:TRUNCRDWJ; 
INVPCOV = INVCLAMBOASl; 
DOAT = POOLSCOR[,1:TRUNCROWl; 

FREE LAMBDIAG lAMBOAS POOLSCOR; 
OEESQ = JCPCIOLNllll,1); 1• BEGIN Q·Q PLOT RCllTINE •/ 
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DO I TERO ::1: 1 TO POOLN1.14 BY 1; 
DEESQ[ITERD,] = DDAT[ITERD,]*tNVPCD'lr'DDATCITERD,].;/• D-SQIJAREDS•/ 

END; 
ROOTDSO = SORT(DEESQ); t• COLUMN DF SOIJARE ROOTS •t 
ADJROOTS = ROOTDSO*FACTOR; 
RANKS = RANKCADJROOTS); 
LONGDEES = CHA.RCADJROOTS): 

DIDS ~ ACCINDID; 
LABLDEES = DIDSI ILDNGDEES; 

FREE LONGDEES; 
SORTED = LABLDEES; 
DO ITER = 1 TD POOlNUM BY 1; 

R = RANKSCITER,l; 
SORTED (R • l = LABLDEES [I TER,] ; 

END; 
SORTDIDS = SORTED[,1]; 
SORTOSO = NUMCSDRTEDC,2l>; 

CHISQ = CINV(DOC.5,POOLNUM-.5,1)/POOLNUM,TRUNCRtJ.l,0]; 
ROOTCHt = SQRT(CHISO>; 

FREE CHISO; 
CHICOL = ROOTCHl·; 
DELTAS = SORTDSO-CHICOL; 
PRINT DIDS ROOTOSQ[FORMAT=4.2] SDRTDIDS SORTDSQ(f0RMAT=4.2] 

CHICOL(FORMAT=4.2l DELTAS[FORMAT=4.2l; 
FREE OIDS DELTAS; 

XYQQ = SORTDSOI I CHI COL; 
FREE SORTDSQ CHICDL; 

ROOTR~ = NROW(XYQQ); /* SETUP FOR QQ PLOT *I 

ADDROWS = ROOTRDWStZ; 
MAXD = MAX(XYQQ); 
M<ND = MJN(XYQQ); 
INCREM = (MAXD·MJND)/AODRDWS; 
ROWSEQ = ODCMIND, MAXD, INCREM>; 
COLSEQ = RCWSEQ·; 
DCIJBCOL = REPEAT(COLSE0,1,2>; 

FULLXYQQ = XYQQ/ /OCIJBCOL i 
FREE XYQQ DOUBCOL; 

FREE SYMB1; 

SYMB1 = 11*"; 

SYMB2 = REPEATCSYMB1, ADDROWS ,1>; 

SORTDLAB = SORTED[,1]; 
SPECI = SUBSTR(SORTDLAB,1,1); 
PLDTSYMB = SPECJ//5YMB2; 

FREE SORTDLAB SPECI; 
PRINT NEWPAGE; 

CALL PGRAF(FULLXYQQ, PLOTSYMB,"SQRTDSQ0 ,uSQRTCHl·SG","Q-Q PLDTa); 
FREE FULLXYQQ; 

ND = NROW(ROOTDSQ); 
DLAB = 1; 
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CCCL = REPEAT(DLAB,ND); 

DC = DCOLI JROOTDSQ; 
NC = NRCll(ROOTCH!"); 

CLAB = 2; 
CCCL = REPEATCCLAB,NC); 
CC = CCQL 1 IROOTCHI.; 

BARQQ = CB//CC; 

FREE 80 CC QCIPLQT CHISQ; 

IF REPEAT = "'N" THEN DO; 
CREATE SASOAT .BARQQ YAR { LABS VALS ); 

APPEND FROM BARQQ; 

CLOSE SASDAT .BARQQ; 

END; 
FREE BARQQ PLDTMAT1 POOLSSCP INYPCOY QQPLOT; 

/•--····---- ...,LTIVARIATE KURTOSIS AFTER MAROIA IN MARCUS ----·-----•/ 
AVEDSCISQ ; S\111(8EESOll2)/PO:JLNUt; 

Z = (AVEDSQSQ • NVAr(NYAR+2))/SQRT(S-NYAR•(NVAR+2)/POOLNl.10; 

PROS = 1 - PROBNCRMCZ>; 

PRINT ""'LTIVARIATE POCILED-WITKIN KURTOSIS :ot AVECSQSQ; 

PRINT "Z = '' Z 11Wt1H PROBABILITY = " PROS; 
FREE OEESCI AVEBSQSQ; 

1•-----···---- SUBGROUP VS POOLED-WITHIN PC1 ANGULAR DIFFERENCES ----·•/ 

1•-----·-------------·------·-------------··--------------------------•1 
IF NGRPKEPT > 1 THEN DO; 

PCMAT = FtRSTtOl. I IPCS; 
FREE FIRSTCOL PCS; 

NPLUSCINE = NGRPICEPT+{1); 
OD ITERDNE '"" 1 TO NPLUSONE BY 1; 

80 t TERTWD -=. 1 TO NPLUSOIE BY 1 • 

IF I TERCINE = I TERTW THEN DO; 
ANGLE = {0); 

END; 

!F ITERONE ·= tTERTWD THEN CO; 

19 ANGLE W!TH SELF •/ 

/•ANGLES BETWEEN GRQJPS •1 
CROSSPS = PtlVtT[,ITEROllEJ#PCMAT[,lTERTWDJ; 

kOSYNE = Sl.N(CROSSPS); 

RADS = ARCOS<KOSYNE); 

ANGLE = RADS'57.296; 

IF ANGLE > 90 THEN DO; 
ANGLE = (180} • ANGLE; 

END; 

END; 
IF ITERONE = ITERTWD THEN OD; 

ANGIKJW = ANGLE; 

END; 
IF ITERONE "= ITERTWD THEN 88; 

UIGROW : ANGRCMl IANGLE; 
END; 

END; J• ENO ITERTl«I •/ 

FREE OGLE CROSSPS KOSYNE RADS; 

19 ACCUMULATE ANGLES • / 
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IF ITERONE = 1 THEN DD; 
ANGMAT = ANGRDW; 

EHD; 
IF ITERONE -= 1 THEN DD; 

SPACER = (0}; 
REPSPACE = REPEAT(SPA.CER.1,lTEAONE·{1}); 
RO'tltAT = REPSPACEjlANGROW; 
ANGMAT = ANGMAT//ROW4AT; /• UPPER TRIANGULAR •1 

END; 
FREE ANGRDW ROW4AT REPSPACE; 

END; 1• END ITERONE •/ 
DO ITERATE = 1 TD NPLUSONE BT 1; 

ROWTOCQL :o ANGMAT [ITERATE,] -; 
1• COtilVERT TD SYMMETRIC •/ 

SUBSTM = ltOWTOCOL + ANGMA.T[,lTERATEl; 
IF lTERATE = 1 THEN DO; 

STMMAT = SUBSTM; 
END; 
(F (TERA.TE -= 1 THEN DO; 

SYMMAT = SYMMAT( (SUBSYM; 
END; 

END; 
POOL = {"AA.AA"}; 

COLLA.I = UNION(POOL.GRPSKEPT>; 
CALL CHANGE(COLLAB, "AW11, llPQOL"l; 

RDWLAB = COLLAS" ; 

PR(NT NEVPAGE;; 
PRINT I ''ANGULAR BIFFERENCES BETWEEN SUBGROUP PC1 & POOLEB PC1°; 

FIRSTNl.lt = NPLUSONE/2; 
SECOtillJlfl = FlRSTNUM +(1}; 
LEFTSYMM = SYMMAT[,1:FIRSTNtlt]; 
RITESYKM = ST'9U.T[.SECONUMB:NPLUSONEl; 

LCOLLAB = COLLAB[, 1 :FJRSTNl.IU; 
RCOLLAB = C0LLABC,SECONl.9'B:NPLUSONEJ; 
PR(NT LEFTST1'91[FORMAT=3.D RCIWNAHE = RDWLAB COLNAME = LCOlLAB]; 
PRINT NEWPAGE; 
PRINT RITEST1'91 [FORMAT=3.0 ROWNAME ::i: ROUU.S COLNAME : RCOLLABJ; 
XYMAT = GSIZECOL( ISTMMAT[2.:NPWSC.Mi, 1]; 
SAMPSIZE = ( 11SAMPLE SIZE"}; 
ANGLEDIF = {"ANGULAR BlffERENCE WlTH TDTA.L•); 

PR(NT NEWPAGE; 
CALL PGRAFCXYMAT, ROWLA8[2:NPLUSONE,), "SAMPLE SIZE11 , 11ANGULAR DIFFERENCE11 ); 

CANONICAL VARIATES, LINEAR REGRESSION, VECTOR 
PROJECTION, AND SIZE REMOVAL ROUTINES 
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/•---··-·--·-----·· SET WDRKING ENVIRONMENT ·--···----··------·-----·•/ 
OPTIONS NOSClJRCE; t• NO PROGRAM LINES IN OUTPUT•/ 

PROC P'INTTO LOG= 1PRN 1 ; .(tClJTPUT DESTINATION*/ 

PROC IML WlRISIZE = 220; t•SPACE AVAILABLE FOR MAT,IX OPEUTIONS-/ 

RESET LJNESIZE = 165 PAGESIZE = 35; 

TWELVE = C12J; 

NEWPAGE = BYTECTIIELVE>; /•PAGE BREAK CONTROL ccoe•1 
1•sET•/ 
1•seT•/ 
t•SET•t 

1•sET•/ 

1•sET•/ 

USE SASDAT .MANDSUBS; /• DATA SQJRCE•/ 

RUN • •MAND"; /9 --·> SICULL MAND-IBLE •/ 
NE\FOQL = 11YES"; ft CALCULATE NEW POCLED W/IN GRClJP COV •t 
INDRICO = "YES"; t• INCLLIJE-EXCll.IJE IHDRJCOTHERIUM •t 
BROPTAX = "ND•; /1' USE SUBSET FOR TARGET VECTOR 1 •/ 

IF DROPTAX = 11YES11 THEN DO; 

IF RUN = 11MAN0 11 THEN ELJMTAX = {11 1NDRM'1); /1' INDRJCOTHERIUM DROPPED FROM ANALYSIS-/ 

IF RUN = "SKULL" THEN ELIMTAX = c•1 INDRS"); 
END; 

t•SET•/ BIVARIAT = "H011 ; ,. INCLUDE BIVARIATE MEAN VAR-SIZE PLOTS ., 

/•SET•/ FINDVECT = 1'YES11;/• FIND TARGERT VECTOft Qf INTEREST•/ 

1•SET•1 VECTTARG ="SHAPE''; ,. SIZE SHAPE *//*TARGET VEC1CR TYPE•/ 

t•SET•/ REMOVECT = "ND"; t• NO ISO BURN •/ t•RENOVE VECTOft•/ 
t•SET•t ISOSZVAR = "SIZE1 11 ; t• SCALE DATA ISOMETRICALLY TD WHICH VARIABLE ? •t 

t• FIND COftRELATIONS AMONG SIZE VARIABLES */ 1•sEr•1 

1•seT•1 

1•sET* J 

1•sET*/ 

/*SET•/ 
/•SET•/ 

1•seT•1 

1•sET•1 

/*SET•/ 

/*SET•/ 

1•sET•1 

1•sET•1 

CORRSIZE = "NO"; 

CANST03D = "HO"; t• SAVE DATA TD FILE FOR 3D •1 
PLOTTYPE = "GRPSYMB"; t• ···> GRPNAME GRPSYMB IND •/ 

PLOTSET ="ARB"; t• --·> ARB-ITURY FIND ALL */ft #OF PLOTS*/ 

PLDTNUM = 112"; /* ---> [I] •/ 
WEIGHT = 11N011 ; /• ···> YES ND •/ t• WEIGHTED CANAONICAL VARIATES-/ 

TFORM = •N011 ; /• --·> YES NO •/ 

PLEV = "fllllN"; t• PRINT LEVEL MIN NED MAX •tt•AMCJUNT DF OOTPUT*/ 

POOL = "ALL''; /9 --·> SOME ALL •//* POOL HOW MANY GRaJps•/ 

DISCRJM = 11ALL11 ; /* --·> SC14E ALL •//•HOW MANY CANONICAL GROUPS•/ 

AXES = "MAX"; /* ·-·> MAX ARB *//•AXIS RANGES*/ 
ANALYSIS = ••sue•; ,. ··-> GEN-ERA sue-GROUPS ., 

,. -------------------·--·--------------·---------------------·--·· ., 
/•SET•/ IF POOL = 11SOME11 THEN DO; ,. DEFINE SUSSET FOft POOLONG*/ 

POOLGRPS = CBICO); 

POOLCCL = POQLGRPs·; 

NGPOQLEO = HROWCPOOLCCOL}; 

ENO; 

/•SET*/ IF OISCIUM = "SOME" THEN DOo ,. DEFINE GRQJPS FOft CAHONICAL ANALYSIS*/ 

1• BISCGRPS = CBJCOt CERAM JAVAM UNICM XIJMAM); •/ 

1• OJSCGRPS = CBICOS CEUS JAVAS UNICS X\JMAS); */ 

DISCGRPS = CYRAH1M YRAH2M FORS1M FORS2M INDRM HYCCIO; 

t• DISCGRPS = {FORSS INDRS HYCOSJ; •t 
t• DISCGRPS • CDICE1S DICE2S OJCf3S FORSS LOPS1S 

LOflS2S MENOS PERA1S PERA2S QACE1S 

ClACE2S RIG01S RIG02S SUBH1S SUBH2S 
SUBH3S SUBH4S TELE1S TELE2S TELE3S 
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LOPS4M 

TELE4S TELE5S YRAH1S YRAH2S); •/ 

t• DISCGRPS = (ACER1M ACER2M DICE1M DICE2M DICE3H DlCE4M LOPS1M LCPS2" LOPS3M 

MEN01M MEN02M PERA 1M PERAlM PERA3M 
RI GCIC SUBM1M SUBH2M SUBM3M TELE1M 

TELE2M TELE3M TELE4M YRAH1M YRAH2M); •t 
DlSCCOL = OISCGRPS"; 

NGDISC = NROWCDISCCOL); 

END; 

IF AXES = "ARB" THEN DO; 1• SET AXlS RANGE$*/ 

t•SET•t IF AUN = 11MANDU THEN DO; 

IF DISCRIM = "ALL" THEN RANGESKY = (40 15, -40 -15); 

If DISCRtM = "$ClllE11 THEN RANGESXY = (16 6, ·16 ·6}; 

END; 
t•SET•/ IF RUN = 1•SkULL11 THEN OD; 

IF DISCRIM = "ALL" THEN RAMGESXY = (4D 20, ·40 -20); 

IF DISCRIM: "S0ME11 THEN RANGESXY = (28 15, ·28 •15}; 
ENO; 

END; t• ···>AXES= ARB •t 

PRINT ,. -·······-----··· CONFICiURATION FOR THIS RUN ----······------ .. ; 

PRlNT '"'; 

PRINT RUN "'' ANALYSIS "" POOL '"' DISCRlM "" WEIGHT 1111 INDRICO; 

PR(NT ""; 

PRINT TFORM "" PLOTNl.lt "" PLCTSET 1111 AXES " 11 PLOTTYPE "11 PLEV; 
PRINT 1111; 

PRINT NEWP001,. 1111 RANGESXY 1111 FINDVECT n 11 REMOVECT '"' ISOSZVAR; 
PRINT VECTTARG ""; 

PRJ NT 11- • • •• - ···• • - • - • ·- - - - •• • - - •• -- -- - - • - -- ••• • • • ·---- ·-- ---- • •• • ·"; 

t• ·-··-----------·-·····- READ DATA --------------·-···--------·-·•/ 
t• GET DATA • INCLl.llE·EXCLIJDE fNDRJCOTltERll.lt • TRANSFORM DATA OPTJOH•/ 

( F UIDRICO = "YES11 THEN DO; 

liCM> ALL lNTO TEMPDATA [RIJAIAHf::;(D COLNAME=VARNAMEJ; 

lF TFORM = "YES"' THEN DATA = LOGCTEMPOATA)#0.43429448; 

IF TFORM = •Non THEN DATA = TEMPDATA; 

PRINT 11
--· DATA READ ···"; 

EHD; /• lNDRICO = YES LIXIP •/ 

lF lNDRICO = "N011 THEN DO~ 
IF RUN : 11SKULL11 THEN DO; 

READ ALL WHERE(SUBG-=11 lNDRS") INTO TEMPDATA [RCJWNAME=lO COLNAME=VARNAME]; 

IF TFORM = 11YES 11 THEN DATA= LOG(TEMPDATA)#0.43429448; 

IF TFOR:M = "N011 THEN DATA = TEMPDATA; 

PRIHT 11
--· DATA & SUBG READ, INDRICO EXCLLl>ED --·"; 

EHD; 

f F RUN = "MAND" THEN DO; 

READ ALL WHERECSUBS"="INDAM11
) lNTO TEMPDATA (ROWNAME'=ID COLNAME = VARNAME]; 

fF TFORM = 11YES" THEN DATA = LOGCTEMPDATA)#0.4342944!; 

fF TFORM = "N011 THEN DATA = TEMPOATA; 
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PRINT "--- DATA & SUBS READ, INDRICO EXCLOOED ---": 

EN8; 

END; /* ---> INDRICD = NO LOOP */ 

FREE TEMPDATA; 

CASES = NROW(OATAl; 
VARCDL = VARNAME"; 

NVAR = NROWCVARCOLl; 

I* Nl.JllBER DF CASES * / 
/* CotUlr'l of variable names */ 

1•-·------------··-----·------------·------------------------------•1 

/*------------· READ AND/OR SETUP LABELLING MATRICES --------···---*/ 
IF POCIL = 11ALL· I DISCRIM ::i: 

11ALL11 THEN DO; 

IF ANALYSIS= 11GEN11 THEN DO; 

READ All VARCGENUS} INTO GRPLABLS; 

END; 

IF ANALYSIS= 11 SUB11 THEN DO; 

IF RUN = 11NAND" THEN DD; 

IF INDRICD = "HD" THEN 00; 
READ ALL VARCSUBS) WHERE(SUBS 0 -=11 1NORM") INTO GRPlA8lS; 

END; 

IF (NORICO = •Yes• THEN DO; 

READ All VARCSUBS} INTO GRPlABLS; 

EH8; 

END; /* ·-·> RUN = M LOOP */ 

IF RUN = 11SICUll 11 THEN DO; 

IF IN8RICO = "NO" THEN DO; 

READ All VAR(SUBG} WHERE(SUBG-="INDRS11 ) INTO GRPlABLS; 

END; 
IF INDRICO = 11 YES11 THEN DO; 

READ All VARCSUBGJ INTO GRPl.ABLS; 

END; 

END; /* ---> RUN = S LOOP */ 

END; /* ---> ANALYSIS = SUB */ 

END; /* ···> POOL OR OISCRIM = ALL */ 

IF DISCRIM = 11All11 THEN DO; 
DISCGRPS = UNIQUE(GRPLASLS); 

DISCCOL = DISCGRPS"; 

NGDISC = HRC1.1'<81SCC0L); 

END; /* ---> ALL-All LOOP */ 

IF POOL = "All" THEN OD; 

POOLGRPS = UNIQJE(GRPLABLS); 

POOLCOL = PODLGRPS'; 

NGPOOLEO = NRC1.i'(PQQL.CDL); 

END; 

/*--··-··--·--·-- STARTING PARAMETERS ·-·------·------·-------------·*/ 
PRINT " TOTAL CASES READ " CASES; 
PRINT " NUMBER DF VARIABLES n NVAR; 
PRINT " LIST OF VARIABLES 11 , VARCOL; 

IF POCIL ·="ALL" I DISCRIM ·= ttALL11 THEN DO; 

PRINT 11 Nl.JllBER OF GRaJPS DISCRIMINATED 11 NGDISC; 
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PRINT " LIST OF GRClJPS SPECIFIED FOR DISCRUUNATION u, DISCCOL; 

DRINT """ 
PRINT 11 1111.i'tBER OF GRCJJPS POOLED " NCPOIJLED; 

PRINT 11 LIST OF GRCIJPS SPECIFIED FOR PoolED ", POOLCOL; 
END; 

1F POOL = "ALL" & OISCRIM = "ALL" THEN DO; 

PRINT 11NUM9ER OF POOLED AND DISCRIMINATED GRQJPS " NGDlSC; 

PRINT " LlST DF ALL GRClJPS FOR BOTH POOLED AND BETWEEN", DISCCOL; 

END; 

/* ···--·--·---·--···· FURTHER SETUP RCIJTINES -----------------------*/ 
NROOTS = NVAR; /* SET NLlflBER OF ROOTS FOR CANONICAL VARIATES-/ 
-~~BO = CCV>; ,. SETUP CANONICAL AXIS LABELLING ., 

CVLAB1 = REPEAT<CVLAB0,1,NROOTS); 
CVLAB2 = 00(1,NROOTS,1); 

CVLAB2A = CHARCCVLA92,2>; 

CALL CHANGECCVLAB2A," 111 ,•1 11 ); 

CALL CHANGECCVLAB2A," 2",112"): 

CALL CHANGECCVLAB2A," 3", 113"); 
CALL CHANGE(CVLAB2A, 0 4",11411); 

CALL CHANGECCVLAB2A," 511,11511); 

CALL CHANGECCVLA82A, 11 6","6"); 

CALL CHANGECCVLAB2A," 7'", 117'1]; 

CALL CHANGECCVLAB2A, 11 Bn,ng11); 

CALL CHANGECCVLAB2A," 9" ,11911 ); 

CVLABRDW = CDNCATCCVLAB1, CVLAB2A>; 
CVLABCDL = CVLABROW"; 

CNTSICIP = (0}; 

CNTGRPS :: {0}; 

GRPNUM :. CO}; 

/*---------- SIZE VARIABLE RQJTINES ·······-----------···-··--*/ 
TESTDAT = DATA[1:2,l; /• TEST DATA FOR CHSCklNG RClJTtNES •t 
PRINT " FIRST TI.ID DATA ROWS FOR TESTING CALaJLATICINS"; 

SPECNAMS : GRPLABLS[1:2,J; 

PRINT TESTD~T[FOINA.1:4.0 RDWNAHE = SPECNAMS COLNAME:. VAINAMEl; 

/* SIZE1 =GREATEST LENGTH */ 
PRINT "SIZE1 = GREATEST LENGTH "; 
IF RUN : "MAND" THEN DO; 

RIJI> = DATA[, 10 J; 
MNMO:. DATA[, 9 J; 

SIZE1 = RA.Ml + MNMO; 

END; 

IF RUN = 11SICl.!LL11 THEN DD; 

SlZE1 ::: DATAC, 131; t• CX:P2 •/ 
END; 

I* S!ZE2 :: SQUARE ROOT OF SlJlllS OF SQUARES */ 

PRINT 0 SIZE2 :. SQUARE ROOT Of St.I( OF SQUARES"; 

SIZE2A = DATA[,Ml; 

SIZE2 = SQRT(SIZE2A>; 
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FREE SlZE2A PRNTESTZ; 
!* SlZEl = GECJlllETR(C MEAN (NTH ACCT OF PRODUCT) */ 

PRINT "SlZE3 = GEClflETAIC MEAN"; 
SIZE3A = DATAC,IJ; 
RCCIT ~ 1/NVAR; 
SIZE3 ~ SIZE3A n ROOT; 
FREE SIZE3A; 
1• SIZE4 = OJBE ROOT OF VDt.\lltE */ 

PR(NT 11SIZE4 = CUBE ACCT DF VOL\lltE"; 
IF RUN ~ "MAND11 THEN DO; 

RAMH =DATA[, 11 J; 
BDBA =DATA[, 3 l; 8DHT =DATA(, 4 l; 
RAMO = DATA(. 10 ) ; 
S(~E4A = RAMH • BDBR # SIZE1; 
SIZE4 = SIZE4A#I0.3333333; 

EltD; /* MAMO LOOP */ 

FREE RAMH BORR 1W1> MNMO BDHT 
IF RUN ~ •SKULL" THEN DO it 

BIZY = DATA[, S J; LFHT : DATA(, 6 l; 
SIZE4A = SIZE1 I BIZY # LFHT; 
S(ZE4 = SIZE4AllO .3333333; 

EMO; /* SKULL LOOP */ 

FREE BllY LFHT PANTEST4; 
/* SIZES =AVERAGE VARlABLE SIZE */ 

SIZES= DATAC,:l; 
PRINT 11S(ZE5 = AVERAGE VARlABLE SIZE"; 
IF CORRS(ZE ~ "YES11 THEN DO; 
I* ACClJNULATE SIZE COLl.llQfS INTO MATRlX */ 

SIZEMAT = SIZE111s1ze211s1za 11s12E4J JS1ZES: 
I* CORRELATIONS BETWEEN SIZE VARIABLES */ 

/*ACROSS ALL SPECIMENS */ 
SIZEMEAN = SIZEMAT[:,l; 
MEANMAT = REPEATCSIZEMEAN, CASES, 1); 
MEANOEVS = SlZEMAT • KEANMAT; 

FREE SlZEMEAN MEANMAT SIZEMAT; 
SIZESSCP = MEANDEVS" * HEANOEVS; 
SIZECDV • SIZESSCP *((CASES· {1))** ·1.0); 

FREE MEANDEVS SIZESSCP; 
SZVAR(ANC = VECDIAG(SIZECOV); 
SZSTDEV = SQRT(SZVARCANC); 
STDEVINV = SZSTDEV I# ·1.D; 
SZSTDMAT = DCAG(STDEVINV); 

FREE SZSTDEV STDEVINV SZVARIANC; 
SZCORREL = SZSTDMAT * SIZECOV • SZSTOMAT; 

FREE SZSTDMAT srzecov; 
SZCOLNAM = ($1 SZ s3 S4 55 ) ; 
SZROWNAM = {S1,S2.s3,S4,SS J; 
PRINT NEWPAGE; 
PRINT 11SIZE VARIABLES CORRELATION. MATRIX"; 
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PRINT SZCORREL[FORMAT = 5.Z ROWNAHE = SZROWNAM CQLMAME = SZCDLllAMl; 

FREE SZCOLNM SZRDWNAM SZCORREL; 
END; t• SIZE YARlABLE CORRELATIONS LOOP •/ 

IF REMOYECT = "ISO" THEN DO; 
1• ········----- REMOVE ISOMETRlC SIZE FROM DATA -········-·----··· •t 

IF ISOSZVAR = MSIZE1" THEN 00; 

TARGETSZ = MIN(SlZE1); 1• ARBITRARY •t 
TARGCOL = REPEAT(TARGETSZ. CASES. 1>; 

RATIOS = SIZE1•·1.0flARGCOL; 
TARGMa.T .: REPEAT(RATIOS. 1 .NVAR>; 

SCALEDAT .: DATAlfTARGMa.T; 

END; t• SIZE1 REMOVAL •/ 
FREE TARGMa.T DATA TARGINV TARGETSZ TARGCDLRATIOS ISOSZVAR; 

.IF RUN = 11MAH.D 11 THEN DD; 

TEMP1 = SCALEDATC.1:81; 

TEMPZ = SCALEDAT[,111; 

SCALED" T = TEMP1 11 TEMP2: 
NYAR = NCDLCSCALEDAT>r 
LABTEMP1 = VARNAMEC.1:81; LABTEMP2 = VARNAME[.111; 

VARMA.ME = LABTEMP1 I fLABTEMPZ; VARCOL = VARNAME"; 

EH.D; 
IF RUN = "SKULL 11 THEH. DO; 

TEMP1 = SCALEDAT[.1!121; 

TEMP2 = SCALEOATC,14:191; 

SCALEDAT = TEMP1 J !TEMP2; 

NVAR = H.COL(SCALEDAT); 

LABTEMP1 = VARNAMEC.1:12J; 
LABTEMPZ "' VARNAMElr 14:19] i 
YARNAME = LABTEMP11 ILABTEMPZ; 
VARCOL: VARNAJllE"; 

END; 
FREE TEMP1 TEMP2 LA8TEMP1 LABTEMP2; 

PRINT 11 SPECIMENS HAVE BEEN SCALED ISOMETRICALLY TO AN ARBITRARY"; 

PRINT 11 VALUE OF THE SIZE VARIABLE (SIZE1 ONLY)"; 

EH.D; /• REMOVE ISOMETRIC SIZE LOOP •t 
1• SET SIZE VARIABLE FOR FURTHER aJllPUTATIONS •/ 

SlZEVAR = SlZE4; 

FREE SIZE1 SIZE2 S12E3 SIZE4; 

FREE SIZES SIZE92; 
PRINT "SIZE VARIABLE USED FOR SIZE RDUTIHES11 ; 

SIZETEST = SIZEVAR[1!10.lr 

H.AMSTEST = GRPLABLSl1:10.l; 

PRINT NAHSTEST SIZETEST; 

FREE SI ZETEST: 

1•---·- SHAPE AH.D OTHER DERIVED VARIABLES ------------------------•/ 
PRINT 11SHAPE1 "ORIG. VARIABLES DIVIDED BT SIZE11

; 

( F RUN :: "MAH.D11 THEN DO; 

PRINT 11SNAPE2M :: REL. H.T. OF MANDIB. CONDTLE ABOVE TOlTH. ROW"; 

SHAPE2M = DATA[,4]M>ATA[. 11JN·1.0; 
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PRINT "SHAPE3M • RELATIVE ANGLE EXPANSION"; 

SHAPE3M = DATA[.1Jill>ATA(.10J•-1.0; 

PRINT "SHAPE4M • WORN N1 CROW NEIGNT"; 

SHAPE4M = DATAC.5l#DATAC.3JM-1.0; 

PRINT •SHAPESM = POS. CONDYLE REL. TO M311 ; 

DENC»ISM = DATA[.11] ·DATA[,4]; 

SHAPESM = D~TA[,6l#DEJKM5""-1.0; 
END; 

IF RUN = 11SkULL" THEN DO; 

PRINT "SHAPE2S = RELATIVE OIVERGEMCE OF TOOTH ROW11 ; 

SHAPE2S • DATA[,8J#DATA[.91•·1.0; 
PRINT "SHAPE3S = CIBLUIUENESS OF EXTERNAL MASSETER FIBERS": 

SHAPE3S = DATA[.5JM:IATA[.9]M-1.0; 

PRINT "SHAPE4S :s RELATIVE DEPTH OF TEMPORAL FOSSA.11 ; 

SHAPE45 = DATAC.SJa>ATA[, 16] .. ·1.0; 

PRINT "SHAPE5S = RELATIVE OOLICHOCEPHALT11 ;: 

SHAPESS = DATA[,5]i1DA.TAC, 13J .. -1.0; 

END; 

t•------··-------·----- SET TARGET VECTOR -------·--··-···------·-•/ 
IF VECTTARG = "SIZE" TKEN DO; 

TARGVAR = SIZEYAR; 

FREE SIZEVAR; 

END; 
IF VECTTARG ; "SHAPE• TffEN OD; 

TARGVAR = SHAPESM; 

END; 

SORTTARG = TARGVAR; t• SOllT TARGET VECTOR RtJJTINES •/ 

SORTLABS = GRPLABLS; 

RANKTARG = RA.Nk[TARGVAR); 

DO ITERB = 1 TD CASES BY 1; 

RT= RANICTARG[ITERBJ; 

SORTTARGIRT,J z TARGVAR[ITERB,J; 

SORTLABStRT,J • GRPL.ABLS(ITERB,]; 

END; r ···> ITERB LOOfl •t 
PRINT "TARGET VECTOlil: OF INTEREST" SORTLABS SORTTARG; 

FREE SORTTARG SORTLASS RANKTARG; 

1•-----------------··········----·------------------------------···-•1 
t•----····-·-POOLED WITHIN·GROOP COVARIANCE ROOTINE ·--··-···-···-·-•/ 

1•------·---·-···----···----····------··--·-----------··------------•1 
If NEWPQOL = "YES11 THEN OD; t• FIND NEW WITfflN·GROOP COVARIANCE •t 

DO I TERA = 1 TO NGPOOLED BY 1; r CYCLE TffRClJGH GR OOPS • t 
CNTCASES = (0); 

GRPNUM = GRPNIM+C1 l; 

GRPNAME = POOLCDL[GRPNLMJ; 
00 ITERB = 1 TO CASES; t• CYCLE THRClJGH CASES •t 

IF GRPLABLS[ITERBJ = GRPNAHE THEN DO; !*SELECT CASES •t 
CNTCASES = CNTCASES+C1); 
IF REMOVECT = 11 N011 I REMOVECT ; •BURN" THEN OD; 
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ROlillAT: DATA[ITERB,l; 

END; 

r F REftDVECT = "ISD" THEN DO; 

RCIWDAT = SCALEDATCrTERB,l; 

END; 

RDMID = ID CJTERB]; 

IF C~TCASES = 1 THEN DO; 

SU80AT : RCIWDAT; 

END; 

IF CNTCASES > 1 THEN DO; 

SUBOAT = SUBDAT//RCIWDAT; 

END; 
END; /* ---> GRPNAME = GRPLABLS UXIP */ 

ENO; /.._ ---> ITERB LOOP */ 

SUBSIZE = NROW<SUBDAT); /* SIZE OF EXTRACTED GRCIJP */ 

SUBMEANS = SUBDATC:,l;/• VARIABLE MEANS OF GRllJP •t 
MEANMAT = REPEAT(SUBMEANS,SUBSIZE,1); 

SUBDEVS = SUBDAT-MEANMAT: /* DEVIATIONS FROM GillJP MEAN*/ 

IF ITERA = 1 THEN OD; /* SETUP 9QQLED DATA SET*/ 

POOLDAT = SUBDEVS; 

POOLGMS = SUBSIZE; 

END; 

IF ITERA -= 1 THEN DO; 

POOLDAT = POOLDAT//SUBDEYS; 
POO\..GNS = POOLGNS//SUBSIZE; 

END; 

END; /* ---> ITERA LOOP */ 
POCLNUM : NROWCPOOLDAT); 

PRINT ANlJMBER OF POCLED DATA CASES 11 POCLNLM; 

PCXJLSSCP = PCIJLDAT. * P01.DAT; r POOLED St.MS DF SQUARES AND CROSS PR.CIJUCTS*/ 

POOLCOV : POOLSSCP * ((POCLNl.lt-NGPOOl.ED)**-1.0J; /*NEW PDCll.ED COVARIANCE*/ 

IF RUN = 1'MAND" THEN DO; /*SAVE POOLED COVARIANCE*/ 

CREATE SASDAT .MPOOLCOV FRt'.14 POCILCOV; 
APPEND FRt'.14 PCn.COV; 

CREATE SASDAT.MPOCLGNS FRt'.14 POOLGNS; 

APPEND FR.CM PCn.GNS; 

CREATE SASDAT .MPOOLCOL FJlt'.14 POCILCOL; 

APPEND FRt'.14 POa.CDL; 

PRINT n NEW POCLED COVARIANCE MATRIX CALQJLATED FOR MANDIBLE11 ; 

END; /*---> RUN = MAND */ 

IF RUH : "SKULL 11 THEN DO; 

CREATE SASDAT .SPOCLCOV FROM POCLCOV; 

APPEND FRt'.14 POOLCDV; 

CREATE SASDAT .SPoot.GNS fR(lllJ POCLGNS; 

APPEND FR.OM POCLGNS; 
CREATE SASDAT.SPCKILCaL FROM POOLCOL; 

APPEND FROM POCLCQL; 

PRINT 11NEW POOLED COVARIANCE MATRIX CALCULATED FOR SKULL"; 

END; /*---> RUN = MAND */ 
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END; l. ___ ,. NEWPCOL : 11YES11 ., 

IF NEWPOOL = 11ND" THEN DO; /•USE OLD POOLED COVARIANCE""! 

l F RUN = "'MA.NOii THEN DD; 

USE SASDAT .MPODLCOV; 
READ ALL INTO POCILCOV; 
PR(NT 11POOLED COVARIANCE MATRlX READ FROM MPOCLCOV 0 ; 

USE SASDAT.MPOOlGNS; 
READ ALL INTO POOLGNS; 

USE SASDAT .MPOOLCOL; 

READ ALL VARCCOL1) INTO POOLCOL; 
END; 

IF RUN = 11SICULL,. THEN DO; 

USE SASOAT .SPOCILCOV; READ ALL INTO POOLCDV; 

PRINT 11POCILED COVARIANCE MATRTIX READ FROM SPOOLCOV11 ; 

USE SASDAT.SPOOLGNS; 

READ ALL INTO PCIOLGNS; 
USE SASDAT .SPOOLCOL; 

READ ALL VAR{cot1) INTO POOLCOL; 

END; 
END; 1• ••. ,. NEWPIX>L = "N011 •t 

POCILRCMS = NROW(POCILCCV); 

POCILCOLS = NCOL(POCILCOV>; 

FREE POCILSSCP; 

IF PLEV = 11 MAX11 THEN DO; 

PRINT NEWPAGE; 

PRINT 0 POOLED-WITH1N GROOPS COVARIANCE MATRIX11 , POOLCOV[FORMAT=6.1 ROWNAME = VARCDL 

CDLNAME = VARNAMEl; 
PRINT '"PCIOLCOV MATRIX IS " POOLROWS "BT " POOLCOLS; 

END; 
FREE POQLRCllS PCIOLCOLS; 

CNTSKIP = CO); 

CNTGRPS = CO); 

GRPNl.ll : (0); 

1•--------------------------·----------·-----------·-·-·-------·•/ 
/•----------- GROJP MEANS ------------•/ 

1•------·--·-------------------·----------···-------------------•1 
OD ITERA = 1 TO NGDISC BY 1; 1• CYCLE THROJGH GRClJPS •t 

CNTCA.SES = CD); 

GRPNUM = GRPNUM+C1); 
GRPNAME = DISCCOl[GRPNtJil); 

DD ITERB = 1 TD CASES; /9 CYCLE THROJGH CASES'll/ 

IF GRPLABLS[ITERBl = GRPNAME THEN DD; 

CNTCASES = CNTCASES+C1); 

IF FINOVECT : 0 N011 THEN DO; /'* SETUP REWIRED DATA SETS AND LABELS-/ 

ROY>AT = DATA[ITER8,]; 

END; 
JF REMOVECT = 11 15011 THEN DD; 

ROlil>AT = SCALEDAT[ITERB,l; 

END; 
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IF FINDVECT = •yes11 & REMOVECT -= "i5011 THEN DO; 
ROliDAT = DATA[ITERB.l; 
TARGD~T = TARGVAR[ITERB.l; 

ENO; 
ROWID = IDCITERBl; 
IF CNTCASES "" 1 THEN 00; 

SIJBDAT = ROliDAT; 
SIJBGRPID :. GRPNAME; 
SIJBINDIO = ROWIO; 

IF FINDVECT : 11YES11 & REMOYECT ·= ntso•• THEN DD; 
SU8TARDT = TARGDAT; 

END; 
END; 
IF CNTCASES > 1 THEN DO; 

END; 

SUBDAT = SUBDAT//RCMJAT; 
SUBGRPIO = SUBGRPID//GRPNAME; 
SIJBINDID = SUBINDID//ROWID; 
IF FINDVECT = "YES" ' REMOVECT ·= 111so• THEN DO; 
SUBTARDT = SUBTARDT//TARGDAT; 
END; 

END; 1• GRPNAME = GRPLABLS LQJP */ 

END; 1• ITERB LOOP •1 

SIJBSIZE = NROW(SU8DAT]; 
SUB.MEANS= SUIDAT(':,J; t• GRClJP MEANS*/ 
IF FINDVECT = "YES" ' REMOVECT "::c: 11 150'1 THEN DO; 
GPTARMEA = SUBTARDTt:,]; 
END; 

END; 

IF ITERA = 1 THEN DD; 
DISCDAT = SUBDAT; 
BETGNS = SUBSIZE; 
ACCGRPID = SUBGRPID; 
ACCINDID = SUBINDID; 
GRPMEANS = SUBMEANS; 
GSIZER~ = SUBSIZE; 
IF FINDVECT = 11YES" & REMOVECT a= 1115011 THEN DD; 
TARMEAJIS = GPTARMEA; 
END; 

END; 
IF ITERA - 1 THEN DO; 

DISCDAT : DISCDAT//SUBDAT; 
ACCGRPID : ACCGRPID//SUBGRPID; 
ACCINDID = ACCINDlD//SIJBINDID; 
BETGNS : BETGNS//SUBSIZE; 
GRPMEANS = GRPMEANS//SUBMEANS; 
IF FINDVECT = "YES" & REMOVECT ~ 1•15011 THEN DO; 
TARMEANS: TARMEANS//GPTARMEA; 
END; 
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END; J• ITERA LOOP •/ 
PRINT NEWPAGE; 

PRINT 11GRQJPS AND SIZES USED IN ANALYSIS"; 

PRINT PCIQLCDL PCIQLGNS " 11 DISCCQL IETGllS; 

PRINT 11GAOJP MEANS OF ORIGINAL VARIABLES"; 

PRINT GRPMEANS[FCIRMAT::.4.1 RCIWNAME = OJSCCOL COLNAME = VARNAMEl; 

1•----··--···-··-·- BIVARIATE RCIJTINES ----------------···-----·•/ 
IF BIVARIAT = 11YES"' THEN DO; J• LINEAR REGRESSION VARIABLES AGAINST SIZE"/ 

DO ITERQ = 1 TO NVAR; 

MEASCOL = GRPMEANSC,ITERQ]; 

NMEANS = NROW(MEASCCl); 

LDGMEAS = LOG(MEASCOL)I0.43429448; t• BASE TEN LOGS*/ 
LOGTARMS .: LDG(TARMEANS)#0.43429448; 

NMEANS = NlOWCMeASCOL); 

RANICLOGS ~ LOGTARMS; 

RANICNAMS = DISCCOL; 

RANICMEAS = LDGMEAS; 

RANICLS = RANIC(LOGTARMS); 1• SORT DATA •t 
DO lTERB = 1 TO NMEANS BY t; 

RJ1 = RANICLSCITERBJ; 

IA.NICLOGS (RJ1 ,] "' LOGTARMSUTERB.J; 

RANICNAMSIRJ1,] = DJSCC0LJ1TERB.l; 

RANICMEASCRJ1,] = LDGMEAS[JTERB.l; 
END; /9 ---> ITERB LOOP•/ 

DlMIYA :: (1); 1• SETUP DUMY VARIABLE •/ 

DUMY = AEPEATCDl.NIYA, NMEANS, 1); 

DUMXX "" Dl.NIY 1 IRANICLOGS; 
LXXPRCD = OIMXX""DlMXX; 

1.XYPRCD = DUMXX"•RANKMEAS; 

LXXPRDJN = INVCLXXPRCD); 

PARAMETR = LXXPROIN•LXYPACD; 

PREDYS = Dl.JtXX*PARAMETR; J• PREDICTED T1S*/ 

RESIDS = RANICMEAS - PREDYS; t• RESIDUALS-/ 

PRJNT NEWPAGE~ 
PAI NT RANICNAMS RANICLOGS RANICMEAS PREDTS RES JDS; 

DO ITERV = 1 TD NMEANS BT 1; /9 FIND RESIDUAL SIGNS •/ 

IF AESIDSCITEAW] < 0.0 THEN SIGN = •·•; 
lf RESIOSUTEllWl = o.O THEN SIGN = "0"; 
If AESIDS[JTERWl > 0.0 THEN SIGN = 11 +11; 

If ITEAW = 1 THEN DO; 

SIGNROW = SIGN; 

END; 

If JTERW > 1 THEN 00; 

SJGNROW = SIGlilROWj !SIGN; 

END; 
END; /• ITERW LOOP */ 

IF ITERQ = 1 THEN DO; J• ACCl.lfJLATE RESIDUAL SIGNS•/ 
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SIGNMAT = SIGNROW; 
END; 
(F tTERQ ·=1 THEN DDo 

SIGNMAT = S(GNMA.T//SIGNROW; 
END; 
ABSCISSA = RANICLOGS//RAlfll.OGS; 
ORDINATE = RANIOllEAS//PREBTS; 
BIVARMAT :::: ABSCISSA I IDRDUCATE; ,. IF RUN = 11MAND" THEN DO; 

XMAXYMAX:::: (2.4 2.65); XNINYMIN:::: (1.65 0.75); 
XMAXYMAX//XMINYMIN; 

END; 
IF RUN = "SKULL 11 THEN OD; 

XMAXYMAX = {2.75 3.5); 
XMAXYM.U//XM(NlM(N; 

END; 
BIVARMAT = BIVARMAT//SETSCALE; 

*I 
PREDSYMB = 11• 11 ; 

SYMBPRED = REPEAT(PREDSYMB. NMEAMS. 1); 
SYMBCOL = SUBSTRCRANICNNIS, 1. 1>; 
PLOTMARK = SYM8COL//SYMBPRED; 

NOPOINT :;: II "; 

PLOTMARIC = PLOTMARK/ff(CPDINT; 
TLAB = VARCQL[ITERQl; 

SYMBROW = SYMBCOL"; 
PR I NT NEWPAGE; 

)QUNYIUN = (1.85 1.15}; 

CALL PGRAFC81VARMAT, PLDTMARK. MOJBE ROOT OF VOLIME11
0 TLAB); 

PRINT 11SU8GRCJJPS" SYMBROWCFORMA.l=l.01; 
PRINT "RESIDUALS• SIGNROW[FORMAT=l.D] 

ENB; 1• ITERQ LOOP •1 
PRINT N'EWPAGE; 
PRINT SYMBROW[FOflMAT= 3.Dl; 
PRINT SIGNMATCFORMAT = 3.01; 
END; /* BIVARIATE BLOCK •/ 
FREE SIGNMAT; 
FREE MEASCQL NMEANS PARAMETR PREDYS; 
FREE ABSCISSA ORDINATE BIVARMAT PREDSTMB SYMBPRED PLDTMARK; 
FREE TLAB STMBCOL LXXPRCO LXYPRCI> LXXPROIN PARAMETR S1GNROW RESIDS; 
FREE LOGTAAMS LOGMEAS RANKLOGS RANIOllEAS RA!IKNAMS; 

/•····-·-···-------···BETWEEN GROUPS COVARIANCES··················•/ 
DlSCASES = NROW(DISCDAT); 
GRNOMEAN = GRPMEANS[:.l; 1• GRANDMEANS •/ 
GRNDMAT1 = REPEAT(GRNBMEAN,BJSCASES,1>; 
GRNDMA.T2 = REPEATCGRNOMEAll. GRPNlM.1); 

SETSCALE = 

SETSCALE = 

GRNDDEVS = DISCDAT·GRNOMAT1; /•DEVIATIONS OF SPECS FR(Jlll GRA!ID MEANS •/ 
FREE GRNDMAT1; 

BETDEVS = GRPMEANS·GRNDMAT2; /• BEVIATIONS OF GRCIJP MEANS fl(Jlll GRNAD MEANS•/ 
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FREE GRNDMAT2; 
IF WEIGHT = "NO• THEN DO; I* UNWEIGHTED ANALTSIS */ 

BSSCP = BETDEvs·•aElDEVS; ,. BETWEEN GROUPS ~s OF SQUARES AND CROSS PRlXIUClS*/ 
BETCDV = BSSCP•((NGDISC-1)*•·1.0>; /* BElWEEN GROUPS COVARlANCES */ 
PRlNl NEWPAGE; 
PRINl a&Et'VEEN GRCIJPS COVARIANCE BASED ON BSSCP (UNWE1GHTED)n; 

END; 
[F WEIGHT = 11YES11 THEN DO; ,. WEIGHTED ANALYSIS ., 

GSIZEMAT = REPEAT(BElGNS,1,NVAR>; 

END; 

UBETDEVS = BElDE~IZEMAT: 
WBSSCP = WBETDEVS"-WSETDEVS; 
BETCOV = WBSSCP•((NGDISC·1) .. ·1.0); 
PRINT NEWPAGE; 
PRINT 11BE7WEEN-GROOPS COVARIANCE BASED ON UBSSCP CWEIGHTE0) 11 ; 

FREE GSIZEMAT GRNDMATZ GRNDMAT1 BETDEVS; 
FREE WBElDEVS WBSSCP BSSCP 8ETDEVS 

IF PLEV = "MAX11 THEN DD; 
PRINT BE7COV[FORMAT:;4.1]; 
END; 

1•-------------------------------------------------------------------•1 
j•--········------ CANONICAL VARIATES ANALYSIS ·······---------------•/ 

1•-------------------·-----------------------------------------····--•1 
)(A)( = (1}; 

YAX = (2); 

CALL GENEIG(CVEIGVAL, CVEICVEC, BETCOV, PCX.ILCOV); /* CALOJLATe EIGENVECTORS, VALUES"'/ 
FAeE PCX.ILCOV BElCOV; 
ADDVALS :::. CVEIGVAL[•,l; 
VALPERCS = CCVEIGVAL•ADDVALS"'•-1.0)•100; 
CUNJPERC = CUstM[VALPERCS); 
VALSl.14 = CVEIGVALl J VALPERCSI jCtM.JPERC; 
VALSLAB = (EIGENVALUE POFTDTAL C\JllJLATIVE); 
PRlNT NEWPAGE 
PRINT 11EIGEIVALUES"; 
PRINT VAL~[FotlMAT=5.3 ROWNAME = CVLABCOL COLNAME = VALSLABl; 
PRINT <tSUM OF THe EIGENVALUES"; 
PRINT AOOVALS[fotlMAT = 5.21; 
PRINT NEWPAGE; 
PRlNT 11EIGENVEClORS11 ; 

PRINT CVEIGVEC[FORMA7:7.4 RCMNAME :::. VARNAME COLIWIE = CVLABROWJ; 
CANSCORS = GRNDDEVS•CVElGVEC; /• SPECIMENS SCORES •/ 
CANMEANS = CGRPMeANS-J(NGDISC, 1J•GRNDMEAJl)•CVElGVEC; 1• CANON!CAL MEANS •/ 
FREE CVEIGVEC GRNDDEVS GRNDMEAN; 
PRINT NEWPAGE; 
PRINT CANMEANS[FORMAT = 4.2 RCllNAM£ = DISCCOL CDLNAME = CVLABCOll; 
/*······----------- SAVE CANCNlCAL MEANS FOR GRAPHICS --------···•/ 

[ F CANS7030 = "YES" THEN DO; 
IF RUN = "MAND11 THEN 00; 

CREATE SASDAT.MANDCV3D FRtlt CANMEANS; t• FRO PROC G3D •/ 
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APPEND FRCJt CANMEANS; 

END; 

IF RUN = "SKULL" THEN DD; 
CREATE SASDAT.SKULLCV3D FRQll CANMEANS; 

APPEND FRC14 CANMEANS; 

END; 

END; 1• SAVE TO 3D LOOP •1 

1•--·--··-------------------------------------------------------•1 
1• CORREL. DF CANONICAL MEMIS TO OTHER MEANS (ORIG.,SHAPE,ETC) •1 

1•----------------------------·----·-------------------------·--•1 
/• CORRELATIONS TD ORIGINAL VARIABLES •1 

GLUEMEAN : GRPMEANS 11 CANMEANS; ,. APPEND TWO SET SA OF MEANS • / 

ENNS : NRCIWCGLUEMEAN); 

MEANMEAN = GLUEMEAN [: .l; 
MEAllMAT ; REPEA.T(MEANMEAN, ENNS, I>; 

MEANDEVS = GLUElllEAN - MEANHAT; 
FREE GLUEMEAN MEANMEAN MEAJMAT; 

MEANSSCP = MEANDEVS" • MEANDEVS; 
MEANCDV • MEANSSCP • ((ENNS - {1)>•• -1.0>; 

FREE HEANDEVS MEANSSCP; 

MEANVARJ = VECDIAGCMEANCQV); 

MEANSD = SQRT(MEANVARI); 

SDINV = MEANSD #I -1.0; 

MEANSDS = DIAG(SDINV); 

MEANCORR = MEANSDS • MEANCOV • MEANSDS; /• CORRELATIONS OF GROUP TD CAHONICAL MEANS•/ 

IF RUN : 11MAND" THEN OD; 

LLBLOCK; HEANCORRINVAR•(1):NVAR•2, 1:NVARJ; 
END; 

I F RUN = "SKULL" THEN DO; 

LLBLOCK = MEANCORR[llVAR•(1):NVAR•2,1:NVAR]; 

END; 

IF PLEV = 11MED" I PLEV :. 11MAX11 THEN DO; 

PRINT NEWPAGE; 

PRINT "CORRELATIONS BETWEEN ORIGINAL VARIABLES AND CANONICAL MEANS"; 

PRINT LLBLOCK[FORMAT=4.2 ROWIWCE : CVLABCOL COLNAME = VARNAMEl; 
END; 

FREE MEANCOV MEANVARI MEANSD MEANSDS SDINY LLBLOCK; 

IF VECTTARG = •SIZE" & REl«NECT "= 11 150" THEN DO; 
t• CDIRELATJONS TO SHAPE1 (ORIG. \ SIZE> •1 

PRINT NEWPAGE; 

PRIHT 11SHAPE1 : ORIGINAL VARIABLE MEAHS DIVIDED BY SIZE4 MEANS"; 

IF RUN = "MAND11 THEN DO; 

SHAPEBAR : REPEAT CT ARMEANS • 1 , NVAR); 

END; 

IF RUN = 11SICULL11 THEN DO; 
SHAPEBAR REPEAT(TARMEANS, 1, NVAR); 

END; 

SHAPEVAR = GRPMEANSISHAPEBAR#l·1.0; 

STIKMEAN = SHAPEVARI ICANMEANS; /9 APPEND SHAPE VARIABLE MEANS TO CANONICAL MEANS •1 
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BARBAR = STllCMEANC:,l; 

BARMAT = REPEATCBARBAR, ENNS, 1>; 

STIKDEVS = STtKMEAN - BARMAT; 

FREE SHAPEBAR STlttMEQ BARBAR BAAMT; 

STIKSSCP = STIKDevs· • STIKDEVS; 

STIKCOV = STllCSSCP • CCEMNS - (1))•• -1.0J; 
FREE STtKDEVS STllCSSCP; 

STlkVARI = VECDIAG(STllCE:DV>; 
STIKSD = SQRT(STlkVARI>; 

STIKINV = STllCSD .. -1.0; 

SOSTIK = DIAGCSTIICINV>; 

FREE STikVARI STIKSD; 

STIKCORR = SOSTIK • STU:cov • SDSTllC; /'* CORREL.ATIOMS CF SHAPE TO CANCMICAL MEANS ., 

FREE SDSTllC STIICCCV; 

IF RUN = '"MAMO" THEN DC; 

LLBLCX:IC = STllCCOi:R[12:22. 1:NVAR1; 

EHD; 

IF RUN = '"SKULL'" THEN DO; 
LLBLOCIC = STIKCORR£2D:38, 1:NVAR1; 

END; 

FREE STIKCORR; 

PRINT 11CORREUTICINS BETWEEN StlAPE1 MEMS AND CANONICAL MEANS"; 

PRINT LLBLOCK[FCIRMAT=4.2 lilOWNME = CVLABCDL CDLNAME "' VARNAME1; 

FREE MEANCOV MEANVARI MEANSD SDINV LLBLOCIC; 

END; /'* VECTTARG - REMCIVECT LOOP */ 

IF FINDVECT = 11TES" & VECTTARG ·= 11SIZE11 THEN DO; 

1•--------·-----------------------------·-·--·------·---------•1 
t• ---- FIND DIRECTION COSINE5 OF VECTOR OF INTEREST ••• */ 

1•-·----------------------·-··-------·----------·-·----------··1 

t• I.E., FIND MAXIMAL ASSOCIATION BETWEEN CRITERION VARIABLE ANO*/ 

t• JllJLTIPLE UNCORRELEUTED PREDICTOR VARIABLES CCV"S> */ 

IF IJROPTAX = 1'NO" THEN DC;/* DROP SELECTED TAXA FRClt VECTOR DIRECTION */ 
PRINi 11 TARGET VECTOR MEANS"; 

PRINi OISCCDL BETGNS TARMEANS; 

PREOTARG = CANMEANSI ITAAMEMS; ,. PREOICTOR(S) = ALL cv•s ., 
END; 

IF DRCPTAX = '1TE5" THEN DD; 

DC ITERF = 1 TC NGDISC BY 1; 

IF DISCCOL[ITERF,1 = ELlMTAX THEN BO; 

INDEX = ITERF; 

ENO; 

END; t• ITERF LOOP •t 
NEWCANS = CANflllEANS[1:lNDEX·(1),l//CANMEAllS[INDEX+(1):NGDISC,l; 
NEWTARS = TARMEANS[1: INDEX-(1),] /JTAJtMEAJISCINDEJC+{1):NGDISC,l; 

NEWBTGNS = BETGNS[1:1NDEX-C1),]//BETGNS[INOEX•(1):NGDISC,l; 
NBllCDL = OISCCCL[1 :INDEJC-(1) ,l //DISCC0LCINOEX+C1):NGDISC ,J; 
PRINT llTARGET VECTOR MEANS ,.; 
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PRINT NBl>COL NEWBTGNS NEWTARS [FORMAT = 6.21; 
PREDTARG = NEWCANSllNEWTARS; ,. PREDICTOR($)= ALL cv•s ., 

FREE NEWCANS NEVTARS NEWBTGNS 
NGDISC = NGDISC - (1); 

END; /• DROPTAX LCXIP •t 
TARLABL = VECTTARG; 
NEWRLABL = CVLABCOL//TARLABL;NEWCLABL = NE\IRLABL"; 
NEWNVAR ~ NVAR+C1J; 
FREE TARMEANS; 
COLMEANS = PREDTARG[:,J; 
MEANMAT = REPEAT(COLMEANS, NGDISC 0 1J; 
DEVSMAT = PREDTARG-MEANMA.T; 
FREE MEANMAT; 
PTARSSCP = DEVSMAT"*BEVSMAT; 
FREE DEVSMAT; 
PTARGCOV = PTARSStp•((NGDISC·1)••-1.D); ,. PREDICTOR-TARGET VARIANCE COVARIANCE MATRIX*/ 
FREE PTARSSCP; 
PRINT NEWPAGE; 
PRINT 11 TARGET·PREBICTORS VARIANCE-COVARIANCE MATRIX11 ; 

NEl.ICLABL = NEWRLABL·; 
PRINT PTARGCOV[FORMAT= 6.2 RCIJNAME = NEWRLABL COLNAME = NEWCL.ABLJ; 
FREE GRUPROW; 
TARGVAR = PTARGCOV[NEWNVAR, NEWNVARJ; 
TARGSTD = SQRTCTARGVAR); 
TARSDCOL = REPEAT(TARGSTO,NVAR,1); 
PREDVARA = PTARGCOV[1:NVAR,1:NVARJ; 
PREDVARI = VECDIAG(PREDVARA); 
FREE PREDVARA; 
PTARCOV = PTARGCOV[NEWNVAR,1:NVARJ; 
PTCOVCOL = PTARCOV"; 

PTVARS = VECDIAGCPTARGCOV): 
PTARSTD = SQRT(PTVARS); 
PTSTDINV = PTARSTD .. ·1.D: 
PTSTDMAT : OIAG(PTSTDINVJ; 

t• PREDICTOR VARIANCES •t 

/•TARGET-PREDICTOR COVARIANCES •t 

PTARCDRR = PTSTDMAT • PTARGCOV * PTSTDMAT; /•PREDICTOR-TARGET CORRELATION MATRIX•/ 
FREE PTARCOV PTVARS PTSTDMAT PTSTDINV; 

PTCORRS = PTARCDRR[NEWNVAR, 1:NVARJ; 
FREE PTARCORR; 

PTCORRCDL = PTCORRs·; 
FREE PTCORRS; 

PTCORRSQ = PTCORRCDL##i!; 
AEGCOEFF = PTCORRCOL I TARSDCOL11#·1.0 • PTARSTDC1:NVAR,l; 

SSQCOEFF = REGCOEFF[ll#,l; 
ROOTSSQC = SQRT(SSQCOEFF); 
INVRTSSQ = RCIOTSSQCll#-1.0; 
DIRECCOS = REGCOEFFllNVRTSSQ; t• DIRECTION COSINES 9 / 

RADIANS = ARCOS(DIRECCCS); 
ANGLES= RADIANS'57.295779; 

PRINT NEWPAGE; 
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FR I ~T CVLABCOL 
PREDVARICFORMAT=S.Zl 
PTCOVctlL [fCIRMA? =5 .2! 
PTCCIRRCOL[FQilMAT=5.2l 
PTCORRSQCFCIRMAT=5.2] 
REGCOEFF [FORMAT=6.4l 
DIRECCOS[FOR."IAT=6.5] 
ANGLES[FORMAT=4.1]; 

FREE PTCORRSQ PTCORRCOL PTARGCOV PTCORRS SSQCOEFF RCIOTSSQC INVRTSSQ PREDVAR PTCOVctlL; 
COEFCV12 = REGC0EFF[1:2.l; 

FREE REGCOEFF; 
SSQCV12 = COEFCV12[N.l; 
ROOTCV12 = SGR.T[SSGCV12); 
INYCV12 = ROOTCV12#1t·1.0; 
CV12COS = COEFCV12#1NVCV12; 
CV12RADS = ARCOS[CV12COS); 
CV12ANGL = CV12RADS # 57 .295779; 

PRINT""; 
PRINT "PROJECTEO ANGLE OF TARGET VECTOR WITH CV1 AND CV211; 

PRINT CV12ANGL[FCIRMAT=4.1J; 
SMALL.ANG = C\1'1 ZANGL [1 0 1]; 
RADANGLE = SMALLANG I 0.017453293; 
THETATAN = TANCRADANGLE); 
PRINT THETATAN; 
C1 = CSJ; 
cz = {10); 
HEIGHT1 = C1 I TKETATAll; 
HEIGHT2 = C2 I THETATAN; 
POS1 = C1 I IHEIGHT1; 

POSZ = CZllHEIGHTZ; 
POSMARKS = POS1//POS2: 
NEGMARKS = • POSMARKS; 
PRINT POSMARKS NE~S: 

t• FIND Dl.JlltY HARKERS FOR PLOTTING•/ 

FREE SINTEMP SINTHET~ C1 C2 HYPOT1 HTPOT2 HTTEMP1 HTTEMP2 HEIGHT1 HEIGHT2; 
END; .r SIZE VECTOR COSINES l.OQP •1 
IF PLEV : "MED11 I PLEV = .. MAX11 THEN DDi 

t•-··- PLOTTING RtllTINES - ORIGINAL CAllONICAL VARIATES ·····--····•/ 

IF AXES = "MAX" THEN DO; 
IWC1SCQR = MAXCCANSCORS C. 1] >; 
MIN1SCQR = MJN(CANSCORS[, 1]); 
NAX2SCOR = MAX(CANSCDRS[,2]); 
MIN2SCOR = MINCCAtilSCDRS[,2]); 
MAXXYS = MAX1SCOR I IMAXZSCOR; 
MINXYS 11 MIN1SCDR I IMIN2SCCIR; 
RANGESXY = MAXXTS//MINXYS; 

END; 1•···> AXES = MAX •t 

BLANKS = (11 11
• 11 10

); 
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FREE IWC1SCOR MIN1SCOR MAX25COR MIN2SCOR lllAXXl'S MINXYS MAXMWS MINMEANS; 

IF PLOT SET = "AR811 THEN If PLOTS = lllJil(PLOTNl.111); 

IF PLOTSET = 11 FIND" THEN BOj 

END; 

IF PLOTSET = "ALL" THEii DD; 
POSCCIJMT ::i: CD); 

ITVAL = llROWCCVEIGVAL>; 
DO ITER'I' = 1 TO ITVAL BT 1; 

IF CVEIGVAL[ITERTJ > D TllEN DO; 

POSC<XINT = POSCCllNT + {11; 

ENB; 

END; 

NPLDT1 = PQSCCIJllT/2 • 3/4; 
. NPLOTS = INT(NPLOT1); 

IF RUN = "MAND" YHEll IF llPLOTS = 6 THEN NPLDTS = 5; 

IF RUN = 11SICULL11 THEii IF NPLDTS = 10 THEN NPLOTS = 9; 
END; t• ···> PLOTSET ::i: ALL •/ 

DO ITERA = 1 TD NPLOTS BY 1; 

XYMAT = CANSCDRSC,XAX:'l'AXJ; 1• SORT RCIJTINES FOR EACH PLOT*/ 

CVBARS = CANHEAllS C,XAX:TAXJ; 
CVX = XYMAT (, 1); 

CV8 = CVBARS[, 11; 

RNKS1 = RANKCCVX); 

ANKS2 = RMK[CVB); 

SCRTIDS = ACCINDIB; 

SORTSCOR = XYMAT; 

SORTHEAN = CVBARS; 
SORTGLAB = DISCCOL; 

DO ITERB = 1 TQ DISCASES BY 1; 
RJ1 :s RNKS1 (ITERB]; 

SORTIDS(RJ1,l = ACCIJIDIDUTERB,l; 

SORTSCDR[RJ1,] = XYMATUTERB,J; 

ENB; /* ···> ITERB LOOP •1 
DD ITERC = 1 TO llGDISC BT 1; 

RJ2 = RNICSZ [I TERCJ ; 

SCRTGLA8CRJ2,J = DISCCOL UTERC,J: 
SORTMEAH CRJ2,] = CVBARSUTEAC,J: 

END; /* ···> ITERC LOOP •/ 

SCORPRNT = SORTSCOR; 

MEANPANT = SCRTMEAN; 

FREE CHARSCOR CHARMEAll CHDPSCOR CHDPMEAN; 

PLOTSYN1 = SUBSTRCSCRTIDS,1,1>; 

PLOTSY"2 = SUBSTRCSORTGLAB,1,1]; 

PLOTSYM1 = PLOTSTM1J/8L.ANICS; 

PLOTSYM2 = PLDTSYM2//BLANKS; 

SORTSCOR = SORTSCQRJ/RANGESXT; 

SORTMEAN = SORTMEAN//RAllGESXY; 
PRINT NEWPAGE; 

PRINT "SCll:TED SCORES FOR 11 TAX 11VS11 KAX, SCRTCDS SCORPRNT; 
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PRfNT NEWPAGE; 

CALL PGRAF(SORTSCOfl, PLOTSYM1. CVLABCOL own. CVLABCDL[YAX] l; 

PRINT NEWPAGE; 

PRINT •SORTED CANONICAL MEANS FOR 11 TAX 11VS" XAX, SORTGLAB MEANPRMT; 

PRINT NEWPAGE; 

CALL PGRAFCSORTMEAN, PLOTSYMZ, CVLABCOLCXAXl • CVLABCDL£YAX] ); 

OLDXAX = XAX; 

DLDYAX = TAX; 

XAX = DLDTAX+(1); 

TAX = OlOXAX+C3l; 
END; t• ---> NPLOTS LOOP •t 

END; t• PLEV MED MAX BLOCK • t 
IF PLEV :::1 ":.iAX" THEN BO; 

t•-- AMONG-GRClJPS GENERALIZED DISTANCES WITHOUT VECTOR REMOVEL---·•t 

D = JCNGDISC,NGDISC); 

00 ITERONE = 1 TO NGDISC BT 1; 

OD ITERTMO = ITERONE TO NGDISC BT 1; 

IF ITERTUQ = ITERONE THEN DO; 

DCITERONE, ITERTUDJ ={OJ; 

END; 

IF ITERTMO "= ITERONE THEN DO; 

DIFFS = CANMEANS(ITERONE,J -CANlt£MS[ITERTWO,]; 

sc..c>SQR = SSQCDIFFS); 

D(ITERONE, ITERTWOl :1: SQRT(stKJSQR); 

DUTERTWO, ITERONEl = SQRT(Sl.ICISQR); 

END; 

END; 1•rrERTWQ•/ 

END; t•JTERONE•/ 

MINISU81 = SUBSTRCDISCGRPS, 1, 1 ); 

MINISUBZ = SUBSTR(DISCGRPS,5, 1); 

NEWGRCIY = COMCAT[MINISUB1, MIN15'.182); 

NEWGCOL = NEWGRCJY"; 

PR.IHT NEWPAGE; 

PRINT D [F0RMAT=3.0 RCIWNAME=fllEWGCOl COL NAME = NEWGROWJ; 
END; 1• PLEV BLOCK •t 

IF REMOVECT = to BURN" THEN DO; 

1•-··------·------- BURNABT 1S METN(I) FOR VECTOR(S) REMOVAL --··------*/ 
1• P=LD L = J • F(FtF)-1Ft WHERE F = DCRECTJON COSINES IN CV SPACE •/ 

IOENTMAT = I(NVAR>; 

ELIMVECT = OIRECCOS; /•VECTOR TO ELIMINATE IS DIRECTION CDSINES OF SIZE VARIABLE */ 
FREE DIRECCOS; 

ELUllAT = ELIM\IECT' • ELIMVECT; 

ELIMJNV = INVCELIMitAT>; 

FREE ELIJlllAT; 

ALLVECT = ELIMVECT • ELIMINV • ELIMVECT"; 
FREE ELIMINV ELIMVEcT; 

PROJMA.T ~ IDENllCAT - ALLVECT; 
FREE IDENTMAT ALLVSCT; 

PROJDAT = CANMEAllS • PRDJMAT; t• PROJECT CANONICAL MEANS TO ORTHOGONAL PLANE •/ 
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FREE CANMEANS; 
BURNLABL = SUBSTR(DISCCOL, 1, 1>; 

BLANKS :(11 "," "}; 

CANMLABL = BURNLABL/ /BLANKS; 

PRINT NEWPAGE; 

PRINT 11TARGET VECTOR.-rREE DATA BASED Oii BURNABY 1 5 METHC0 11 ; 

PRINT PRDJDAT[FORIQ.T=4. 1 RCMIAME = DISCCOL COLNAME = CVLABROWJ; 

MAXVAL z MAX(PRDJDA.T); 

MINVAL ,• MINCPROJDA.T); 
PRINT MAXVAL MINVAL; 
MAXIS= REPEAT(MAX'fAL, 1, 2>; 

MINIS = REPEAT(MINVAL, 1, 2>; 

COLS12=PRDJDAT[,1:21; 

PLOT12 = CDLS12//MAXIS//MINIS; 

CDLS34 = PROJOA.T [,3:4J; 

PLOT34 = COLS34//MAXES//MINIS; 

PRINT NEWPAGE; 

CALL PGRAF(PLOT12, CAllMLABL, 115(2£-FREE cv1u, "S12E-FREE CV211 ); 

PRINT NEWPAGE; 

CALL PGRAF(PLOT34, CANMLA.BL, "SIZE-FREE CV311 , 11SIZE-FREE CV4•1 ); 

J• ----· REORTffOGQNALIZE BURMA.BY DATA USING PCA -·····--·--···"/ 

PCMEANS = PRDJDA.T[:,J; 
MEANMAT = REPEAT(PCMEANS, NGDISC, 1); 
PCDEVS = PROJDA.T • MEA.NMAT; /•DEVIATIONS OF PROJECTED DATA FROM MEANS 11 / 

FREE MEANMA T; 
PCSSCP = PCDEVS. • PCDEVS; 

PCCOV = PCSSCP • (NGDISC·(1})1111·1.0; /" COVA.RIAHCE MATRIX OF PROJECTED DATA */ 

CALL EIGENCPCEIGVA.L, PCEIGVEC, PCCOV); 

ADDVALS = PCEIGVAL[+,J; 

VALPERCS = (PCEIGVAL"ADOVALS••-1.0)*100; 

CUMIJPERC = CUSIAt(VALPERCS>; 

VALSUM = PCEIGVALI IVALPERCSllCl..ltlPERC; 
VALSLAB = <EIGENVALUE POFTOTA.L CU«ILATIVE}; 
PRINT NEWPA.GE 

PRINT "EIGENVALUES"; 
PRINT YALst.l((FCIRMAT=S.3 ROWNAME = CVLABCOL COLNAME = VALSLABJ; 

PRINT ""5'.11 Of THE EIGENVALUES"; 

PRINT ADDVALS[fOllMAT=6.1J; 

PRINT NEWPAGE; 

PRINT PCEIGVAL[F0RHAT=6.2J; 

PRINT PCEIGVl:C[fORMAT=6.4J; 

NOVECSC = PROJDAT • PCEIGVEC; 

SCOllMEAN = NOVECSC(:,J; 
MEANMAT = REPEAT(SCORMEAN, NGDISC,1J; 

NOVECCEN = NDVECSc • MEAHMA.T; 
PRUIT NEWPAGE; 

/" MEAN·CENTERED SCORES 11/ 

PRINT NOVECCEN[FDRMAT=4.1 ROWNAHE = DISCCOL COLN.VIE= CVl.ABROWJ; 
MAXSCDR = MAX( NOVECCEN); 

MINSCOll = MIN(NOVECCEN); 
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PRINT NAXSCOR MINSCCIR; 
REPMAX = REPEATCMAXSCOR. 1, 2>; 
REPMIN = REPEATCMJNSCOR. 1, 2>; 
PC1PC2 ~ ND'VECCENl,1:2J; 
PCPLOT12 = PC1PC2//REPMAX//REPMIN; 
PC3PC4 = ND'VECCEN[,3:4J; 
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