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A b strac t

This work follow s th e  d ire c t io n  s e t  by Sew all W right in  apply ing  

path  a n a ly s is ,  and o th er m u lt iv a r ia te  s t a t i s t i c a l  te ch n iq u es , to  

th e  study  o f  an th ropom etric  v a r ia t io n .  Two themes concerning 

an thropom etric  v a r ia t io n  a re  examined. The f i r s t  concerns th e  

need to  p a r t i t io n  phenotypic c o v a r ia tio n  between t r a i t s  in to  

g en e tic  and environm ental components. The second theme 

em phasizes the  d if fe re n c e  between w ith in -  and between-group 

h e r i t a b i l i t y .  Data on an th ropom etric  v a r ia t io n  in  s ix  Solomon 

Is la n d  p o p u la tions i s  analyzed using s t a t i s t i c a l  models 

a p p ro p ria te  to  th e se  them es.

The c o r re la t io n  s t ru c tu re  o f  27 an th ropom etric  measurements i s  

examined by c lu s te r  a n a ly s is  and p r in c ip a l  components a n a ly s is .  

The s ix  popu la tions show a common p a tte rn  ( in  bo th  males and 

fem ales) which echoes e a r l i e r  s tu d ie s .  The c o r r e la t io n  m atrix  o f  

measurements i s  then  p a r t i t io n e d  in to  g e n e tic  and environm ental 

components and th e  g en e tic  c o r re la t io n  m a trix  i s  examined, once 

again  by c lu s te r  a n a ly s is  and p r in c ip a l  components a n a ly s is .  

There i s  a f a i r l y  c lo se  agreem ent between th e  g e n e tic  c o r r e la t io n  

s t ru c tu re  and th e  phenotypic c o r r e la t io n  s t r u c tu r e .  The 

environm ental c o r re la t io n  m atrix  i s  not examined fu r th e r  because 

i t  i s  very  poorly e s tim a te d .

The p a r t i t io n in g  o f  phenotyp ic  c o r re la t io n s  in to  g e n e tic  and
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environm ental components i s  based on a m u ltiv a r ia te  

g e n e ra liz a tio n  o f  a path  model f o r  the  h e r i t a b i l i t y  o f  a 

con tinuous t r a i t  proposed by C.C. L i. The param eters estim ated  

in  the s in g le  t r a i t  model in c lu d e  a d d it iv e  g en e tic  h e r i t a b i l i t y ,  

common home environm ent, and g e n e tic  c o r r e la t io n  between spouses. 

In  o rd e r to  f i t  t h i s  model o b se rv a tio n s  a re  req u ired  on 

p a re n t-o f f s p r in g , spouse-spouse , and s ib - s ib  c o r r e la t io n s .

The h e r i t a b i l i t y  o f each measurement i s  o b ta ined  (pooled w ith in  

each sex and pop u la tio n ) and some com parisons a re  made w ith 

values obtained  from o th e r  s tu d ie s .  H e r i t a b i l i ty  v a lu es  fo r  th e  

Solomons are  m arkedly lower th a n  th o se  re p o rte d  elsew here. 

However, when to ta l  h e r i t a b i l i t y  ( ig n o rin g  subpopulation  

s t ru c tu re )  i s  e stim ated  fo r th e  s ix  Solomons p o p u la tio n s , th e  

v a lu es  a r e  h ig h er and form a more fa m il ia r  p a t te r n .  The s t r ik in g  

d if f e r e n c e  between the  two kinds o f  h e r i t a b i l i t y  i n  th e  Solomon 

Is la n d s  re-em phasizes the  danger o f  using  t o t a l  h e r i t a b i l i t y  

e s tim a te s  obtained  from sev e ra l sub p o p u la tio n s  o r  a * n a tio n a l 

sam ple.

The w ith in -g roup  h e r i t a b i l i t y  o f  a t r a i t  has been used elsew here 

a s  a means o f  id e n t i fy in g  an th ropom etric  (and psycom etric) 

v a r ia b le s  for which betw een-group v a r ia t io n  has  a p r im a rily  

g en e tic  b a s is .  I t  i s ,  however, th e  betw een-group h e r i t a b i l i t y  

which should  be used fo r t h i s  pu rpose .

The between-group component o f h e r i t a b i l i t y  fo r  each measurement 

i s  compared to  th e  w ith in -g roup  h e r i t a b i l i t y  and to  le v e ls  o f
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between-group phenotypic v a r ia t io n .  Between-group h e r i t a b i l i t y  

p re sen ts  a d i f f e r e n t  p ic tu re  from th a t  o f  w ith in -g ro u p

h e r i t a b i l i t y .  The data dem onstrate  th a t  h igh  w ith in -g ro u p

h e r i t a b i l i t y  f o r  a given t r a i t  does not imply t h a t  between-group 

v a r ia t io n  in  th a t  t r a i t  i s  gen e tic  in  o r ig in .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgements

The com pletion o f t h i s  work was only p o ss ib le  w ith  th e  a s s is ta n c e  

o f  many people in  many d i f f e r e n t  ways. John T e r r e l l  (F ie ld  

Musuem, Chicago) in troduced  me to  th e  id ea  o f  an th ro p o lo g ic a l 

re sea rc h  in  th e  P a c i f ic ,  and ta u g h t me much about w ritin g  and 

doing re se a rc h . Roger Green (Auckland) and Doug Yen (th en  a t  

Bishop Museun, Honolulu) arranged  perm ission  fo r  my fie ld w o rk  in  

th e  Solomons and gave me l o g i s t i c  support through th e i r  own 

p ro je c t  on c u l tu r a l  h i s to r y .  They were a ls o  extrem ely to le r a n t  

o f  my d r i f t  away from archaeo logy  in to  s t a t i s t i c s  and b io lo g y .
i

John Meaney ( th e n  a t  Auckland) in troduced  me to  b io lo g ic a l  

anthropology a t  a ra th e r  l a t e  s tag e  in  my g raduate  work, and 

p a t ie n t ly  tra in e d  me in  an th ropom etric  te ch n iq u e . During my 

fie ldw ork  and subsequent a n a ly s is  I  was housed, c lo th e d , and fed 

co u rtesy  o f  th e  N .Z. M edical Research Council and -the N.Z. 

U n iv e rs ity  G ran ts  Committee. U n fo rtu n a te ly , th e se  b o d ie s  were 

unable to  support ad eq u a te ly  my f i e l d  re se a rc h  which led to  a 

sev e re ly  c u r ta i le d  data  c o l le c t in g  regim e.

I  am most g ra te fu l  to  th e  people o f the  Reef I s la n d s ,  Solomon 

I s la n d s ,  fo r allow ing  me to  l iv e  w ith them. George Pangora o f 

O telo  V illa g e  was o f in v a lu a b le  a id  during  my s ta y  in  th e  Reef 

I s la n d s .  In  a d d itio n  t o  h e lp in g  g a ther to g e th e r  people fo r  

m easuring , he became an ex p e rt a t  tak in g  f in g e r p r in ts .  Helen 

C h arte rs  accompanied me from Auckland and was e s s e n t ia l  in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



V

in te rv iew ing  women fo r  pregnancy h i s to r i e s .  B ern ie  and Carol 

Gibbs (Pigeon Is la n d  T raders) provided th e  l in k  w ith  the  o u ts id e  

w orld, and a very  p le a sa n t o p p o rtu n ity  f o r  occasio n a l escape from 

work.

Follow ing th e  c o lle c t io n  and i n i t i a l  a n a ly s is  o f  an th ropom etric  

d a ta  from th e  R eef I s la n d s ,  I  was in v ite d  to  spend a year a t  Yale 

U n iv e rs ity  by John Rhoads. D uring my tim e a t  Yale I  was ab le  to  

merge to g e th e r  an thropom etric  and genea log ica l d a ta  c o lle c te d  by
t

members o f  th e  Harvard Solomon Is la n d s  P r o je c t .  I  thank W illiam  

H ow ells, Jon F r ied lae n d e r , and e s p e c ia l ly  John Rhoads fo r  access  

to  the H .S .I .P . data  s e t .  W ithout the  la rg e  number o f cases  

a v a i la b le  in  th e  H .S .I .P . d a ta  s e t  I  would not have been ab le  to  

f i t  some o f  the  s t a t i s t i c a l  models re p o rte d  h e re . L ikew ise, 

w ithou t th e  e x c e lle n t computer and l ib r a r y  f a c i l i t i e s  a v a ila b le  

a t  Yale th i s  work could not have taken i t s  p re sen t form.

At Auckland, s t a f f  and fe llo w  g raduate  s tu d en ts  provided an 

e x c it in g  environment in  which to  work. John Meaney proved an 

ab le  and e n th u s ia s t ic  su p e rv iso r  u n t i l  h i s  d ep a rtu re  from 

Auckland forced h is  re s ig n a tio n  a s  my " o f f i c i a l ” su p e rv iso r . 

N onetheless he has continued  to  have a hand in  the  f i n a l  p ro d u c t. 

Gary T unnell v ery  g ra c io u s ly  to o k  on th e  su p erv isio n  o f  my th e s i s  

a t  a l a te  s ta g e  in  th e  p roceed ings.

Since I  took up my p o s it io n  a t  Massey U n iv e rs ity  I  have had much 

le s s  tim e to  work on re s e a rc h , b u t thanks to  ex tra  e f f o r t s  by my 

fe llow  c o n su lta n ts  Walt A bell, Ted Drawneek and S teve Eastman, I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was a b le  to  f in i s h  th is  document in  a reaso n ab le  tim e . The 

members o f  the Computer Centre have continued t o  support my 

somewhat e s o te r ic  in te r e s t s  in  an th ropom etric  v a r ia t io n .  Paul 

Lyons very  k in d ly  o ffered  to  p ro o f read  th i s  tome even though he 

knew o f  my re p u ta tio n  fo r  poor s p e l l in g .

F in a l ly , my p a re n ts  Jim and B e tty  B lack have always provided a 

very h ig h  le v e l o f  p a re n ta l  investm ent in  t h e i r  one o ff sp r in g . 

W ithout th e i r  a s s is ta n c e  ( f in a n c ia l  and s p i r i t u a l )  du ring  periods 

o f  a d v e rs ity  t h i s  work cou ld  not have been com pleted.

Computer C entre 
Massey U n iv e rs ity  
P alm erston  North 
New Zealand

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table o f  Contents

A b s tra c t................................................................................................................................... i

Acknowledgem ents.. ......................................................................................................... iv

Table o f  C on ten ts...........................................................................................................v i i

L is t o f  E x h ib its ............................................................................................................... ix

Chapter One

Some M u ltiv a r ia te  Approaches to  A nthropom etric V a r ia tio n ........................... 1
1.1 P ro logue ...................................................................................................................... 1
1.2 W ithin Group V a r ia t io n ........................................................................................4

1 .2 .1  The concept o f  h e r i t a b i l i t y ................................................................7
1 .2 .2  H e r i ta b i l i ty  in  p r a c t ic e .................................................................... 12
1 .2 .3  F u rth e r com plications in  fa m il ia l  c o r r e la t io n s ....................... 19
1 .2 .4  C o rre la tio n s  between t r a i t s ..............................................................24
1 .2 .5  S tu d ie s  o f c o r r e la t io n s  between t r a i t s ........................................ 27

1 .3  Between Group V a r ia t io n ................................................................................... 30
1 .3 .1  Between group h e r i t a b i l i t y ............................................................... 35

Chapter Two

Path Models fo r  the  Decomposition o f Phenotypic C o rre la tio n s ................ 39
2.1 A b r i e f  sk e tc h  o f Path  A n a ly s is .................................................................. 39
2 .2  A model fo r  decomposing phenotypic c o r r e la t io n s ............................... 44
2 .3  Some em pirica l s tu d ie s  o f  g en e tic  c o r r e la t io n s ................................. 49
2 .4  P a th  models fo r phenotypic c o r r e la t io n s  between r e l a t i v e s  55

Chapter Three

A nthropom etric V aria tio n  in  th e  Solomon I s la n d s ...............  64
3.1 M a te r ia ls  and Methods........................................................................................64

3 .1 .1  The S u b je c ts .............................................................................................66
3 .1 .2  The M easurem ents....................................................................................71

3 .2  A du lt v a r ia t io n  between groups......................... 77
3 .2 .1  D escrib ing  group d if f e r e n c e s ...........................................................77
3 .2 .2  M u ltiv a r ia te  a n a ly s is  o f  v a r ia n c e ................................................80
3 -2 .3  Female Between Population D iscrim inan t A n a ly s is ..................101
3 .2 .4  Male Between Population  D iscrim inan t A n a ly sis ...................... 118
3 -2 .5  Comparing Male and Female D iscrim inan t F u n c tio n s ................129
3 .2 .6  Sexual Dimorphism................................................................................. 134

3 .3  The S tru c tu re  o f  W ithin Group C o v a r ia tio n ...........................................143
3 .3 .1  D escrib ing  Covariance S tru c tu re s .................................................144
3 .3 .2  P r in c ip a l Components A n a ly s is ....................................................... 149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



v’u-l

3 -3 -3  C lu s te r  A n a ly sis ................................................................................... 161
3-3-4 Comparison o f  PCA and C lu s te r  A n a ly sis .......................................164

Chapter Four

The G enetic B asis o f A nthropom etric V a r ia tio n   ......................... . . . .1 6 7
4-1 F a m ilia l C o rre la tio n s ..................................................................................... 167
4-2 H e r i ta b i l i ty  o f  Anthropom etric T r a i t s ................................................. 176
4-3 G enetic C o rre la tio n s  Between T r a i t s .................  188

4-3-1 G enetic and Environm ental C o rre la tio n  M atrices .................. 188
4-3-2  C lu s te r  A nalysis o f  G enetic C o rre la tio n s ...............................195
4-3-3 G enetic v ec to rs  and PCA................................................................... 198
4-3-4  C lu s te r  A nalysis and G enetic V ectors Compared.................... 208

Chapter F ive

S y n th e s is ............................................................................................................................211
5-1 G enetic and Phenotypic C o rre la tio n s  Compared................................... 211
5-2 D iscrim ian t A nalysis and Between Group H e r i ta b i l i ty .....................218
3-3 P ro sp e c ts ...............................................................................................................235

Appendix 1 ..........................................................................................................................239

Appendix 2 . . . ................................................................................................................... 242

R eferences.......................................................................................................  245

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L i s t  o f  E x h ib its

Chapter 2

2 .1  Path  diagram re p re se n tin g  m u ltip le  re g re s s io n .......................... 40
2 .2  Path  diagram i l l u s t r a t i n g  genetic  c o r r e la t io n s ........................ 45
2 .3  Path  model proposed by C.C. L i........... .............................................56

Chapter 3

3 .1  Map o f survey a re a ...................................................................................67
3 .2  MANOVA ta b l e  and c e l l  counts fo r  2 way d e s ig n .......................... 79
3 .3  U n iv a ria te  F r a t i o s  fo r in te r a c t io n  e f f e c t .................................82
3 .4  Box p lo t fo r  w eigh t................................................................................... 84
3 .5  Boxplot fo r  s i t t i n g  h e ig h t ..................................................................84
3 .6  Boxplot fo r  s t a t u r e ................................................................................. 85
3 .7  Boxplot fo r  b ia c ro ....................................................................................85
3 .8  Boxplot fo r  b i c r i s t a l  d ia m e te r ..........................................................86
3*9 Boxplot fo r  ch est b re a d th ..................................................................86
3.10 Boxplot fo r  fo o t le n g th ........................................................................87
3.11 Boxplot fo r  t o ta l  f a c ia l  h e ig h t ...................................................... 87
3.12 Boxplot fo r  upper f a c ia l  h e ig h t ...................................................... 88
3.13 Boxplot fo r  nose le n g th .........................................................................88
3.14 Boxplot fo r  nose b re a d th .......................................................................89
3.15 Boxplot fo r  b ico n d y la r hum erus..........................................................89
3.16 Boxplot fo r  w ris t b re a d th ....................................................................90
3.17 Boxplot fo r  hand b re a d th ...................................................................... 90
3.18 Boxplot fo r  hand le n g th .........................................................................91
3.19 Boxplot fo r  b icondy lar fem ur..................................... ....................... 91
3.20 Boxplot fo r  fo o t b re a d th ...................................................................... 92
3.21 Boxplot fo r head le n g th .........................................................................92
3.22 Boxplot fo r  head b re a d th ...................................................................... 93
3.23 Boxplot fo r minimum f r o n ta l  d ia m e te r ............................................ 93
3.24 Boxplot fo r  bizygom atic d ia m e te r .....................................................94
3-25 Boxplot fo r  b ig o n ia l d ia m e te r ............................................................94
3.26 Boxplot fo r  head c ircu m fe ren ce ..........................................   95
3.27 Boxplot fo r  upper arm c irc u m fe re n ce ................................  95
3.28 Boxplot fo r c a l f  c ircu m fe ren ce ..........................................................96
3.29 Boxplot fo r  t r i c e p s  s k in fo ld .............................................................. 96
3.30 Boxplot fo r  subscapu lar s k in fo ld ..................................................... 97
3.31 Path  diagram i l l u s t r a t i n g  d isc rim in an t lo a d in g s ..................103
3.32 Female D iscrim inant a n a ly s i s .......................................................... 106
3-33 Canonical group means (Fem ales) fu n c tio n s  1 and 2 ............... 108
3.34 Canonical group means (Fem ales) fu n c tio n s  3 and 4................109
3-35 C anonical group means (Fem ales) fu n c tio n s  3 and 5 ................110
3-36 Male D iscrim inan t a n a ly s i s ................................................................120
3.37 C anonical group means (M ales) fu n c tio n s  1 and 2 ....................121
3-38 Canonical group means (M ales) fu n c tio n s  3 and 4 ....................122
3.39 Canonical group means (M ales) fu n c tio n s  1 and 5 ....................123
3.40 R es id u a ls  from r o ta t io n a l  f i t ,  two sex e s ...................................133
3.41 Sexual dimorphism D iscrim in an t a n a ly s is ..................................... 136
3.42 R-squared m atrix fo r  sex u a l dimorphism........................................139
3.43 R esid u a ls  fo r sex u a l dimorphism v e c to r s ..................................... 140
3.44 R-squared m atrix  fo r  12 PCA s o lu t io n s ..........................................147
3.45 D isplay o f  d is ta n c e s  fo r  12 PCA s o lu t io n s ................................. 148
3.46 Phenotypic c o r re la t io n  m a tr ix .......................................................... 150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L i s t  o f  E xh ib its

3 .47 L a ten t ro o ts  and v ec to rs  o f c o r r e la t io n  m a tr ix ................... 152
3.48 Varimax ro ta te d  la te n t  v e c to r s ...................................................... 157
3.49 C lu s te r  a n a ly s is  o f  phenotypic c o r r e la t io n s .......................... 162

Chapter 4

4 .1  P a ren t-O ffsp rin g  c o r r e la t io n s ......................................................... 168
4 .2  S ib -S ib  c o r r e la t io n s .............................................................................171
4 .3  Spouse c o r r e l a t io n s .............................................................................. 173
4 .4  H e r i t a b i l i ty  e s tim a te s ........................................................................ 178
4 .5  H e r i t a b i l i ty  m a tr ix .............................................................................. 179
4 .6  Common environm ent (gamma) m a tr ix ................................................183
4 .7  G enetic c o r r e la t io n s  between sp o u ses ..........................................186
4 .8  G enetic c o r r e la t io n  m a tr ix .................................................................189
4 .9  Environm ental c o r r e la t io n  m a tr ix ....................................................193
4.10 C entro id  c lu s te r  a n a ly s is  o f  g e n e tic  c o r r e la t io n s ...............196
4.11 G enetic v ec to r s o lu t io n ........................................................................200

Chapter 5

5 .1  Phenotypic (above) and Genotypic C lu s te r s ................................ 213
5 .2  Between group h e r i t a b i l i t y . ............................................................... 220
5 .3  P lo t  o f w ith in  v s . between group h e r i t a b i l i t y ........................223
5 .4  P lo t  o f t  v s .  w ith in  group h e r i t a b i l i t y .....................................225
5 .5  P lo t  of e ta -sq u a red  v a lu es  fo r m ales v s .  fe m a le s ....................226
5 .6  E ta-squared  v s .  between group h e r i t a b i l i t y  ( fe m a le s ) . . . .2 2 8
5 .7  E ta-sq u ared  v s . between group h e r i t a b i l i t y  (m a le s ) .............229

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1

Chapter 1

Some M u ltiv a r ia te  Approaches to  A nthropom etric V aria tio n

1.1 Prologue

The study  o f  v a r ia t io n  in  p h y sica l form w ith in  and between 

human groups has long occupied a c e n tra l  p o s itio n  in  p h y sica l 

an thropology. The a n a ly s is  o f  human b iom etric  v a r ia t io n  has a lso  

a t t r a c te d  th e  i n t e r e s t  o f s t a t i s t i c i a n s  who have made m ajor 

c o n tr ib u tio n s  to  th e  development o f s t a t i s t i c a l  te ch n iq u es . 

Among th e se  c o n tr ib u to rs  a re  many well known names: G alton

(1886), Pearson (Pearson and Lee 1903), M ahalanobis (1936), 

F isher (1918), W right(1931), ana C.R. Rao (Majumdar and Rao 

1960). This long  h is to ry  o f  co o p era tion  between s t a t i s t i c i a n s  

and a n th ro p o lo g is ts  has c e r ta in ly  been o f m utual b e n e f i t .  One o f  

th e  a reas  in  vhich p rogress has been conspicuous i s  m u lt iv a r ia te  

s t a t i s t i c a l  tech n iq u es .

The p re d e lic t io n  o f  p h y sica l a n th ro p o lo g is ts  to  in c lu d e  a 

number o f  c o rre la te d  v a r ia b le s  in  th e i r  betw een-group comparisons 

p re se n ts  a problem fo r da ta  a n a ly s is  using u n iv a r ia te  s t a t i s t i c a l  

te ch n iq u es . The a n a ly s is  o f  c o r re la te d  v a r ia b le s  using
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u n iv a r ia te  approaches i s  le ss  than  s a t i s f a c to ry  fo r  two reaso n s . 

F i r s t ,  th e  c a lc u la tio n  o f  p ro b a b i l i t i e s  becomes d is to r te d  when 

each v a r ia b le  i s  counted as i f  i t  were an independent p iece o f 

ev idence . Second, t r e a t in g  each v a r ia b le  as a s e p a ra te  p iece  o f 

evidence ignores much in te r e s t in g  inform ation concerning the 

r e la t io n s h ip  between th e  v a r ia b le s  them selves. M u ltiv a r ia te  

approaches to e s tim atio n  and h y p o thesis  te s t in g  were developed by 

F isher (1936) and Mahalanobis (1 936), a lthough  com pu ta tionally  

sim pler techn iques were more o f te n  used b e fo re  th e  advent o f  

modern com puters. The m u lt iv a r ia te  techn iques commonly in  use 

today re p re se n t broader g e n e ra liz a tio n s  o f  th e i r  u n iv a r ia te  

c o u n te rp a r ts , in c lu d in g  th e  m u lt iv a r ia te  g en era l l in e a r  model 

which em phasizes the  common th re a d s  running th rough  a v a r ie ty  o f  

tech n iq u es  (Bock 1975; Finn 1974; H a rris  1975).

T his work i s  an a ttem p t to  fo llow  th e  lead s e t  by Sewall 

W right in  the  use o f  path a n a ly s is  fo r  the s tu d y  o f  b io m e tric a l 

v a r ia t io n  (W right 1920, 1932, 1934, 1960, 1968, 1969, 1977,

1978a, 1978b). Path a n a ly s is  i s  p rim a rily  a s e t  o f  tech n iques 

which a llow  an in v e s t ig a to r  to  determ ine i f  a given causa l model 

i s  c o n s is te n t w ith  a s e t o f  observed c o r r e la t io n s .  In  i t s  

s im p le s t form i t  resem bles m u lt ip le  re g re ss io n  on s tandard ized  

v a r ia b le s ,  but th e  method can be used to  s tu d y  any l in e a r  model. 

E s s e n tia l  to  the  use o f path  a n a ly s is  i s  a p a th  diagram which 

prov ides a p ic tu re  o f th e  causal r e la t io n s h ip s  among the 

v a r ia b le s  in  a p a r t ic u la r  model. Although path a n a ly s is  i s  as 

o ld  as many o ther m u ltiv a r ia te  tech n iq u es  used in  b iom etry , i t  is
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l e s s  widely known and u t i l i z e d .  Commenting on the reasons fo r  

th e  slow development o f pa th  a n a ly s is ,  C.C. Li observes:

The path method has been "u n d e ru tiliz ed "  in  b io logy  

(and in  o th e r f i e l d s ) , p a r t ly  because we are  

overwhelmed by th e  beauty  and lo g ic  o f  form al 

s t a t i s t i c a l  methods and p a r t ly  because we wish to  be 

re lie v ed  o f r e s p o n s ib i l i ty  o f  using  a concept o f  our 

own. Consequently, many, i f  n o t m ost, o f  the  so -c a lle d  

"analyses" a re  sim ply based on pre-programmed 

procedures, re g a rd le ss  o f  th e  p a r t ic u la r  meaning o f  

each of th e  v a r ia b le s  under s tudy , s t i l l  l e s s  on th e i r  

p o ss ib le  s tep  by s te p  r e la t io n s h ip s .  (Li in  Morton and 

Chung (eds) 1978 :86).

However, th e  book from which t h i s  quote i s  taken  i s  ample 

evidence o f renewed in t e r e s t  in  pa th  a n a ly s is .  Much o f  t h i s  

i n t e r e s t  i s  found in  so c io lo g ic a l a p p lic a t io n s , and more re c e n tly  

in  epidem iology. Although Morton and Rao have been vocal 

p roponents of th e  use o f  p a th  a n a ly s is  fo r  th e  s tu d y  o f

b io m e trica l v a r ia tio n  in  man (Morton and Rao 1978; Morton, e t

a l .  1975) th e i r  work has cen te red  p rim arily  on modeling th e

g enetic  and environm ental determ inants o f  in te l l ig e n c e  t e s t  

s c o re s . This has had one v ery  fo r tu n a te  e f f e c t .  The models and 

e s tim a tio n  procedures developed by Morton and h is  a s s o c ia te s  have 

been subjected  to  fa r  more c a re fu l s c ru tin y  and c r i t ic is m  ( c f .  

Goldberger 1978) than would s tu d ie s  on th e  g enetic  determ inan ts 

o f  leg len g th . T h is work on anthropom etric  v a r ia t io n  b e n e f i ts
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g re a t ly  from th e  a t te n t io n  Which has been lav ish ed  on the  I.Q . 

d e b a te .

Two c e n tra l  themes w i l l  unfold  as th is  work p ro g re s se s . The 

f i r s t  i s  the  need fo r  understand ing  the g e n e tic  and environm ental 

f a c to r s  which combine to  produce bo th  b io m etric  v a r ia t io n  and 

c o v a r ia tio n . A p a th  model i s  developed in  th e  second ch ap ter 

which may be used to  th i s  end . The second theme concerns th e  

d i f f i c u l t y  o f  u n d e rs tan d in g  th e  causes o f  betw een-group 

v a r ia t io n ,  e s p e c ia l ly  in  th e  absence o f a good understand ing  o f  

w ith in -g roup  v a r ia t io n .  S tandard  m u ltiv a r ia te  s t a t i s t i c a l  

te ch n iq u es  for th e  study o f  betw een-group and w ith in -g roup  

v a r ia t io n  can be improved by th e  development and te s t in g  o f  

a s so c ia te d  path m odels.

1 .2  W ithin Group V a ria tio n

The a p p lic a tio n  o f  t r a d i t i o n a l  methods from b io m e tr ic a l 

g e n e tic s  to  the s tu d y  o f  q u a n t i ta t iv e  v a r ia t io n  in  man has 

proceeded along two r e l a t iv e ly  independent f r o n ts .  Some workers 

have made e s tim a te s  o f th e  h e r i t a b i l i t y  o f  d i f f e r e n t  

an thropom etric  t r a i t s  t r e a t in g  each  v a r ia b le  independently  (C la rk  

1956 ; Osborne and DeGeorge 1959 ; Vandenberg 1962; M ueller
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1976, 1977, 1978; M ueller and Titcomb 1977; Susanne 1975, 1977; 

Rao, e t  a l .  1975). O ther w orkers have used m u ltiv a r ia te  

tech n iq u es  (such as PCA or fa c to r  a n a ly s is )  to  examine th e  

phenotypic c o rre la tio n  o f  anthropom etric t r a i t s  (B u rt 1944; Burt 

and Banks 1947 ; Thurstone 1946, 1947; Hammond 1942; Heath

1952; Howells 1951; Vandenberg 1968; Rhoads 1972).

The merging o f  th ese  two approaches in  th e  area o f  

m u lt iv a r ia te  m orphom etries (B lack ith  and Reyment 1966) has had to  

w ait fo r  th e  development o f  f a s t e r  com puters and g e n e ra lly  

a v a ila b le  program s. Work in  t h i s  a rea  i s  in c re a s in g , and 

rep o rted  s tu d ie s  inc lude  work by re se a rc h e rs  a t  Indiana

U n iv e ris ty  on d e n ta l ,  derm atog lyphic , and c ra n io fa c ia l  v a r ia t io n  

( P o t te r ,  e t  a l .  1968,1976; N akata, e t  a l .  1974a, 1974b,

Susanne and Sharma 1978; DeFrise-Gussenhoven and Susanne 1978), 

and the p ioneering  study o f  an thropom etric  v a r ia t io n  by Howells 

(1953). A re c e n t attem pt a t  examining m u lt iv a r ia te  p a t te rn s  in  

h e r i t a b i l i t y  fo r  nonmetric t r a i t s  in  Rhesus monkeys has a ls o  been 

rep o rted  (Cheverud and B u ikstra  1981a, 1981b). The study by

Howells examined the c o r r e la t io n  between b ro th e rs  on fa c to r  

sco re s . Although the exam ination o f  phenotypic c o r re la t io n s  

based on s ib  p a ir s  i s  not s u f f i c i e n t  to  p a r t i t io n  fo rm ally  

g en e tic  and environm ental causes o f  c o v a r ia t io n , t h i s  study d id  

dem onstrate fam ily  resemblance in  a m u lt iv a r ia te  framework. 

S im ila r techniques have been used by th e  Ind iana group. In 

a d d itio n  they have applied  th e  methods described  by Vandenberg 

(1965; Bock and Vandenberg 1968; see  a lso  D efrise  1970) fo r
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m u ltiv a r ia te  tw in  s tu d ie s .  T h is  m u lt iv a r ia te  g e n e ra liz a tio n  o f  

th e  id e n t ic a l  v s .  f r a te r n a l  twin method s u f f e r s  from the same 

problems o f low sample s iz e s  and la c k  of c o n tro l fo r  dominance, 

fam ily  environm ent, and gene-environm ent c o v a r ia tio n  which 

p lagues a l l  tw in s tu d ie s  (Kamin 197*1; Lewontin 1975).

As more s o p h is tic a te d  models fo r s in g le  t r a i t  h e r i t a b i l i t y  

a re  developed th e se  may be extended to  a m u lt iv a r ia te  s tu d y . 

However, no s tu d ie s  have as y e t a ttem pted to  p a r t i t i o n  th e  

phenotypic c o r re la tio n  between m e tric  t r a i t s  in to  g en e tic  and 

environm ental components in  a human p o p u la tio n .

A nth ropo log ists  may be fo rg iv en  fo r  n o t examining th e  

g en e tic  and environm ental components o f  c o v a r ia tio n  between 

t r a i t s ,  fo r  th i s  a re a  has receiv ed  r e la t iv e ly  l i t t l e  a t te n t io n  

from b io lo g is ts  and b io m e tric ia n s  as  w ell (B a ile y  1956; Leamy 

1977; M isra 1966; Rouvier 1966; F alconer I960; S e a rle  1961; 

Cheverud and B u ik stra  1981a,b; Smith e t  a l .  1962; H ashiguchi 

and Morishima 1969). The r e s u l t s  o f  s e v e ra l  em p iric a l s tu d ie s  

w il l  be reviewed once th e  concep ts o f  path  a n a ly s is  have been 

in troduced  in  th e  second c h a p te r . The s tu d y  o f  gen etic  

c o v a r ia tio n  between t r a i t s  can o n ly  begin a f t e r  th e  genetic  and 

environm ental b a s is  o f  s in g le  t r a i t s  i s  b e t te r  understood . This 

has always been a se r io u s  problem in  the s tu d y  o f  man, where 

e s tim a te s  o f  h e r i t a b i l i t y  must be made w ithou t th e  o p p o rtu n ity  

fo r  c o n tro lle d  b reed in g , s e le c t io n  experim en ts, o r  randomized
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environm ents. In a d d itio n , many m isconceptions concerning the  

meaning o f  h e r i t a b i l i t y  s t i l l  p e r s i s t .

1 .2 .1  The concept o f  h e r i t a b i l i t y

The h e r i t a b i l i t y  o f  a t r a i t  i s  commonly defined  in  two 

d i f f e r e n t  ways. H e r i ta b i l i ty  in  th e  broad sense i s  taken to  be 

th e  r a t io  o f  g e n e tic  v a rian ce  to  t o t a l  phenotypic v a rian ce  in  a 

p o p u la tio n  (Li 1978; F alconer 1960). For use  in  p la n t and 

animal breeding a second v ersion  c a lle d  narrow  h e r i t a b i l i t y  i s  

more u s e f u l .  The narrow h e r i t a b i l i t y  o f  a t r a i t  i s  the  r a t io  o f  

a d d itiv e  genetic  v a rian ce  to  t o t a l  phenotypic v a r ia n c e . This 

l a t t e r  fo rm u la tio n  i s  based on th e  a d d itiv e  genotypic (b reeding) 

value o f  an organism (F alconer 1960) and i s  re le v a n t  to  p r a c t ic a l  

concerns such as develop ing  b igger eggs and f a t t e r  cows. • In  both 

d e f in i t io n s  the t o t a l  phenotypic v a rian ce  i s  a r e s u l t  o f  g e n e tic  

p lu s  environm ental v a r ia t io n .  B iom etric v a r ia t io n  in  n a tu ra l  

p o p u la tio n s  i s  never due to  genes o r environment a c tin g  a lo n e . 

Both ty p es  o f h e r i t a b i l i t y  a re  based on th e  components o f  

variance  p resen t in  a p o p u la tio n . H e r i ta b i l i ty  has  no meaning a t  

th e  in d iv id u a l le v e l .  I f  an in d iv id u a l i s  170 cm t a l l  i t  makes 

no sense to  ta lk  about what p ro p o rtio n  o f h is /h e r  h e ig h t i s  due 

to  genes. Since a l l  h e r i t a b i l i t y  e s tim a te s  are  a fu n c tio n  o f  the  

amount o f  environm ental v a r ia t io n  p re sen t in  th e  p o p u la tio n , 

h e r i t a b i l i t y  w i l l  change from one popu la tion  to  an o th er even when
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the g e n e tic  b a s is  for th e  t r a i t  i s  the same. H e r i ta b i l i ty  

lik ew ise  depends upon th e  amount o f  g en e tic  v a r ia t io n  p re sen t in  

a given p o p u la tio n . Thus the h e r i t a b i l i t y  o f  a t r a i t  such a s  arm 

leng th  i s  an a t t r ib u te  o f  a p a r t ic u la r  popu la tion  in  a p a r t ic u la r  

environm ental regim e. H e r i ta b i l i ty  i s  no t an a t t r ib u te  o f  arm 

leng th  i t s e l f .

E stim ates o f narrow h e r i t a b i l i t y  are  u se fu l in  p la n t and 

animal breeding where th e  goal i s  to  p re d ic t  the  r e s u l t  o f  

s e le c t io n  fo r d e s ired  t r a i t s  w hile m ain ta in ing  a c o n s ta n t 

environm ent. H e r i t a b i l i ty  e s tim a te s  do n o t always p rov ide  

r e l i a b le  p re d ic tio n s  fo r  the  phenotypic change which r e s u l t s  from 

an environm ental change (Lewontin 1971*, 1975). This l im ita t io n  

on our a b i l i t y  to  p re d ic t  phenotypic response to  environm ental 

change a r i s e s  because we cannot be su re  t h a t  th e  response i s  

l in e a r .  Non l in e a r  response seems probable  because the  

environment i t s e l f  i s  a complex s e t  o f  elem ents (te m p e ra tu re , 

hum id ity , food re s o u rc e s , e t c . )  which in t e r a c t  w ith th e  

genotype. I f  a c o n tro lle d  la b o ra to ry  experim ent can sample the  

phenotypic response o f  a p o p u la tio n  acro ss  a la rg e  range o f  

environm ental co n d itio n s  then  the  norm or range o f  re a c tio n  fo r  

th a t  population  can be estim ated  fo r  each s e t  o f  environm ental 

f a c to r s .  In the s tudy  o f  n a tu ra l p o p u la tio n s , e s tim a te s  o f  

h e r i t a b i l i t y  are  lo c a l r a th e r  th an  global e s tim a te s  o f  a 

po p u la tio n  norm o f  re a c tio n  (Lewontin 197*1, 1975)- L inear

e x tra p o la tio n  from a response to  sm all environm ental changes 

along one dimension may be com pletely  m is le a d in g . These remarks
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on h e r i t a b i l i t y  imply th a t  the concept i s  o f  no use in  developing 

ed u ca tio n a l s t r a te g ie s  (Morton 1972, 1974; G oldberger 1978;

Lewontin 1970 a ,  1970b, 1974, 1975). The exam ination o f

h e r i t a b i l i t y  e s tim a te s  fo r  an th ropom etric  t r a i t s  rem ains a u sefu l 

e x e rc is e ,  with th e  p rov iso  th a t  no recommendations concerning 

environm ental in te rv e n tio n  s t r a t e g i e s  w i l l  be made from th e  

r e s u l t s .  The o n ly  way to  e s tim a te  th e  r e s u l t  o f an in te rv e n tio n  

(be i t  p ro te in  supplem ents fo r p h y s ic a l growth or e a r ly  childhood 

ed u ca tio n  fo r m ental growth) i s  to  conduct an experim ent 

(Kempthorne 1978).

One o f  th e  more i n s t r u c t iv e  m is in te rp re ta t io n s  o f  

h e r i t a b i l i t y  i s  found in  th e  l i t e r a t u r e  on c h ild  growth (Newman 

1975; M ueller 1977; M ueller and Titcomb 1977; R u sse ll 1976). 

The f a l l a c y  i s  t h a t  " red u c tio n  o f  h e r i t a b i l i t i e s  o f  growth s ta tu s  

might be expected in  s o c ie t ie s  where p ro te in -c a lo r ie  m a ln u tr it io n  

coupled w ith in fe c t io n  in c re a s e  th e  lik e lih o o d  and in te n s i ty  o f  

env ironm enta lly  caused growth d e lay s"  (M ueller 1977:134). But in  

f a c t  u n d e rn u tr i t io n  and d ise a se  may a f f e c t  th e  tim ing  and r a te  o f  

growth (hence achieved s iz e  fo r  a given age) w ithou t low ering th e  

h e r i t a b i l i t y  a t  a l l .  The f a l la c y  o f  reduced h e r i t a b i l i t y  a r i s e s  

from a confusion  between m easures o f  means and v a r ia n c e s , and 

between p o p u la tio n s  and in d iv id u a ls .

By d e f in i t io n  h e r i t a b i l i t y  e s tim a te s  are  based s o le ly  on th e  

r a t io  o f  two v a ria n c e s . H e r i t a b i l i t y  estim ates  a re  independent

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of means. C o rre la tio n s  between r e la t iv e s  are a ls o  based s o le ly  

on covariance and ignore mean d if f e r e n c e s .  In  a "good”

environm ent c h ild re n  may grow f a s t e r  th an  in  a "poor"

environm ent, b u t a t  a g iven age t h i s  i s  a d if fe re n c e  in

phenotypic means n o t v a ria n ce . The "good" environm ent may have a

higher mean p ro te in  and c a lo r ie  in ta k e  than  th e  "poor" one, b u t

th i s  does no t a f f e c t  a h e r i t a b i l i t y  e s tim a te  based so le ly  on

v a r ia n c e s . U nless th e re  i s  a d if fe re n c e  in  genetic  o r

environm ental v a r ia t io n  between th e  two p o p u la tio n s , the  c o n tra s t  

between "good" and "poor" environments need not lead  to  a

d if fe re n c e  in  h e r i t a b i l i t y .  This i s  an u n fo r tu n a te  consequence 

o f  the d e f in i t io n  o f  h e r i t a b i l i t y ,  which a rgues s tro n g ly  in  favor 

o f  studying  popu la tion  norms o f  re a c tio n  ra th e r  than  h e r i t a b i l i t y  

(Lewontin 1970a, 1970b, 1974, 1975).

The use o f  the  term  "environm ental v a r ia t io n "  i s  i t s e l f  

p rem atu re , s in ce  q u a n t i ta t iv e  assessm en ts o f  "environm ent" a re  

e lu s iv e .  Crude m easures o f  environm ent may be based on p a re n t’ s 

education  and socioeconom ic s t a t u s .  Yet th e re  i s  co n sid e rab le  

u n c e r ta in ty  regard ing  j u s t  what i s  being m easured, and how an

index o f  environment can be r e la te d  to  m easures o f  phenotype

(C lon inger, R ice and Reich 1979). Given our ig n o ran ce , we should 

n o t find  i t  unreasonable t h a t  M ueller (1976) and M ueller and

Titcomb (1977) re p o r t s im ila r  h e r i t a b i l i t y  e s tim a te s  fo r  

w ell-nourished  and m alnourished c h ild re n . In th e  absence o f  

d i r e c t  m easures o f  environm ental v a r ia t io n  from one study to

an o th e r , we can o n ly  guess a t  th e  r e l a t i v e  v a r i a b i l i ty  o f
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d i f f e r e n t  environm ents. As M ueller (1976) c o r re c t ly  p o in ts  o u t ,  

th e re  a re  fu r th e r  com plications which a r is e  when ch ild ren  and 

th e i r  p a re n ts  grow up in  d i f f e r e n t  environm ents. S tu d ies  in  

reg ions where ra p id  a c c u ltu ra tio n  has occurred in  th e  past few 

decades remain p ro b le m a tic .

Although i t  i s  d i f f i c u l t  to  measure environm ents, o r even 

come to  a s u i ta b le  d e f in i t io n  o f what f a c to r s  c o n s t i tu te  

"environm ent", i t  i s  q u i te  p o ss ib le  to  dem onstrate  the  in flu en ce  

o f  environment on an thropom etric  t r a i t s .  One form o f 

"environm ental in flu en c e"  which has been c le a r ly  dem onstrated i s  

th e  " c o h a b ita tio n  e f fe c t"  rep o rted  by Garn and h is  workers (G arn , 

e t  a l .  1979). S tu d ies  o f  both m e tric  and biochem ical s im i la r i ty  

between spouses and between paren t-ad o p ted  o ffsp rin g  p a i r s ,  

dem onstrate  th a t  common fam ily  environm ent has a m easurable 

e f f e c t .  The s im i la r i ty  o f  u n re la ted  persons who l i v e  to g e th e r  

a lso  in c re a se s  w ith  longer c o h a b ita tio n . This im p lie s  th a t  

a ttem p ts  to  measure h e r i t a b i l i t y  which do no t account fo r th e  

e f f e c t  o f  common fam ily  environm ent w i l l  produce in f la te d  

h e r i t a b i l i t y  e s tim a te s .
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1 .2 .2  H e r i t a b i l i t y  in  p ra c t ic e

S tud ies  o f  th e  h e r i t a b i l i t y  o f  anthropom etric  t r a i t s  may be 

conven ien tly  d iv ided  in to  those based on: (1) twin s t u d i e s ,  (2)

s ib  c o r re la t io n s  and p a re n t -o f f s p r in g  c o r r e l a t i o n s ,  and (3) 

m idparen t-o ffsp ring  re g re s s io n  or more complex models. This 

o rdering  r e f l e c t s  in c re a s in g  inform ation  co n ten t o f  the  d a ta  s e ts  

w ith  re fe ren ce  to  the  e s t im atio n  o f  h e r i t a b i l i t y .  As w i l l  be 

seen , t h e r e  i s  a p r e d ic ta b l e  i n f l a t i o n  o f  h e r i t a b i l i t y  e s t im ate s  

i n  the poorer d e s ig n s .  The term h e r i t a b i l i t y  i s  used throughout 

th e  remainder o f  t h i s  c h ap te r  in  th e  narrow sense , a lthough  most 

d a ta  s e t s  can on ly  e s t im a te  broad h e r i t a b i l i t y .

Vandenberg (1962) reviewed the r e s u l t s  o f  six  tw in  s tu d ie s .  

He notes th a t  th e  in fo rm ation  c o n ten t  a v a i l a b le  from monozygotic 

versus  d izy g o tic  twins i s  i n s u f f i c i e n t  to  e s t im a te  h e r i t a b i l i t y .  

Twin s tu d ie s  confound o th e r  f a c to r s  (dominance, common fam ily 

environment, a s s o r t a t i v e  m ating , gene-environment cov ar ian ce ,  

genotype-environment i n t e r a c t i o n ,  c o r r e la t io n  between the  

environments o f  parent and o f f sp r in g )  w ith  h e r i t a b i l i t y  

e s t im a te s .  These o ther f a c to r s  may cause the  h e r i t a b i l i t y  

e s t im ate  to  be i n f l a t e d .  Rather than  use th e  data to  e s tim ate  

h e r i t a b i l i t i e s  w ith  u n r e a l i s t i c  eq u a t io n s ,  Vandenberg r e t r e a t s  to  

comparing DZ/MZ F r a t i o s .  He i s  s tudying fam ily  resemblance in  

th e  broad sense and not r e l a t i v e  degrees o f  gene tic  d e te rm ina tion
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in  d i f f e r e n t  t r a i t s .  Vandenberg demonstrated g re a te r  fam ily  

resemblance for l in e a r  measurements than fo r  width and g i r t h  

measurements as a general trend  ac ro ss  the  s ix  s tu d ie s .  The 

g ene tic  component o f  th i s  family resemblance i s  unknown.

A nunber o f  s tu d ie s  examine s ib - s ib  and p a re n t -o f f s p r in g  

c o r r e l a t i o n s  fo r  anthropometric t r a i t s  (Howells 1953, 1966;

Susanne 1975; Mueller 1977). As in  twin s tu d ie s ,  where workers 

a r e  reduced to us ing  F r a t i o s ,  t h e r e  i s  a tem p ta tion  to  i n t e r p r e t  

th e  c o r re la t io n  c o e f f i c i e n t s  themselves r a th e r  than  c a lc u la te  

h e r i t a b i l i t i e s  using  suspec t methods. The r e t r e a t  to  using th e  

c o r r e la t io n  c o e f f ic ie n ts  them selves i s  appealing  because th e y  a re  

c lo se r  to  the em pirica l " f a c t s . "  Yet th e r e  i s  a tendency to  

fo rg e t  th e  d i s t in c t io n  which must be made between c a lc u la t in g  the  

observed c o r r e la t io n s  and ac tin g  a s  i f  such c o r r e la t io n s  t e l l  us 

about th e  r e l a t i v e  importance o f  genes. I f  the model by which 

s i b - s i b  and p a re n t-o f fs p r in g  c o r r e l a t i o n s  produce h e r i t a b i l i t y  

e s t im a te s  i s  considered u n r e a l i s t i c ,  then we are  again  s tudy ing  

fam ily  resemblance in  th e  broad sense .

Howells (1966) examines the i n t r a c l a s s  c o r r e la t io n  o f  

s i b l in g s  in  a homogeneous popu la tion  i s o l a t e  ( th e  H u t te r i t e s )  fo r  

a nunber o f  anthropom etric  t r a i t s .  This s tudy produced an 

o rdering  o f  t r a i t s  r e f l e c t i n g  decreasing  fam ily  resem blance: 

l in e a r  measurements, t r a n s v e r se  d iam e te rs ,  and measures o f  f a t t y  

t i s s u e .  Howells notes t h a t  the measures co n ta in in g  a g r e a te r
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p ro p o r t io n  o f  f a t  (upper arm circum ference versus  w r i s t  diameter) 

show lower fam ily  resemblance. This o b se rv a t io n  i s  c o n s is te n t  

with the  idea t h a t  environmental causes p la y  a major ro le  in  

determ ining f a tn e s s .

The c o r re la t io n  s tu d ie s  by Susanne (1975) and Mueller (1977) 

have been extended by th e  use o f  b e t t e r  models in  t h e i r  o ther 

p u b l ic a t io n s  (Susanne 1977; M ueller 1976), so we s h a l l  no t 

review th e  c o r re la t io n  r e s u l t s  h e re .  In th e  o ther  s tu d ie s  by 

Mueller (1976; Mueller and Titcomb 1977) and Susanne (1977) two 

d i f f e r e n t  methods fo r  the  e s t im a tio n  o f  h e r i t a b i l i t y  have been 

employed. Susanne uses the method o f  F is h e r  (1918) which 

re q u ire s  inform ation on spouse-spouse , p a r e n t - o f f s p r in g ,  and 

s ib - s i b  c o r r e la t io n s .  T h is  method takes  in to  account a s s o r t a t iv e  

mating and dominance e f f e c t s ,  bu t a s e p a ra te  e s t im ate  o f  common 

fam ily environment i s  n o t  a v a i l a b le .  S im i la r i ty  o f  s ib s  may be 

i n c o r r e c t ly  a sc r ibed  to  dominance e f f e c t s ,  and an - in f l a t e d  

e s t im ate  o f  h e r i t a b i l i t y  w i l l  be ob ta ined  i f  any o th e r  

com plications e x i s t  ( gene-environment co v ar ian ce ,  c o r r e la t io n  o f  

p a ren t and o f f sp r in g  environments, e p i s t a s i s ,  gene-environment 

i n t e r a c t i o n ) .  Mueller (1976; M ueller and Titcomb 1977) uses 

m id p a ren t-o ffsp r in g  re g re ss io n  which i s  s im i la r  to  F i s h e r ' s  

model. M idparen t-o ffsp ring  re g re s s io n  does n o t  es tim ate  the 

e f f e c t s  o f  common home environm ent. Dominance and a s s o r t a t iv e  

mating do not s e r io u s ly  i n f l a t e  th e  reg re ss io n  e s t im a te s ,  bu t 

f u r th e r  com plications which F i s h e r ' s  model leav es  out a re  a lso  

l e f t  out o f  the m id p a ren t-o ffsp r in g  re g re ss io n  model. These
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methods do o f f e r  an improvement over th e  s im pler  models 

underly ing  twin s tu d ie s  or simple p a re n t-o f f s p r in g  c o r r e la t io n .  

Accordingly , th e y  g e n e ra l ly  g ive  lower e s t im a te s  than models
i. * —~

based on le s s  in fo rm atio n .

Susanne (1977) p re se n ts  a decreasing  order o f  h e r i t a b i l i t y  

f o r :  l i n e a r  measurements, d iam eters  o f  p e lv is  and w eight, and

circum ference o f  l im bs. This echoes th e  r e s u l t s  from tw in 

s tu d ie s  and c o r re la t io n  s tu d i e s .  Mueller (1976) r e p o r t s  a range 

o f  h e r i t a b i l i t y  e s t im a te s  from 0.31 to  0 .58 f o r  s t a t u r e .  He 

no tes  t h a t  these  a re  lower than e s t im a te s  made by doubling the  

p a re n t -o f f s p r in g  c o r re la t io n  (0.MU-0.88) and con sid e rab ly  lower 

than e s t im a te s  from twin s tu d ie s  ( 0 .9 - 1 .2 8 ) .  The va lue  o f  0.788 

given by Susanne (1977:575) fo r  s t a tu r e  f a l l s  o u ts id e  the  range 

rep o rted  by Mueller (1976). The h igher e s t im a te  obtained by 

Susanne (1977) m aybe due to  many causes , and th e se  serve to  warn 

us about comparing h e r i t a b i l i t y  e s t im a te s  from d i f f e r e n t  

p o p u la t io n s .  Lower environmental v a r ia t io n  in  th e  Belgian sample 

might account fo r  the  h ig h e r  h e r i t a b i l i t y  e s t im a te .  A h ig h e r  

h e r i t a b i l i t y  va lu e  might also be due to th e  g ene tic  makeup o f  the 

Belgian sample. One "g en e t ic "  exp lana tion  fo r a h igher es tim ate  

i s  th a t  gene tic  v a r ia t io n  i n  the  Belgian sample i s  in f la te d  

because i t  re p re se n ts  a number o f  s u b -p o p u la t io n s .  As Howells 

(1966) d iscove red , t r e a t i n g  samples from European co u n tr ie s  as 

homogeneous w i l l  produce in f l a t e d  e s t im a te s .  D esp ite  th e  high 

value obtained by Susanne, the general r e l a t i o n s h ip  between 

s o p h is t i c a t io n  o f  model and h e r i t a b i l i t y  e s t im a te  remains a
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u se fu l  explanation fo r  some o f  the system atic  d i f f e r e n c e s  between 

s tu d ie s .  In f la te d  e s t im a te s  o f  h e r i t a b i l i t y  a re  reduced as more 

f a c to r s  a re  included in  th e  model. More in form ation  i s  necessary  

in  order to  e s t im a te  the g re a te r  number o f  param eters  requ ired  by 

more r e a l i s t i c  models. Th is  inform ation  can come from adding an 

observed measure o f  environment, o r  inc lud ing  o b s e rv a t io n s  on the  

phenotypic resemblance o f  r e l a t i v e s  o the r  than  the  n u c lea r  family 

s e t  ( p a re n t -o f f s p r in g ,  spouse-spouse , and s i b - s i b ) .  Both kinds 

o f  ad d i t io n a l  in fo rm ation  may be combined.

A path model p resen ted  by C.C. Li (1976, 1978) adds the

phenotypic c o r r e la t io n  between h a l f  s ib s  and a llow s a 

p a r t i t io n i n g  o f  th e  e f f e c t s  o f  dominance and common home 

environment. A s im p l i f ie d  form o f  t h i s  model ( ig n o r in g  dominance 

e f f e c t s )  w ill  be p resen ted  in  more d e t a i l  in  Chapter 2 as i t  

forms th e  basis  f o r  some o f  the  models used in  th i s  s tu d y .

Morton and h i s  a s s o c ia te s  (Rao, e t  a l .  1975) have f i t t e d  a 

d i f f e r e n t  path model to  d a ta  on h e ig h t  and weight o f  c h i ld re n  and 

a d u l ts  in  B ra z i l .  This model assumes t h a t  a s s o r t a t i v e  mating, 

gene-environment co v a r ian ce ,  and dominance e f f e c t s  a re  

n e g l ig ib l e .  One im portan t new f e a tu re  i s  t h a t  th ey  add an index 

o f  common fam ily environment to  the  a r r a y  o f  observed 

c o r r e la t io n s .  Th is  index i s  formed via  m u l t ip le  re g re s s io n  of 

th e  phenotype ( s e p a r a te ly  fo r  h e ig h t  or weight) on a s e t  o f  

v a r ia b le s  which a re  in d ic a to r s  o f  environment. In  t h e i r  s tudy
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they use so c ia l  and medical in fo rm ation  inc luding  p a re n ta l  

l i t e r a c y ,  so c ia l  l e v e l ,  lo n g i tu d e ,  l a t i t u d e ,  lo c a l  d e n s i ty ,  and 

occurrance o f  c e r t a in  d is e a s e s .  By attem pting  to  measure the 

common family environment i t s e l f ,  they take  an important s tep  

toward te s t in g  more r e a l i s t i c  m odels. The e s tim ates  fo r  

h e r i t a b i l i t y  o f  s t a t u r e  and weight averaged over a l l  ages are  

about 0.44 and 0 .42 , r e s p e c t iv e ly .  These e s tim ates  fo r  

h e r i t a b i l i t y  a re  in  the c e n tre  o f  th e  range reported by Mueller 

(1976). In both m easures, common fam ily  environment c o n tr ib u te s  

an a d d i t io n a l  0. 18 to th e  c o r r e la t io n  between s ib l in g s .  I t  would 

appear th e  common fam ily environment does s ig n i f ic a n t ly  in c rease  

f a m i l i a l  c o r r e la t io n s .

The in c lu s io n  o f  an environm ental index a lso  allows the  path 

model to  be overdeterm ined. This im p lies  th a t  th e re  are more 

equations  to  be solved than  the re  a r e  param eters to  be estim ated 

(o r  a l t e r n a t i v e l y  i t  assumes t h a t  some param eters  a re  z e r o ) .  A 

maximium l ik e l ih o o d  s o lu t io n  i s  used by Morton and co-workers 

(Morton 1974) which a llow s s in g le  degree o f  freedom s ig n if ic an ce  

t e s t s  fo r  param eters  based on a l a r g e  sample chi square 

approxim ation. However, Li (1976) p o in ts  o u t  the  the use o f  t h i s  

approach a t  an e a r l y  s ta g e  o f  in v e s t ig a t io n  may be 

co u n te rp ro d u c tiv e .

The use o f  s ig n i f ic a n c e  t e s t s  on in d iv id u a l  parameter values 

assumes t h a t  the  b a s ic  form o f  the pa th  model i s  known, and the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

study i s  simply undertaken fo r  the  sake o f  param eter e s t im a t io n .  

The maximun l ik e l ih o o d  method f in d s  a s o lu t io n  by minimizing the  

d i f f e r e n c e s  between observed and expected param eter v a lu e s .  I f  

the  expected v a lu es  are  in c o r r e c t  because th e  ' t r u e '  model i s  not 

being f i t t e d  then the  f i t t i n g  technique w i l l  no t g iv e  a c o r r e c t  

s o lu t io n .  In f a c t ,  the  so lu t io n  w i l l  h id e  any l a r g e  

d iscrepanc ies  in  one or two parameter e s t im a te s  which might 

o therw ise  appear.

An a d d i t io n a l  problem with th e  use o f  environmental indexing 

i s  decid ing  vrtiat to  measure in  the  environm ent. The v a r ia b le s  

which form the environmental index used in  th e  s tudy o f  h e ig h t  

and w sight in  B ra z i l  (Rao, e t  a l .  1975) a re  a hodgepodge o f  

f a c to r s .  What a re  lo n g itu d e  and l a t i t u d e  doing in  an equation 

p re d ic t in g  phenotype over an area th e  s ize  o f  B ra z i l?  They could 

be a proxy for many th in g s  in c lu d in g  g e n e t ic  d i f f e r e n t i a t i o n  

between reg iona l populations! There i s  l i t t l e  a ttem pt to  j u s t i f y  

th e  use o f  a p a r t i c u l a r  s e t  o f  v a r i a b l e s ,  and no unders tand ing  o f  

th e  causa l pathways from the  index v a r ia b le s  to  phenotype. I t  

seems t h a t  environmental indexing i s ,  fo r  now, n o th ing  but a very 

c le v e r  mathematical device for c r e a t in g  over-determ ined s e t s  o f  

e q u a t io n s .

The model used by Rao, e t  a l .  (1975) a lso  allows th e  

h e r i t a b i l i t y  e s t im a te s  to  be d i f f e r e n t  in  th e  p a ren t  and 

o f f s p r in g  gen era tio n s .  Once th e  p o s s i b i l i t y  o f  d i f f e r e n t
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h e r i t a b i l i t y  e s t im a te s  was allowed f o r  in  path models, 

d i f f e r e n c e s  in h e r i t a b i l i t y  were found between genera tions  for 

both an thropom etric  and I.Q . d a ta  (Rao, e t  a l . 1975; Rao and

Morton 1978). Rao, e t  a l .  (1975) seem to  fe e l  the  g ene tic  bas is  

o f  heigh t and weight is  somehow th rea ten ed  by d i f fe re n c e s  in  

h e r i t a b i l i t y  e s t im a te s  from one genera tion  to  the n e x t .  Although 

i t  i s  em barrassing fo r those  who b e l ie v e  i n c o r r e c t ly  th a t  

h e r i t a b i l i t y  i s  an a t t r i b u t e  of a t r a i t ,  th e r e  i s  nothing 

su p r is in g  in  v a r ia b le  e s t im a te s .  Rao, e t  a l .  (1975) a lso  imply 

t h a t  h igh h e r i t a b i l i t y  e s t im a te s  a re  in  some way incom patible  

with se c u la r  t r e n d ,  and a re  re l ie v ed  to  d iscover lower es tim ates  

f o r  h e r i t a b i l i t y  in  t h e i r  own d a ta .  Thus Rao, e t  a l .  (1975) 

jo in  th o se  who confuse means and v a r ia n c e s ,  and a lso  those who 

b e l ie v e  t h a t  h e r i t a b i l i t y  can p r e d i c t  th e  e f f e c t  o f  an 

environmental change. They make the  l a t t e r  m istake again in  the 

I.Q . d eb a te ,  when they suggest t h a t  a d u l t  education  programmes 

may be more succesfu l than  e a r ly  childhood programmes because 

a d u l t  h e r i t a b i l i t y  for I .Q . i s  lower than  th a t  f o r  c h i ld re n .  

(Rao, Morton and Yee 1976: 238).

1 .2 .3  F u r ther  com plications in  f a m i l ia l  c o r r e la t io n s

Changes in  the  h e r i t a b i l i t y  o f  anthropom etric  t r a i t s  with 

age p re s e n t  a challenge  to  the  a n a ly s is  o f  d a ta  on c h i ld  growth, 

bu t such changes may a lso  help to  explain  the  p a t t e r n s  o f
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v a r ia t io n  in  p a re n t -o f f s p r in g  and s ib - s ib  c o r r e la t io n s  a t  

d i f f e r e n t  ages (Bayley 1954; Cawley, e t  a l .  1954; Morton 1955; 

Tanner and Israelsohn  1963; Furusho 1963, 1964, 1968; Mueller

1977, 1979). The general trend fo r  c o r r e la t io n s  appears to  be:

(1) s ib - s ib  c o r r e la t io n s  d ec lin e  with in c re as in g  d if fe ren ce  in  

age between s i b s ,  and (2 ) p a re n t-o f f s p r in g  c o r r e la t io n s  increase  

a s  the c h i ld  grows o ld e r ,  o r  when th e  pa ren ts  are  younger. A 

fu r th e r  com plication i s  brought about by higher values fo r  

m other-o ffsp ring  versus f a th e r -o f f s p r in g  c o r r e la t io n s  (maternal 

e f f e c t s )  and h ig h e r  va lues  for some l ik e - s e x  s ib - s ib  c o r r e la t io n s  

(sex e f f e c t s ) .  The observed phenotypic c o r r e la t io n  fo r  

p a re n t-o f f s p r in g  and s ib - s ib  p a i r s  confounds a l l  o f  th ese  

f a c to r s ,  and i t  i s  no t y e t  p o ss ib le  to  s tudy  each e f f e c t  

s e p a ra te ly .

The ac tion  o f  a g e - l im ited  genes and t r a n s ie n t  environmental 

e f f e c t s  have been advanced to  account fo r  the  decreasing 

resemblance o f  s i b s  separa ted  in  age by g r e a te r  numbers o f  years  

(Bouchard 1980). M ueller (1977, 1979) reviews r e s u l t s  fo r

school-aged s i b s  versus  a d u l t  s i b s ,  and suggests  th a t  t r a n s i e n t  

environmental e f f e c t s  must be r e sp o n s ib le  fo r the  p a t te rn  o f  

d i f f e r e n c e s  between a d u l t  s ib s .  The p a t te r n  for s ib - s ib  

c o r r e la t io n s  for a d u l t  s i b s  fo llow s the  general p a t te rn  o f  

g r e a te s t  c o r r e la t io n s  fo r  bone measurements, lower c o r r e la t io n s  

fo r  c ircum ferences and mass, and lowest fo r  s k in fo ld s .  In 

school-aged s ib s  the  c o r r e la t io n s  fo r  a l l  measurements a re  more 

s im ila r  to  those fo r  bone measurements, except s u p r a i l l i a c  and
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medial c a l f  s k in fo ld s ,  and r e l a t i v e  s i t t i n g  h e ig h t .  Among those 

a d u l t  s i b s  separa ted  by more than seven y ears  in  age , 

c o r r e la t io n s  fo r  a l l  but bone measurements d ec rea se .  Thus i t  

appears t h a t  th e re  i s  more v a r i a t io n  between ad u lt  s ib  p a i r s  than 

between school-aged p a i r s  in a l l  bu t bone measurements.

Temporal v a r ia t io n  in  p a re n t -o f f s p r in g  c o r r e l a t i o n s  has a lso  

been observed (Mueller 1976; Furusho 1964; Rao, e t  a l .  1975).

A common approach has been to  a ttem pt to  c o r r e c t  f o r  the  

ag e - re la te d  v a r ia t io n  s t a t i s t i c a l l y ,  o r  study c h i ld re n  a t  a

s in g le  ag e .  This has n o t  led  to  a b e t t e r  unders tand ing  o f  th e  

reasons  f o r  temporal v a r i a t i o n .  The o p e ra t io n  o f  t r a n s i e n t  

environmental e f f e c t s  i s  implied by the  o b se rv a tio n  th a t  younger 

p a re n ts  a re  more h igh ly  c o r r e la te d  with t h e i r  o f f sp r in g  than

o ld e r  ones are (Furusho 196*4; M ueller 1976). C ro s s -s e c t io n a l  

d a ta  confounds t r a n s i e n t  environment e f f e c t s  w ith  o ther

mechanisms s ince  the  age d i f f e r e n c e  between paren t and o f f s p r in g  

i s  always le s s  fo r  o lde r c h i ld r e n .  The r e s o lu t io n  o f  t h i s  

problem must aw ait  the  a n a ly s is  o f  more lo n g i tu d in a l  data using  

more d e ta i le d  models. Garn and Rohmann (1966) show t h a t  

p a re n t -o f f s p r in g  c o r r e la t io n s  do vary a s  c h i ld re n  age i n  a 

lo n g i tu d in a l  sample. T h is  im p l ic a te s  f a c to r s  o th e r  than

t r a n s i e n t  environmental e f f e c t s ,  perhaps in c lu d in g  a g e -sp e c i f ic  

genes. Thus i t  appears  t h a t  a model which allows fo r  both 

t r a n s i e n t  environmental e f f e c t s  and a g e - l im ited  genes w i l l  be 

req u ired  to  exp lain  the o b se rv a t io n s  which have been re p o r te d .
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Maternal e f fe c t s  have been observed , e s p e c ia l ly  fo r  

b ir th w e ig h t  and p o s tn a ta l  weight (Morton 1955; Rao, e t  a l .  

1975; Morton and Rao 1978; M ueller 1976). Maternal e f f e c t s  

would tend to produce higher m o th e r-o f f  spring  than

f a th e r - o f f s p r in g  c o r re la t io n s  in  the absence o f  any o th e r  

com plica ting  f a c to r s .  U n fo rtu n a te ly ,  an a p p ro p r ia te  pa th  model 

has  not been applied which might i s o l a t e  t h i s  e f f e c t  in  

anthropom etric  data . Few s tu d ie s  have c o l le c te d  sep a ra te  

e s t im a te s  o f  environment fo r  mother and f a t h e r ,  so such models 

could n o t  yet be f i t t e d .  Nor, a s  has been d iscussed  b e fo re ,  do 

we have an adequate knowledge o f  how to  c h a r a c te r iz e  the complex 

i n t e r p l a y  o f  f a c to r s  which we c a l l  "environment." Comparing 

phenotypic c o r re la t io n s  f o r  s t a t u r e ,  M ueller (1976) found th a t  

th e  m other-ch ild  c o r re la t io n  was g re a te r  than th e  f a th e r - c h i ld  

c o r r e l a t i o n .  However, t h i s  d i f f e r e n c e  d isap p ea rs  when th e  

comparison i s  made on th e  separa ted  sex samples ( fa -son  v s .  

mo-da o r  mo-son vs. f a - d a ) . In a d d i t io n  to  the s t a t i s t i c a l  

problems o f  sample independence, v a lu es  fo r  some c o r r e la t io n s  

( fa -d a  and mo-da) show much v a r i a b i l i t y  in  th e  s tu d ie s  compared. 

The evidence fo r  a m aternal e f f e c t  on weight i s  l e s s  ambiguous.

The e f f e c t s  o f  sex l inkage  have a l s o  been sought in  da ta  on 

c h i ld  growth (Hewitt 1957a, 1957b; Tanner and Is rae lso h n  1963; 

Mueller 1976, 1977; M ueller and Titcomb 1977; R usse ll  1976). 

The expected p a tte rn  for X-linked t r a i t s  i s  th a t  l ik e - s e x  s ib - s ib  

c o r r e l a t i o n s  w i l l  be g r e a te r  than opposite  sex s ib - s ib  

c o r r e l a t i o n s ,  and th a t  p a re n t -o f f s p r in g  c o r r e la t io n s  fo r  l ik e
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sexes w ill be le s s  than p a re n t-o f f s p r in g  c o r re la to n s  fo r  opposite  

sexes (Hewitt 1957a; Hogben 1931; Wright 1969:^27). Evidence 

fo r  such an e f f e c t  i s  equ ivoca l,  and a t  l e a s t  one s tudy  produced 

the  op p o s ite  ob serv a tio n  (Tanner 1960). This may be due to  o th e r  

confounding e f f e c t s  which a re  not included in  the simple X-linked 

fo rm u la t io n .  In the  case  o f  Y-linked r e g u la to ry  genes with 

p le io t r o p ic  e f f e c t s ,  th e  above e x p e c ta t io n s  do no t ho ld .  Such an 

e f f e c t  o f  r e g u la to ry  genes on th e  Y chromosome has been suggested 

by Tanner (1960). Given the p re s e n t  evidence n e i th e r  a pure 

Y -linked or X-linked model w i l l  f i t .

In summary, s tu d ie s  o f  th e  h e r i t a b i l i t y  o f  anthropom etric  

t r a i t s  have made co n sid e rab le  p ro g re s s .  T h is  p ro g ress  has come 

about through th e  c o l le c t io n  o f b e t t e r  o b se rv a t io n s  in  the  f i e l d ,  

and more so p h is t ic a te d  and r e a l i s t i c  models fo r  th e  a n a ly s is  of 

d a ta .  As models have improved th e  e s t im a te s  o f  h e r i t a b i l i t y  have 

d ec rea sed ,  bu t many more com plications a f f e c t in g  the  expected 

phenotypic c o r r e la t io n  between r e l a t i v e s  have y e t  to  be 

a dequa te ly  t r e a t e d .
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1 .2 .4  C o rre la t io n s  between t r a i t s

Because the human body i s  made up o f  a number o f  

fu n c t io n a l ly  in te r r e l a t e d  p a r t s ,  i t  i s  always tem pting  to  move 

from the conside ra tion  o f  simple t r a i t s  to  the  m u l t iv a r i a t e  study 

o f  t r a i t  complexes. The move to  m u l t iv a r i a te  s tu d ie s  c a r r i e s  

with i t  a l l  the problems o f  s in g le  t r a i t  s t u d i e s .  There a re  

a d d i t io n a l  com plications involved which a re  unique to  

m u l t iv a r ia te  s tu d ie s .  In m u l t iv a r i a te  s tu d ie s  o f  an thropom etric  

v a r i a t i o n ,  we a re  once aga in  l im ited  to  in sp ec t io n  o f  phenotypic 

c o r r e la t io n s .  However, t h i s  t im e we begin  with th e  phenotypic 

c o r r e la t io n  of  t r a i t s  w ith in  an in d iv id u a l  r a th e r  th a n  between 

r e l a t i v e s .  The s t a r t i n g  p o in t f o r  a m u l t iv a r i a t e  a n a ly s is  o f  

between-group o r  w ithin-group v a r ia t io n  i s  o f t e n  a covariance  o r  

c o r r e la t io n  m a tr ix .  This m atrix  i s  often taken  f o r  granted as  an 

em pirica l f a c t  r a th e r  than  as  a r e s u l t  o f  severa l-  d i s t i n c t  

p ro cesses .

Two t r a i t s  in  the  same in d iv id u a l  may be c o r r e la te d  because 

they are  both influenced  by the same genes (p le io tro p y )  or 

c lo se ly  linked l o c i  (Turner and Young 1969:124). T h is  kind o f  

c o r r e la t io n  i s  c a l le d  a g en e tic  c o r r e l a t i o n .  S im ila r ly ,  two 

t r a i t s  in  the  same in d iv id u a l  may be c o r re la te d  because  the  l i f e  

experiences  o f  each in d iv idua l re p re se n t  an environment shared by 

th e  developmental pathways o f  both t r a i t s .  This  form o f
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c o r re la t io n  i s  called  an environmental c o r r e la t io n  between 

t r a i t s .  A general formulation e x i s t s  fo r  the  r e la t io n s h ip  o f  

pheno typ ic , genotyp ic , and environmental c o r r e la t io n s  o f  t r a i t s  

(Falconer 1960; S e a r le  1961):

rp (*»r) = (x>Y)  + *£ *-xe r [1*13

This p a r t i t io n in g  o f  th e  phenotypic c o r r e la t io n  ( rp ) in to  

a d d i t iv e  genetic  (rA) and environmental ( r £ ) components re q u ire s  

e s t im a te s  o f  the  h e r i t a b i l i t y  ( h 2- in  the  narrow sense) and 

environmental (ex ) co n tr ib u tio n  fo r  each t r a i t .  These 

h e r i t a b i l i t y  v a lu es  a re  the same e s t im a te s  sought in  th e  

u n iv a r ia te  study o f  v a r ia t io n .  The t i e s  between u n iv a r i a t e  and 

m u l t iv a r ia te  approaches to  b iom etrica l  g e n e t ic s  a re  emphasized by 

t h e i r  s im i la r  d a ta  requirem ents. The above equation  w i l l  be 

derived by path a n a ly s is  in  chap ter 2 , and a d e ta i le d  d iscu ss io n  

o f  i t  w i l l  be postponed u n i t l  t h a t  tim e. At t h i s  p o in t  i t  should 

be c lea r  t h a t  the  i n t e r p r e t a t i o n  o f  the  r e s u l t s  o f  a m u l t iv a r i a te  

a n a ly s is  o f  an thropom etric  measurements i s  confounded by the  

unknown mixture o f  these  two d i s t i n c t  components o f  phenotypic 

c o r r e la t io n .

In ad d it io n  to  th e  genetic  and enironm ental components o f
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phenotypic c o r r e l a t i o n ,  there  i s  a th i rd  kind o f  c o r r e la t io n  

which may a r ise  because o f  the  d e f in i t io n  o f  the v a r i a b le s .  

Often anthropom etric  s tu d ie s  inc lude  some measures which a re  in  

tu rn  segments o f  o ther v a r i a b le s .  A simple example would be 

s ta tu re  and leg len g th .  Because s t a tu r e  in c lu d es  leg  leng th  as 

one segment of i t s  va lue, th e re  i s  n e c e s s a r i ly  a c o r r e la t io n  

between th e  two measurements. These c o r r e la t io n s  o f  p a r t s  and 

wholes may be t r e a t e d  by pa th  a n a ly s is  and an example i s  g iven  by 

Li (1975:312-313). In the sea rch  fo r  the  underlying s t r u c tu r e  o f  

anthropometric v a r ia t io n  these induced c o r r e la t io n s  must be 

t r e a te d  d i f f e r e n t l y  from those based on some common underly ing  

f a c to r .  They t e l l  us about the d e f in i t io n  o f  our measurements 

and not about the  r e l a t io n s h ip  o f  body components.

Once a c o r r e la t io n  matrix has been produced, i t  can be 

sub jec ted  to  s t a t i s t i c a l  a n a ly s i s .  Two widely used techn iques  o f  

m u l t iv a r i a te  a n a ly s is  a re  P r in c ip a l  Components Analysis CPCA) and 

Factor A nalysis (Zegura 1978). Although th e se  techn iques  a re  

m athem atically  s im i la r  th e re  a re  q u i te  d i f f e r e n t  models lu rk in g  

behind th e  eq u a tio n s .  One approach views th e  e x is ten c e  o f  

c o r r e la te d  v a r ia b le s  as a nuisance which confounds model t e s t i n g .  

By a c le v e r  mathematical techn ique (PCA) the  c o r re la te d  v a r ia b le s  

a re  transformed in to  an equal number o f  new u n co rre la ted  o n es ,  

and a n a ly s is  continues  on these u n co rre la ted  v a r ia b le s .  

Following th i s  recommended approach (Zegura 1978) one would 

ha rd ly  expect to  t e s t  ideas  about why the o r ig in a l  v a r ia b le s  were 

c o r r e la te d  in th e  f i r s t  p la c e .  The f a c to r  a n a ly t ic  model
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recognizes t h a t  there  may be an underly ing  process  producing the 

observed c o r r e la t io n s ,  and a ttem pts  to f in d  a parsimonious s e t  o f  

" f a c t o r s ” or "causes" which reproduce th e  observed c o r re la t io n  

m a tr ix .  However, the  ex ten t to  which th e  r e s u l t  o f  such a 

procedure i s  a " t ru e "  causa l p ic tu re  i s  unknown. Given a matrix 

o f  phenotypic c o r r e la t io n s  between t r a i t s ,  a f a c to r  so lu t io n  

cannot a u to m a tica l ly  be expected to  y ie ld  fa c to r s  which n e a t ly  

p a r t i t i o n  genetic  and env iro rm enta l sources  o f  c o v a r ia t io n .  

Factor a n a ly s is  cannot m ag ically  un tang le  cau sa tio n  given data 

which i s  inadequate .

1 .2 .5  S tu d ie s  o f  c o r re la t io n s  between t r a i t s

D espite  the problems in h e ren t  in  in te r p r e t in g  a c o r r e la t io n  

matrix between t r a i t s  based on phenotypic v a lu e s ,  s u c h m a t r i c e s  

have been used as  data in  th e  search fo r  the  underly ing  s t r u c tu r e  

o f  anthropometric v a r ia b le s .  The general r e s u l t s  o f  the e a r ly  

workers (Burt 1944; B urt and Banks 1947; Thurstone 1946, 1947; 

Hammond 1942) have been supported by l a t e r  s tu d ie s  (Heath 1952; 

Howells 1951; Vandenberg 1968; Rhoads 1972). Although the  

o rdering  o f  the fa c to rs  or components v a r ie s  from one s tudy  to  

an o th e r ,  a nunber of dimensions o f  v a r i a t io n  stand o u t .

In  a comparison o f  two f a c t o r  a n a ly s is  s t u d i e s ,  Vandenberg
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(1968) reported  the s im i l a r i t y  o f  r e s u l t s  fo r  a d u l t  women in  th e  

U.S. and Holland. Both the  Holland and U.S. (Heath 1952) 

samples were made for th e  garment in d u s t ry .  F a c to rs  common to  

both s tu d i e s  w ere: (1) long-bone le n g th s ,  (2 )  s ize  o f

e x t r e m i t i e s ,  and (3) w eight and g ir th  m easures . Less c l e a r l y  

r e la te d  were a c an ce llo u s  bone fa c to r  ( j o i n t  and limb 

circum ferences p lu s  s i t t i n g  h e igh t)  in  Heath’ s  study and a t ru n k  

fa c to r  in  Vandenberg’ s r e s u l t s .  Heath’ s f a c to r  so lu t io n  a lso  

d is t in g u ish e d  between f a t t y  t i s s u e  on lower trunk  and leg s  versus  

g i r t h  measures o f  upper t ru n k  and upper e x t r e m i t i e s .  Considering 

th e  d i f f e r e n t  measurements used, these  s tu d ie s  show e x c e l le n t  

agreement with each o th e r ,  a s  w ell as with th e  s tu d ie s  by Howells 

(1951) and Rhoads (1972).

The s tudy  by Howells (1951) on American a d u l t  males produced 

th e  fo llow ing f a c to r s :  (1 )  general s i z e ,  (2) long-bone le n g th s ,

(3) genera l  c r a n ia l  s i z e ,  (4) b ra in  s i z e ,  (5) l a t e r a l  

c r a n io - f a c i a l  development, (6 )  f a c i a l  le n g th ,  and (7 ) ear s i z e .  

A sim pler p a t te rn  emerges in  r e s u l t s  from two samples o f  a d u l t  

U.S. m ales and a sample o f  male Solomon I s la n d e r s  from M alaita  

s tud ied  by Rhoads (1972). I n te r p r e ta b le  f a c to r s  inc luded : (1)

l i n e a r i t y ,  (2) c i r c u n f e r e n t i a l  , (3) d i s t a l  lim b s i z e ,  (4)

a d ip o s i ty ,  and (5 )  head s i z e .  There were some d i f f e r e n c e s  in  the 

f a c to r s  derived  fo r  the U.S. versus  Solomon Is land  samples 

e s p e c i a l l y  with regard to  sk in fo ld  m easures, bu t again the  

r e s u l t s  were g e n e ra l ly  s im i la r .
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Despite the in ju s t i c e  which i s  done to  these  s tu d ie s  by 

comparing only th e  " la b e ls "  which d i f f e r e n t  in v e s t ig a to r s  have 

chosen fo r  the f a c to r s ,  i t  does seem th a t  th e re  i s  an underlying 

s i m i l a r i t y  across  the s tu d ie s .  T h is  i s  a l l  the more supris ing  

conside ring  the d i f f e r in g  v a r ia b le  s e ts  u sed , and the  widely 

d i f f e r in g  fac to r in g  and r o t a t i o n a l  techn iques  used . Perhaps 

th e re  r e a l l y  i s  an underly ing  developmental gene tic  programme 

which in te g ra te s  long bone len g th s  ( l i n e a r i t y )  and separa tes  

l i n e a r i t y  frcm o th e r  body components such as  head s i z e ,  s iz e  o f  

e x t r e m i t ie s ,  o r  w eight. This ob se rv a tio n  o f  r e l a t i v e  

independence o f development fo r  d i f f e r e n t  body segments re q u ire s  

c lo se r  exam ination, however, because s t a t i s t i c a l  independence o f  

o rthogona l f a c to r s  i s  an a r t i f a c t  o f  the a n a ly s i s  p rocedure. In 

b io lo g ic a l  terms there  may well be  a fu n c t io n a l  r e l a t io n s h ip  

between such f a c to r s  as weight and h e ig h t  (Rhoads 1972). 

Fergusson , Horwood and Shannon (1980) have s tud ied  the  

s t a b i l i z i n g  re la t io n s h ip  between h e ig h t  growth and weight growth 

i n  newborn in f a n t s .

Regardless o f  the confidence which we may p lace  in  th e se  

f a c to r  a n a ly t ic  r e s u l t s  a s  the number o f  r e p l i c a t i o n s  in c re a se s ,  

they  le a v e  a number o f  problems unexamined. A ll  o f  the  s tu d ie s  

to  date have used the phenotypic c o r r e la t io n  between t r a i t s  as 

t h e i r  s t a r t i n g  p o in t .  B u t,  as  we have seen , a phenotypic 

c o r r e la t io n  between two t r a i t s  may a r i s e  fo r  seve ra l  d i f f e r e n t  

re a so n s .  Bailey (1956) has made an e loquent p lea  for th e  

s e p a ra t io n  o f  g e n e t ic  and environmental f a c to r s :
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The sep a ra t io n  o f  th e  gene tic  and environm ental p o r t io n  

o f  v a rian ce  and covariance  p r io r  to  e x t r a c t io n  o f  th e  

p r in c ip a l  components i s  o f  concern fo r  u l t im a te  

a n a ly s is  and u t i l i z a t i o n  o f  the components. Since 

th e re  i s  no evidence a v a i l a b le  in d ic a t in g  th e  two 

sources o f  c o n tro l  would posess s im i la r  components, 

t h e i r  ( s t a t i s t i c a l )  s ep a ra t io n  i s  necessa ry  in  o rd e r  to  

avoid analyzing  compounded e f f e c t s  which would have no 

obvious b io lo g ic a l  meaning. (B a iley  1956:64).

1.3 Between Group V aria tion

The a n a ly s is  o f  between-group v a r i a t io n  i s  in h e re n t ly  more 

complex than w ith in -g roup  v a r i a t i o n .  A ll  the  com plica tions  o f  

w ithin-group v a r i a t io n  a re  p r e s e n t ,  m u l t ip l ie d  by the  nunber o f  

groups examined. Yet s tu d ie s  o f  between-group v a r i a t io n  a re  even 

more s u s c e p t ib le  to  ta k in g  fo r  granted  th e  w ith in-group 

c o r r e la t io n  m atrix  (or m a tr ic e s )  . Often the  f i n a l  i n t e r p r e t a t i o n  

i s  made in  terms o f  derived canon ica l v a r i a t e s  a lo n e ,  with l i t t l e  

care  be ing  taken to  examine the  c o r r e la t io n  m atrix  o f  o r ig i n a l  

v a r ia b le s  or in v e s t ig a te  th e  reason  fo r th e  e x is ten c e  o f  a 

p a r t i c u l a r  c o r r e la t io n .  This approach i s  rem in iscen t  o f  th e  PCA
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s o lu t io n  to c o r re la te d  v a r ia b le s :  c r e a te  some new u nco rre la ted

ones. C r i t i c a l  views on t h i s  approach a re  presen ted  by Rhoads 

and Trinkhaus (1977) and Corruccini (1978).

M etric t r a i t s  have long been used in  the  s tudy o f  v a r ia t io n  

between human groups, although the  g en e t ic  b a s i s  fo r  t h i s  

v a r i a t io n  was unknown. As the  f i e l d  o f  Physical Anthropology has 

p ro g ressed , workers have become more c au tio u s  in  t h e i r  read ing  of 

anthropom etric  d i f f e r e n c e s ,  and have come to  r e ly  more h e a v i ly  on 

gene frequency d a t a .  The r e s u l t s  o f  a number o f  r e c e n t  s tu d ie s  

o f  human v a r ia t io n  using both b io m e tr ic a l  and gene frequency 

(blood group, serum p ro te in )  d a ta  have r a i s e d  q u es t io n s  

concerning what k in d s  o f  group d i f f e r e n c e s  a re  r e f l e c te d  in  

anthropom etric  v a r i a b l e s .  Conventional wisdom suggested t h a t  the  

use  o f  gene frequency d a ta  would provide a c le a re r  reading o f  the 

phylogenetic  r e l a t i o n s h ip s  among local p o p u la t io n s  than would 

anthropom etric  v a r i a t i o n .  The reasons  fo r  t h i s  . p o s i t io n  

undoubtedly in c lu d e  th e  observa tion  th a t  anthropom etric  v a r ia t io n  

confounds g en e tic  and environmental d i f f e r e n c e s  w hile  gene 

freq u e n c ie s  a llow  us to g e t  s t r a i g h t  to  th e  g en e tic  d i f f e r e n c e s  

between groups. Thus th e r e  was some su p r is e  when in  South 

America (Spielman and Smouse 1976) and Melanesia (F ried laen d e r  

1975) o ld  fashioned anthropom etric  data  outperformed gene 

f r eq u en c ie s  in  d is c r im in a t in g  between v i l l a g e s .  But perhaps t h i s  

should no t be so unexpected. Consider sev e ra l  e x p lan a tio n s  for 

th e  b e t t e r  performance o f  m etric  t r a i t s :
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(1) th e re  i s  simply a g re a te r  amount o f  v a r ia t io n  in  

m etric  t r a i t s  th an  in  blood groups and serum p r o te in s ,  

th u s  more o p p o rtun ity  fo r  d isc r im in a tio n  between 

groups,

(2 ) m etric  t r a i t s  a re  presumably based on a la rg e  

number o f  lo c i  so they sample a la r g e r  p o r t io n  o f  the  

genome and give more r e l i a b l e  r e s u l t s ,

(3) the  popu la tions  s tud ied  were sm all enough fo r  d r i f t  

t o  be im portan t i n  obscuring d if f e re n c e s  in  gene 

f r e q u e n c ie s ,  b u t  polygenic (inc lud ing  m etric) t r a i t s  

a r e  l e s s  s u s c e p t ib le  to  d r i f t .

(4) a l l  the  v i l l a g e s  in  a reg ion  occupy d i f f e r e n t  

environments, th u s  m etric  t r a i t s  overestim ate  th e  

genetic  d i f f e r e n c e s  because they sum to g e th e r  g ene tic  

and environmental sources o f  between group v a r i a t i o n .

Examinig these p o in t s ,  i t  seems advantageous to  a s s e s s  

popu la tion  d i f fe re n c e s  on the  b a s i s  o f  polygenic systems which 

have extrem ely low environm ental in p u t .  Thus th e  use o f  

f in g e r p r in t  data has been gaining favour as  a r e l a t i v e l y  s t a b l e  

polygenic system with h ig h  h e r i t a b i l i t y  (F re o l ic h  and G iles  1981; 

Rothhammer, e t  a l .  1977; Neel, e t  a l .  1974). Yet when 

anthropom etric  o r  dermatoglyphic data i s  being considered , i t  i s  

w ell to  remenber th a t  we don’t  know enough about w ithin-group o r
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between-group v a r i a t io n  t o  i n t e r p r e t  the r e s u l t s  which have been 

ob ta ined  in  a s im p le  fa s h io n .  T h is  problem i s  p a r t i c u l a r l y

d i f f i c u l t  in  assessm ents  based on a s e t  o f  anthropom etric  

v a r i a b le s  which mix high and low h e r i t a b i l i t y  measures.

One approach to  t h e  in te r p r e t a t i o n  o f  between-group 

anthropom etric  v a r ia t io n  has  been to  compare the l i s t  of 

d is c r im in a t in g  v a r ia b le s  with t h e i r  h e r i t a b i l i t i e s  estim ated  from 

American twin s tu d ie s  (McHenry and G ile s  1971; F r iea laen d e r  

1975; Hiernaux 1963; L ittlew ood  1972). The e x p ec ta t io n  i s  t h a t  

i f  the between-group d is c r im in a t in g  v a r ia b le s  a r e  a l l  o f  high 

h e r i t a b i l i t y  th en  the  d is c r im in a n t  fu n c tio n s  a re  r e f l e c t i n g  

g en e tic  d i f f e r e n c e s  between groups. A l te rn a t iv e ly ,  i f  th e  

between-group d is c r im in a t in g  v a r ia b le s  have low h e r i t a b i l i t y  then 

th e y  re p re se n t  o n ly  environmental d i f f e re n c e s  between groups. 

U n fo rtuna te ly  t h i s  ex p ec ta t io n  i s  f a l s e  (Lewontin 1970a, 1970b, 

1974, 1975; DeFries 1972). The mix o f  environmental and genetic  

sources  o f  v a r i a t io n  w ith in  groups does n o t  t e l l  us th e  causes o f  

between-group v a r i a t i o n .  As Lewontin (1969a, 1969b) i l l u s t r a t e s ,  

i t  i s  p o s s ib le  f o r  a l l  o f  th e  v a r ia t io n  w ith in  each o f  two 

p o p u la t io n s  to  be environmental bu t a l l  o f  the  v a r i a t io n  between 

these  p o p u la t io n s  to  be g e n e t ic .  This occu rs  in  th e  ease o f  two 

s e p a ra te  h ig h ly  inbred l i n e s  in  i d e n t i c a l  environments. 

L ikew ise , a l l  o f  th e  v a r i a t io n  between two populaions may be 

environmental w h ile  the  v a r i a t io n  within each group i s  e n t i r e l y  

g e n e t i c .  These extremes a re  found under la b o ra to ry  c o n d i t io n s  or 

in  thought experim ents. Natural popula tions  w i l l  r e p re se n t  an
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in te rm ed ia te  s i t u a t i o n .  The p o in t  remains t h a t  even given an 

accu ra te  measure o f  h e r i t a b i l i t y  fo r  each t r a i t  in  a p o p u la t io n ,  

these values alone cannot be compared to  an o rd e rin g  o f  

between-group d iscr im ina ting  v a r ia b le s  to  r e v e a l  the g en e tic  

b a s is  o f  between population v a r ia t io n .

A fu r th e r  problem with th e  work which has been repo rted  so 

f a r  i s  t h a t  the e s t im ate s  o f  h e r i t a b i l i t y  which have been 

a v a i l a b le  for comparison a re  based on d i f f e r e n t  pop u la t io n s  in  a 

d i f f e r e n t  environments (American white tw ins v s .  A frican  and 

Melanesian b la c k s ) .  H e r i t a b i l i t y  e s tim ates  a r e  s p e c i f ic  to  a 

given popula tion  in  a g iven environment. Thus i t  i s  hard to  be 

sure  j u s t  what i s  being compared when we use  a Melanesian or 

A frican da ta  s e t  and h e r i t a b i l i t y  e s t im a te s  from American tw ins . 

Whatever th e i r  worth i n  between-group comparisons, th e  

h e r i t a b i l i t y  e s tim ates  used must a t  l e a s t  come from the same 

p o p u la t io n s  under study.

Although th e  comparison o f  h 2* e s t im a te s  and between-group 

d isc r im in a tin g  v a r ia b le s  i s  meaningless from a t h e o r e t i c a l  

s ta n d p o in t ,  th e re  are  more s a t i s f a c to r y  methods which have not 

y e t  been t r i e d .  These methods a re  based upon a p a r t i t i o n i n g  o f  

h e r i t a b i l i t y  in to  between-group and w ith in -g roup  components. The 

between-group h e r i t a b i l i t y  component then  p rov ides  a b a s i s  for 

a sse s s in g  the gen e tic  p ro p o r t io n  o f  between-group v a r i a t io n  in 

d i f f e r e n t  t r a i t s .
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1.3 .1  Between group h e r i t a b i l i t y

The concept o f  between-group h e r i t a b i l i t y  (o r  h e r i t a b i l i t y  

o f  group means) has been developed by p l a n t  and animal b reeders  

concerned with th e  s e le c t io n  o f  fam ily  l i n e s  (Falconer 

1960:232-^0. DeFries (1972) develops the analogy between 

a n a ly s i s  o f  fam ily  l in e s  and a n a ly s is  o f  any subdivided 

p o p u la t io n .  The approach i s  based on a p a r t i t i o n i n g  o f  the t o t a l  

a d d i t iv e  gen e tic  and phenotypic v a r ian ces  in to  w ith in  and 

between-group components. The phenotypic i n t r a c l a s s  c o r r e la t io n  

between members o f  a group i s  (fo llow ing  Fa lconer 1960):

T h is  equation  i s  solved fo r  the  between-group phenotypic variance  

and the  w ith in-group phenotypic v a r ia n ce :

[1.23

*1 = t e £ [1.33

= ( . ~ t )  <5^ [1.-43
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S im i la r ly ,  th e  i n t r a c l a s s  c o r r e la t io n  fo r  a d d i t iv e  genetic  

variance  i s :

r « < & / < £ •

which leads  to  a s im i la r  s e t  o f  eq u a tio n s .  The t o t a l  

h e r i t a b i l i t y  i s :

« ■ = < § . / O f  [ 1 . 6 ]

The h e r i t a b i l i t y  fo r  group means (between-group component o f  

h e r i t a b i l i t y )  i s :

V& = S  ■ r / - t

and the w ith in -g roup  component i s :

K> = ^  [1*8̂

When these formulae are  app lied  to  small f a m il ie s  a c o r re c t io n  i s
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required  for th e  e rro r  va r iance  a sso c ia ted  with th e  es tim atio n  o f  

fam ily means. This  refinem ent a f f e c t s  on ly  the  between group 

c a lc u la t io n s  and takes the  form:

C1.93

DeFries (1972) a ttem p ts  to  apply th e  idea o f  between-group 

h e r i t a b i l i t y  to  th e  q u es tion  o f  g en e tic  d i f f e r e n c e s  in  I .Q . 

sco res  between b lacks  and w h ite s .  The minimum in fo rm ation  

requ ired  to  make an e s t im a te  using t h i s  approach i s  knowledge o f  

t ,  r ,  and h2-. S ince  he has d a ta  fo r  whites o n ly ,  DeFries does 

some a lg eb ra ic  m anipu la tion  and a r r iv e s  a t  the  fo llow ing equation 

r e l a t i n g  between and w ith in -g roup  v a r i a t io n :

0  "  "O r
^  -7--------—  C1*l0]0  -  r )  -t

Lewontin (1975) c r i t i c i z e s  the use o f  t h i s  equation by DeFries 

when he has h e r i t a b i l i t y  v a lu es  based on w hites  o n ly .  What 

DeFries does i s  the  eq u iv a len t  o f  a one way ANOVA w ith  da ta  from 

only one c e l l .  The e s t im a te  used by DeFries r e p re se n ts  th e  white 

w ith in-group h e r i t a b i l i t y  n o t  the  pooled w ith in-group  

h e r i t a b i l i t y  for blacks and w h ite s .  I f  the da ta  i s  n o t  a v a i l a b le
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to make an e s t im ate  o f  the  t o t a l  and w ith in -g roup  v a r ian ce ,  then 

th e  t o t a l  variance  cannot be p a r t i t io n e d .  To b e l ie v e  otherwise 

i s  to p u l l  numbers out o f  t h in  a i r .

DeFries a lso  has to  borrow h i s  va lu es  fo r  r  from s tu d ie s  o f  

inb reed ing  in  an th ro p o lo g ica l  p o p u la t io n s .  Physical

a n th ro p o lo g is ts  a re  in  a unique p o s i t io n  to  apply th e  concept o f  

between-group h e r i t a b i l i t y  because th ey  ro u t in e ly  c o l l e c t  the 

n ecessa ry  g en e tic  and demographic d a ta .  The data  requ ired  fo r 

c a lc u la t in g  t  and Cf1" a re  phenotypic and o b se rv ab le ,  b u t  the 

e s t im a tio n  o f  r  must proceed i n d i r e c t l y  us ing  F s t a t i s t i c s  

(Falconer 1960:233). An a ttem pt to  use between-group 

h e r i t a b i l i t y  models r e q u i r e s  a l in k ag e  between s tu d ie s  o f  

p o p u la t io n  s t r u c tu r e  (supp ly ing  F va lues)  and b iom etr ica l  

v a r i a t i o n .  As Howells (1966) p o in ts  o u t ,  s tu d ie s  o f  biom etric  

v a r i a t io n  in  pop u la t io n s  too o f ten  ignore fam ily  r e l a t io n s h ip s ,  

and t r e a t  th e  sample as i f  i t  were a homogeneous group o f  

u n re la ted  in d iv id u a ls .  The use o f  between-group h e r i t a b i l i t y  

models o f f e r s  an o p p o r tu n i ty  to  r e d re s s  th e  b a lan ce .
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39.

Path Models fo r  the  Decomposition o f  Phenotypic C o rre la t io n s

2.1 A b r i e f  sk e tch  o f  Path Analysis

The method o f  path a n a ly s is  was developed by Sewall Wright 

in  the e a r ly  1920's and has been app lied  to  a wide v a r i e ty  o f  

to p ic s  i n  popula tion  g e n e t ic s .  T h is  i s  n o t  the p la ce  fo r  a 

complete in tro d u c tio n  to  the  methods or h i s t o r y  o f  path a n a ly s i s .  

F o r tu n a te ly ,  C.C. Li (1975) has p resen ted  an e x c e l le n t  prim er on 

th e  su b je c t  which can se rv e  as  an in t ro d u c t io n  to  th e  more 

te c h n ic a l  papers by Wright (1920, 1931, 193^, I960, 1968). In

t h i s  s e c t io n  path  a n a ly s is  w i l l  on ly  be in troduced  by example. 

D eriva tions  o f  th e  ru le s  m aybe found in  Li (1975). A simple 

pa th  diagram i s  shown in  e x h ib i t  2 .1 .  This pa th  diagram i s  

c o n s i s te n t  with th e  model assumed when m u l t ip le  re g re s s io n  i s  

used. The dependent v a r ia b le  i s  Y, and t h e r e  are two c o rre la ted  

independent v a r ia b le s  X1 and X2. The f a c t  t h a t  X1 and X2 a re  

c o r r e la te d  i s  in d ica ted  in  th e  pa th  diagram by the  curved 

double-headed arrow between them. The reason fo r  t h i s
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E xh ib it  2.1 Path Diagram Representing M ultip le  Regression
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c o r re la t io n  i s  no t in d ica ted  in  the  path diagram, so r(X1,X2) i s  

r e fe r re d  to  as an unanalyzed c o r r e la t io n .  The v a r ia b le s  X1 and 

X2 do no t completely determ ine Y. In o rd e r  to  make the diagram 

com plete, a r e s id u a l  f a c to r  u i s  a l so  shown. The value of t h i s  

r e s id u a l  fa c to r  i s  not d i r e c t l y  c o r r e la t e d  with X1 or X2 s ince  

th e re  i s  no arrow connecting  them. The absence o f  an arrow i s  as 

s i g n i f i c a n t  as i t s  p re sence , because lack o f  an arrow im plies  

zero  c o r r e l a t i o n .  The d i f fe re n c e  between the path diagram in  

e x h ib i t  2.1 and a m u l t ip le  re g re ss io n  a n a ly s is  i s  th a t  in  drawing 

an arrow from X1— >Y and X2—>Y we a s s e r t  th a t  X1 and X2 a re  

causes o f  Y. A m u l t ip le  re g re s s io n  model could be f i t t e d  fo r  

p u re ly  p r e d ic t iv e  pu rposes , b u t  need n o t  carry  any causal 

im p l ic a t io n s .  In  path a n a ly s is  th e  e x is ten c e  o f  an arrow from 

one v a r ia b le  to  another always im p lie s  c a u s a t io n .

In the  path diagram shown in  e x h ib i t  2.1 th e  influence  o f  X1 

on Y i s  measured by the pa th  c o e f f i c i e n t  la b e l le d  p(Y,X1). The 

pa th  c o e f f i c i e n t  fo r  a g iven  cause— > e f fe c t  path i s  the  r a t i o :

( v a r i a b i l i t y  o f  e f f e c t  with o th e r  causes  held constant)

( t o t a l  v a r i a b i l i t y )

V a r ia b i l i ty  in  t h i s  fo rm u la tion  i s  measured by the s tandard  

d e v ia t io n  (Wright 1920). Th is  d e f in i t i o n  sounds l ik e  those o f  

p a r t i a l  c o r r e la t io n  o r  p a r t i a l  re g re s s io n  c o e f f i c i e n t s ,  and 

indeed th e re  i s  a s i m i l a r i t y .  In th e  case o f  the  path diagram o f
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e x h ib i t  2.1 the  value  o f  p(Y,X1) i s  equal to  the  s tandard ized

p a r t i a l  reg re ss io n  c o e f f i c i e n t .  But path diagrams may be created

where path  c o e f f ic ie n t s  do not take  on such f a m i l ia r  forms. I t  

i s  the g e n e ra l i ty  o f  path a n a ly s i s ,  coupled with th e  requirement 

t h a t  a causa l model be sp e c i f ie d  e x p l i c i t l y ,  which makes path 

a n a ly s is  a powerful a n a ly t ic a l  te ch n iq u e .

Once a given path diagram has been w r i t t e n ,  c e r t a in  ru le s  

may be followed to  d e r iv e  s t r u c t u r a l  eq u a tio n s  which d e sc r ib e  the 

s i t u a t i o n  d e p ic ted .  These r u le s  d e sc r ib e  the  t r a c in g  o f  

connecting  l in e s  between v a r ia b le s  to  d isco v e r  th e  expected 

c o r r e la t io n  between v a r i a b le s ,  o r  th e  degree  o f  d e te rm in a tio n  o f  

one v a r ia b le  by a n o th e r .  Tracing o f  a pa th  proceeds by moving 

along s ingle-headed  arrow s. Movement w ith  the  d i r e c t io n  o f  an 

arrow i s  t r a v e l l in g  "forward" and movement a g a in s t  an arrow  i s  

t r a v e l l i n g  "backward." These a re  the  t r a c in g  r u l e s :  (1 )  the

only  t r a v e l  perm itted  in  t r a c in g  connec tions  i s  f i r s t  backward 

and then forward, (2) in  t r a c in g  a connection  one double-headed 

arrow (unanalyzed c o r r e la t io n )  may a l s o  be c ro s se d ,  and (3) the 

value o f  a compound path  ( s e v e ra l  s im ple ones t r a v e l l e d  in  

sequence) i s  th e  product o f  the p a th  c o e f f i c i e n t s  fo r  each

segment.

Applying th e se  r u le s  to  e x h ib i t  2.1 we can t r a c e  a path from 

Y to  X2 moving backward along the  arrow between XI and Y ( ru le  1) 

and then along th e  double-headed arrow ( r u l e  2 ) .  The value o f
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t h i s  compound path i s :  p(Y,XI)*r(X1,X2) ( ru le  3 ) .  These ru le s  

f o r  t r a c in g  paths may be used in  applying two a d d i t io n a l  r u le s :  

(4) the  c o r r e la t io n  between two v a r ia b le s  i s  the  sum o f  the 

va lues  o f  a l l  pa th s  connecting the  two v a r ia b le s ,  and (5) the 

degree o f  determ ination i s  always a round t r i p  from e f f e c t  to  

cause and back v ia  some determ ining v a r ia b le s .

Thus to f in d  the c o r r e la t io n  between X2 and Y in  e x h ib i t  2.1

we add up a l l  the pa ths  connecting them. We have a l re a d y  found

one compound pa th  via X1 , and i t s  value was the product 

p(Y,X1)*r(X1,X2). There i s  ano ther simple path and i t s  va lue  i s  

p(Y,X2). Summing these  we have:

r(X2,Y) = p(Y,X2) + p(Y,X1) * r(X1,X2) [2 .1 ]

Rule (5) r e a l l y  a r i s e s  from applying ru le  (4 )  to  th e  case where

we find th e  c o r re la t io n  o f  a v a r ia b le  with i t s e l f .  There a re  5 

pa th s  which we may trace  doing a round t r i p  away from and back to

Y. Each one re p re se n ts  a p o r t io n  o f  the  t o t a l  determ ination  o f

Y. These round t r i p  paths a r e :

(a) p(Y,X1) * p(Y,X1) ( d i r e c t  e f f e c t  o f  X1)

(b) p(Y,X1) « r(X1.X2) * p(Y,X2) ( j o i n t  e f f e c t  o f

(c) p(Y,X2) * r(X1,X2) » p(Y,X1) X1 and X2)
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(d) p(Y,X2) * p(Y,X2) ( d i r e c t  e f f e c t  o f  X2)

(e) u * u ( r e s id u a l)

Since the de term ina tion  o f  Y i s  complete in  the path diagram, we

may a lso  w rite :

r(Y,Y) = 1 = p2’(Y,X1) + 2 * p(Y,X1) « p(Y,X2)

* r(X1,X2) + pa'(Y,X2) + u7' [2 .2 ]

The equations  in  [ 2 .1 ]  and [2 .2 ]  rep re se n t  the  two k inds o f

fundamental r e la t io n s h ip s  among v a r ia b le s  which may be derived  by 

th e  ap p l ic a t io n  o f  ru le s  (M) and (5 ) .

2 .2  A model for decomposing phenotypic c o r r e la t io n s

Equipped with th e  ru le s  (1) -  (5) and a s u i t a b le  diagram, i t  

i s  now easy  to d e r iv e  the equation  fo r  the  g ene tic  c o r r e la t io n  

between two t r a i t s  (r ,  ) in troduced in  chap ter  1. Consider the 

path diagram in e x h ib i t  2 .2  T h is  path diagram appears complex, 

bu t the b a s ic  form i s  fixed  by the n a tu re  o f  Mendelian b isexua l 

rep roduc tion . In  t h i s  diagram Z1 and Z2 a re  the  phenotypic 

values fo r  two t r a i t s .  Primes a re  added when these  r e fe r  to  the
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o ffsp r in g  g en era t io n .  As the diagram makes c l e a r ,  the  phenotype 

i s  caused by 2 d i f f e r e n t  f a c to r s  (a d d i t iv e  genotypic value Y; 

environment E) and a re s id u a l  ( th e  path la b e l le d  u) . Y i s  the 

(unobserved) a d d i t iv e  genetic  value and the path  from t h i s  to 

phenotypic value i s  la b e l le d  h (w ith  su b sc r ip t  to  in d ic a te  the 

t r a i t  in  q u e s t io n ) .  Note th a t  th e  p a r t i a l  degree o f  genetic  

de term ina tion  o f  the phenotype i s  thus h , in  keeping with 

t r a d i t i o n a l  usage for narrow h e r i t a b i l i t y .  Likewise the  

environment (E) c o n tr ib u te s  e2". The form ation o f  zygotes i s  

summarized by th e  paths leading  from Y— >Y’ . As Wright has 

dem onstrated, th e se  p a th s  are equal to  0 .5 .  The o ffsp r in g  

phenotype i s  determined in  the same way as  p a re n ta l  phenotype. 

Note t h a t  the  h and e va lues  d o n ' t  have prim es. T h is  r e f l e c t s  a 

r e s t r i c t i o n  th a t  h and e va lues  a re  equal in  th e  two g en e ra t io n s .

In  ad d i t io n  to  the  d i r e c t  pa th s  in e x h ib i t  2 .2 ,  th e re  are

sev e ra l  unanalyzed c o r r e la t io n s .  The g en e tic  c o r r e la t io n  between

Y1 and Y2 in  the  a d u l t  generation  i s  l a b e l le d  rA . The

corresponding c o r r e la t io n  in  the o f f sp r in g  genera tion  i s  shown as

a dotted l i n e  and la b e l le d  r ! . The curved arrow i s  dotted  toA

in d ic a te  th a t  t h i s  i s  an induced c o r r e la t io n  (brought about by 

th e  na tu re  o f  the  diagram) ra th e r  than a prim ary c o r r e la t io n  (see 

Li in Morton and Chung 1978). Thus th e  c o r r e la t io n  r^  i s  a 

shorthand express ion  fo r  th e  expected c o r r e la t io n  r(Y 1 ',Y 2 ')  

which may be ca lc u la te d  d i r e c t l y  from the  diagram. A second 

primary c o r r e la t io n  e x i s t s  between the environments E1 and E2.
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In ad d i t io n  to  a summary o f  what i s  included in  t h i s  path 

diagram, i t  i s  necessa ry  to  p o in t  out what i s  not inc luded . 

A s s o r ta t iv e  mating i s  assumed t o  be absent as th e re  i s  no 

c o r r e la t io n  in d ic a te d  between th e  phenotypic v a lues  o f  spouses. 

Inbreed ing  i s  assumed t o  be zero because th e re  i s  no c o r r e la t io n  

in d ic a te d  between the  genotypic  values o f  spouses. Likewise no 

c o r r e la t io n s  a re  in d ic a ted  between the  environments o f  spouses or 

between parent and o f f sp r in g  environm ents. Dominance i s  assumed 

n e g l ig ib le  in t h i s  fo rm ula tion , and d ep a r tu re  from a d d i t i v i t y  

would be counted as r e s id u a l  e r r o r .  Gene-environment 

c o r r e l a t i o n s  a r e  assigned to  be z e ro  as w e l l .  A ll these  

assumptions a r e  e x p l i c i t l y  rep re sen ted  in  th e  p a th  diagram by th e  

absence o f  the  a p p ro p r ia te  c o r r e la t io n  te rm s.

Using th e  ru le s  f o r  re ad in g  path diagram s, th e  b a s ic  

equation  p a r t i t i o n i n g  th e  phenotypic  c o r r e la t io n  between t r a i t s  

may be derived  by in sp ec t io n  from e x h ib i t  2 .2 .

r(Z1 ,Z2) = hi * h2 * rA + e1 * e2 * r£ [2 .3 ]

The p a th  diagram makes c lea r  t h e  model behind t h i s  eq u a tio n .  In  

o rder t o  c a lc u la te  th e  va lue  o f  r  from th e  observed c o r r e la t io n s  

we need t o  t r a c e  o u t  the  fo llow ing  th re e  equations  from the  path  

diagram in  e x h ib i t  2 .2 :

r(Z1,Z2M  = 1/2 * hi * h2 * r  [2 .4 ]A
r(Z 1 ,Z 1 ' ) = 1/2 « hi * hi [2 .5 ]
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r( Z2, Z2' )  = 1/2 * h2 * h2 [2 .6 ]

Solving [2 .4 ]  for r. and [2 .5 ]  and [2 .6 ]  fo r  h we f in d  th a t :A

r. = r (  Z1.Z21)/(1 /2 * hi * h2) [2 .7 ]

h i  = \2  * r(Z1,Z 11) [2 .8 ]

h2 = \2  * r (Z 2 ,Z 2 ')  [2 .9 ]

S u b s t i tu t in g  th e  va lu es  for h i  and h2 in to  th e  equation  for rA we 

ob ta in  th e  fo llow ing:

r A = r ( Z 1 , Z2*) /  J r ( Z I . Z I ' )  * r ( Z 2 ,Z 2 ' )  [ 2 .1 0 ]

where primes r e f e r  to  th e  t r a i t  in  the o f f sp r in g  g e n e ra t io n .

T his  i s  th e  expression  given by Falconer (1960:317) although 

t h i s  v e rs io n  i s  i n  s tandard ized  u n i t s .  An improved • vers ion  

suggested by VanVleck and Henderson (1961) u ses  the average o f  

both  c ro s s  t r a i t  co v a r ian ces ,  and thus  i s  l e s s  su b je c t  to  

sampling e r r o r .  Their form ulation  i s :

1/2 (cov(X.Y') + cov(X’ .Y))
r  =   - —  [2 .1 1 ]
A >jcov(X,X') * cov(Y, Y1)

One cav ea t which must be mentioned i s  t h a t  the  use o f  

c o r r e l a t i o n s  in  equation [2 .10] produces the same r e s u l t s  as
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unstandardized covariances [2 .11] only under the assumption th a t  

th e  variances  o f  each t r a i t  a re  equal in  th e  two genera tions  (Cfx 

= ffx'and = G’y) . Since s e le c t io n  i s  assumed to  be n e g l ig ib le  

i n  both models, th e  phenotypic va riance  fo r a t r a i t  in  the p a ren t  

and o ffsp r in g  genera tion  should be the same. However, t h i s  may 

n o t  always be t r u e  in  em pirica l s tu d ie s  because o f  sampling 

e r ro r s  and other confounding f a c to r s  ( e s p e c ia l ly  th e  ra p id ly  

changing environments o f  developing co u n tr ie s)  . In t h i s  ins tance  

equation [2 .11] i s  p re fe r re d .

2 .3  Some em pirical s tu d ie s  o f  g en e tic  c o r r e la t io n s

The path  model showi in  e x h ib i t  2 .2  forms th e  bas is  fo r  

severa l  s tu d ie s  which have attempted to  e s tim ate  the  gen e tic  

c o r r e la t io n  between two t r a i t s  through f a m i l ia l  c o r r e l a t i o n s .

Leamy (1977) examined th e  g en e tic  and environmental 

c o r r e la t io n s  between m etric  t r a i t s  in  200 mouse f a m i l ie s .  

E s tim ates  o f  g e n e t ic  c o r r e la t io n  ( r^ )  were obtained  using 

equation 2.11. U nfortunate ly , the  v a lu es  obtained fo r  r^ were 

u n r e l ia b le  and exceeded 1 in  s ev e ra l  c a se s .  This i s  most l i k e l y  

due to  th e  in c lu s io n  o f  t r a i t s  w ith  low o r  zero h e r i t a b i l i t y  

(Leamy 1977; H i l l  and Thompson 1978). The f a m i l ia r  

product-mcment c o r r e la t io n  always l i e s  between +1 and -1 as i t
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s a t i s f i e s  th e  Cauchy-Schwartz in e q u a l i ty  (Kendall and S tu a r t  

1967:288). The genetic  c o r r e la t io n  c o e f f i c i e n t  (r^) i s  not

bounded in  th i s  fa sh io n . In f a c t  i t  has the  u n fo r tu n a te  property

o f  exceeding u n i ty  when one or both terms in  the  denominator o f  

equation  [2 .10] or [2 .1 1 ]  a re  c lose  t o  zero., A genetic  

c o r r e l a t i o n  matrix generated  by th e se  equations  may not be 

p o s i t iv e  s e m id e f in i te ,  and may have c o r r e l a t i o n s  g re a te r  than 

one, making i t  u n s u i ta b le  fo r  PCA (Seal 1966: 177). In f a c t  the  

p r o b a b i l i t y  o f  g enera ting  a g e n e t ic  c o r r e la t io n  m atrix  which 

c o n ta in s  c o r r e la t io n s  g r e a t e r  than one grows r a p id ly  as the 

number o f  v a r ia b le s  examined in c re a s e s  ( H i l l  and Thompson 1978).

D espite  th e  problems in  th e  fo rm ulat ion  o f  th e  m atrix  o f  r^ 

v a lu e s ,  Leamy (1977) i s  ab le  to  i n t e r p r e t  the  r e s u l t s  fo r  the 

g en e tic  c o r r e la t io n  m atrix  us ing  a success ion  o f  nonmetric 

m ultid im ensiona l sca l in g  and c lu s t e r i n g  tech n iq u es .  I t  i s  not 

p o s s ib le  to  compare the r e s u l t s  o f  a PCA on the  phenotypic

c o r r e l a t i o n  m atrix  with h i s  nonmetric c l u s t e r  r e s u l t s .  Lack o f  

such a s y s te n a t ic  comparison h in d e r s  unders tand ing  o f  the  

d i f f e r e n c e s  produced by an a ly s in g  gen e tic  versus phenotypic 

c o r r e l a t i o n  m a tr ic e s .  The r e s u l t s  o f  th e  an a ly s is  o f

environmental c o r r e l a t i o n s  between t r a i t s  ( r £ ) proved even le ss  

s a t i s f a c t o r y .  This may be  due to  th e  confusion o f  re s id u a l  and 

environmental v a r ia t io n  in  h is  a n a ly s i s .

Although e s t im a te s  o f  th e  path c o e f f i c i e n t  e a re  not

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

required for c a lc u la t in g  r ^ , th e y  are requ ired  f o r  a p a r t i t io n in g  

o f  the phenotypic c o r r e la t io n  using eq . [2 .33- When independent 

e stim ates  o f  e a re  not a v a i la b le  th e re  i s  a confounding o f  

environmental e f f e c t s  (E) and re s id u a l  v a r ia t io n  (u) . Both 

sources o f  v a r ia t io n  are lumped to g e th e r  so t h a t :

h2' + eX = 1 [2 .1 2 ]

ra th e r  than

h 2‘ + eX + u2" = 1 C2.133

holds t ru e .  Thus ê " and e^  a re  simply r e s i d u a l s  found by

su b tra c t io n  fhom ĥ " and h ^  us ing  equ a tio n  [2 .1 2 3 . When th e

values fo r  e1 and e2 a r e  obtained  in  t h i s  fa sh io n ,  and eq . [2.33 

i s  then solved f o r  r£ , g iven  ( r (Z 1 ,Z 2 ) ,  h i ,  h2, r ^ , e1, e 2 ) ,  

there  i s  a s e r io u s  dependency between v a lu es  o f  r £ and r^ as

noted by Leamy (1977). The r e s u l t s  obtained  in  t h i s  fash ion  a re

u n re l ia b le  and an a n a ly s is  o f  th e  matrix o f  environmental

c o r re la t io n s  between t r a i t s  cannot be expected to  y ie ld  

in te rp re ta b le  r e s u l t s .  This problem accoun ts ,  i n  p a r t ,  f o r  the

d i f f i c u l t i e s  encountered by Leamy (1977). A second problem

leading to  u n in te rp re ta b le  r £ r e s u l t s  in  Leamy1 s work i s  th a t  h i s  

e s tim ates  o f  r £ a r e  obtained  from r^ va lues  which a re  themselves 

unreasonable (producing c o r r e la t io n s  g r e a te r  than  one). Since 

th e  r £ va lu es  depend upon th e  p roduc t o f  h 7' va lues  su b jec t  to  

sampling e r r o r ,  and unreasonable  r ^  v a lu e s ,  they a re  doubly 

suspec t.
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Cheverud and B uikstra  C1981b) have r e c e n t ly  reported  the 

r e s u l t s  o f  a s tudy  on non-m etric  s k e l e t a l  t r a i t s  in  Rhesus 

monkeys. Using the  same methods as  Leamy, they  re p o r t  genetic  

and environmental c o r r e la t io n  m a tr ic e s  f o r  13 t r a i t s .  Several 

genetic  c o r r e l a t i o n s  f a l l  o u ts id e  the  range -1 to  +1. As in  

Leamy's work, environmental c o r r e l a t i o n s  a re  even l e s s  well 

behaved than t h e i r  gene tic  c o u n te rp a r ts .  Cheverud and B uikstra  

(1981b) note t h a t  the c o r r e l a t i o n s  f a l l i n g  o u ts id e  the  range -1 

to  +1 can be accounted fo r  by sampling v a r i a t i o n .  The standard  

e r ro r s  fo r  many o f  these e r r a n t  c o r r e l a t i o n s  are q u i te  l a rg e .  As 

in  Leamy's work the s t r u c tu r e  o f  the g ene tic  and environmental 

c o r r e la t io n  m a tr ic e s  i s  explored w ith c l u s t e r  a n a ly s i s .

The r e s u l t s  produced by th e se  s tu d ie s  on two d i f f e r e n t  

animal p o p u la t io n s  are  t a n t i l i z i n g .  However, th e  u n fo r tuna te  

behaviour o f  th e  gene tic  and environm ental c o r r e la t io n s  

(extending o u ts id e  the  range  -1 to  +1) c a l l s  in to  question  the  

value o f  the  model and methods being used. The d i f f i c u l t y  o f  

in t e r p r e t in g  th e  c o r r e la t io n  m a tr ic e s  rem ains whenever th e r e  are 

c o r r e la t io n s  o u ts id e  th e  normal range .

I f  t h i s  were the only  s tudy  o f  g e n e t ic  and environmental 

c o r r e la t io n s  between m e tr ic  t r a i t s ,  the  p ro sp ec ts  for f u r th e r  

work would appear dim .' However, more than  two decades e a r l i e r  

Bailey  (1956) reported  a s tudy  which fa re d  much b e t t e r .  The 

e s t im a te s  o f  and r£ were no t made using equations  [2 .33 and
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[2 .10] but came in s te a d  from the c o r re la t io n  m a tr ice s  c a lc u la te d  

from w ith in  (r£ ) and between (r^) sev e ra l  h igh ly  inbred l i n e s  of 

mice. The components obtained from an a n a ly s is  o f  the  r^ and r£ 

m a tr ices  produced b io lo g ic a l ly  i n t e r p r e t a b l e  r e s u l t s ,  and showed 

a general s im i l a r i t y .  B a i ley  suggested t h a t  t h i s  was c o n s is te n t  

with the  view t h a t  environmental and genetic  f a c t o r s  in f luence  

th e  phenotype v ia  s im ila r  developmental pathways.

A l a t e r  s tudy  on p ig s  by Smith, King and G i lb e r t  (1962) used 

covariance  components to  e s t im a te  a g ene tic  c o r r e la t io n  m atrix  

fo r  24 t r a i t s .  The p a t t e r n s  o f  p r in c ip a l  components were again 

s im i la r  fo r both genetic  and environmental c o r r e la t io n  m a tr ic e s .  

The g ene tic  c o r r e la t io n  m atrix  generated in  t h i s  s tudy  was not 

p o s i t iv e  se m id e f in i te , a lthough  i t  was f a r  b e t t e r  behaved than 

t h a t  used by Leamey (1977) and had no c o r r e l a t i o n s  which exceeded 

u n i ty .

These two s tu d ie s  were performed using c o n tro l le d  breeding 

experim ents. The gene tic  and environm ental m a tr ice s  were formed 

by sp ec ia l  techn iques  which take in to  account the  experim ental 

breeding  design. Thus i t  seems t h a t  the  idea  o f  g e n e t ic  and 

environmental c o r r e l a t i o n s  i s  sound enough. However, i n  p ra c t ic e  

i t  i s  d i f f i c u l t  to  ge t r e l i a b l e  and reasonab le  e s t im a te s  fo r  r ft 

and rg in  non-experim ental p o p u la t io n s .  The d i f f i c u l t i e s  in  

using d a ta  from non-experim ental popula tions  might a r i s e  fo r 

sev e ra l  reasons:
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(1) e s t im a te s  o f  in d iv id u a l  t r a i t  h e r i t a b i l i t y  are in a c c u ra te ,

(2) th e  assumptions in h e ren t  in  the  path diagram o f  e x h ib i t

2 .2  do not hold i n  the s tudy  p opu la tion ,

(3) environmental c o r r e la t io n s  are  o f ten  estim ated  by the 

r e s id u a l s  from u n r e l i a b le  gene tic  c o r r e la t io n s ,  and

(4) given the  sample s iz e s  a v a i l a b le ,  the  g ene tic  and 

environmental c o r r e l a t i o n s  have q u i te  l a r g e  s tandard 

e r r o r s .

The f i r s t  of these  problems can be examined by using  path 

a n a ly s is  to  d e r iv e  some a l t e r n a t i v e  formulas fo r  e s tim ating  

h e r i t a b i l i t y  in  n a tu ra l  p o p u la t io n s .  Likewise th e  second problem 

demands t h a t  a l t e r n a t iv e  path  models be developed which in c lu d e  

d i f f e r e n t  se ts  o f  assum ptions. The trea tm en t o f  environmental 

c o r r e la t io n s  as o th e r  than r e s id u a l s  r e q u ire s  more so p h is t ic a te d  

modelling o f  th e  environment, perhaps through th e  type o f  

indexing proposed by Morton and h i s  coworkers (Morton 1974; 

Gulbrandsen, Morton, Rhoads, Kagan and Lew 1977; Morton and 

Chung 1978; Morton and Rao 1978; Rao e t  a l .  1975,1976). The 

f in a l  problem o f  sample s iz e  i s  e s p e c ia l l y  se r io u s  when th e  

h e r i t a b i l i t y  o f  a t r a i t  i s  small (Turner and Young 1969:127; 

Reeve 1955). Since sample s i z e s  fo r  an th ropo log ica l  popu la tions  

a re  l im i te d ,  we can only hope t h a t  by developing more 

so p h is t ic a te d  models we can make more accu ra te  assessments on the
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peoples we choose to s tu d y . Turning back to  the f i r s t  problem of 

h e r i t a b i l i t y  e s t im a te s  fo r  ind iv id u a l  t r a i t s ,  we w il l  examine in  

more d e t a i l  the pa th  models a v a i l a b le  fo r  s tudying  fa m i l ia l  

c o r r e la t io n s .

2 .4  Path models fo r  phenotypic c o r r e l a t i o n s  between r e l a t i v e s

A number of d i f f e r e n t  pa th  models may be w rit ten  which correspond 

to  the v a r io u s  equations  used for e s t im atin g  the  h e r i t a b i l i t y  o f  

a t r a i t .  The model which forms th e  basis  f o r  t h i s  work i s  one 

proposed by C.C. Li (1975,1977,1978) and i s  i l l u s t r a t e d  in  

e x h ib i t  2 .3 . This diagram shows the phenotypic and genotypic 

va lues  fo r  both pa ren ts  and two o f f s p r in g .  I t  in c lu d es  

param eters  for a s s o r t a t i v e  mating and common fam ily  environment. 

The c e n t r a l  p o r t io n  i s  s im i la r  to  t h a t  o f  e x h ib i t  2 .2 ,  a lthough  

i t  i l l u s t r a t e s  a s in g le  t r a i t  r a th e r  than two t r a i t s .  The pa th  

from genotype o f  parent to  o f f sp r in g  (Y— >Y') has  a value o f  0.5 

as  the o f f sp r in g  re c e iv e s  one h a l f  o f  h i s /h e r  genes from each 

p a re n t .  In the p a re n ta l  g e n era t io n  the re  i s  a lso  a c o r r e la t io n  

showi between th e  two p a re n ts  ( t h e  curved path r ( Z ,Z ) ) .  The Li 

model t r e a t s  the phenotypic c o r r e la t io n  between spouses as 

c a u sa l ,  and due to  a s s o r t a t i v e  m ating . Because o f  the  non-random 

mating in  th e  popula tion  ( in d ic a te d  by a non-zero  value fo r  

r (Z ,Z ) )  there  i s  an induced c o r r e la t io n  between the  genotypic 

va lues  o f  the p a re n t s .  This  i s  shown as th e  dotted  curve r(Y ,Y ). 

The value o f  r(Y,Y) can be found from the path diagram to be:
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Li notes t h a t  th e re  a re  two d i f f e r e n t  ways o f  looking a t  

non-random mating p a t t e r n s .  In systems o f  mating where genetic  

r e l a t io n s h ip s  a re  known and used to  in f luence  m atings the gene tic  

c o r r e la t io n  between mates i s  c a u s a l .  An example o f  t h i s  i s  

sy stem atic  inbreeding in  an animal herd. The key f a c to r  i s  t h a t  

gene tic  r e l a t io n s h ip s  form the b a s i s  for d ec is io n s  on m ating. 

Although avoidance o f  c lo s e  inbreed ing  in  human pop u la t io n s  may 

be based on b io lo g ic a l  k in s h ip ,  o b se rv a t io n s  in  many s o c i e t i e s  

suggest t h a t  phenotype r a t h e r  than genotype plays a major r o l e  in  

mate s e le c t io n .  Thus Li i s  u n s a t i s f i e d  w ith models which t r e a t  

g en e tic  c o r r e la t io n  between p a re n ts  as c a u s a l .  I  f in d  h i s  

arguments com pelling. However, i t  seems l i k e l y  th a t  more complex 

models us ing  W right’ s concept o f  so c ia l  homogamy and personal 

choice (Wright 1978a: 368) w i l l  become more popular as the f i e l d

develops .

In  t h e  p a th  d iag ram  shown i n  e x h i b i t  2 .3  a n  e q u a t io n  f o r  t h e  

p a r e n t  o f f s p r i n g  c o r r e l a t i o n  ( r ( Z . Z ' ) )  m a y b e  d e r i v e d  g iv e n  th e  

f e a t u r e s  a l r e a d y  d i s c u s s e d :

r (  Z,Z ’ ) = 0.5  ( 1 + r (Z ,Z ))  h2" [2 .15]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

The c o r r e la t io n  between o f f sp r in g  in th e  same fam ily  i s  fu r th e r  

in fluenced  by a common home environment f a c to r  shown in  e x h ib i t

2 .3  as  r  . The phenotypic value fo r  each ch ild  i s  determined by 

genetic  c o n tr ib u tio n  from paren ts  and common environment f a c to r  

p lus a re s id u a l  (path e ) . The c o r r e la t io n  between o f f sp r in g  in  a 

fam ily  i s  then:

r ( Z ' ,Z *) = 0.5  ( 1 + r(Y , Y)) h ^ + y ^  [2 .16 ]

with the  common environment c o n t r ib u t in g  the f i n a l  term in the 

e q u a t io n .

The path model in  e x h ib i t  2 .3  g ives  r i s e  to  th ree  equa tions  

( [ 2 .1 4 ] ,  [2 .1 5 ] ,  [2 .1 6 ] )  and fo u r  param eters ( h , e ,y , r ( Y ,Y ) ) . A

fou r th  equation [2 .12 ]  allows a unique so lu tio n  to  the s e t  o f  

eq u a t io n s .  However, th e  param eter e re p re se n ts  a re s id u a l  path 

lunping toge ther  a l l  f a c t o r s  n o t  rep resen ted  by h and y  • 

Although environmental indexing would add a d d i t io n a l  equa tions  

and allow th e  model to  be over-de te rm ined , t h i s  proved im possib le  

in  the an a ly s is  o f  the  d a ta  which fo l lo w s .  Relevant 

environmental d a ta  i s  n o t  a v a i l a b le  in  a l l  o f  the s ix  Solomon 

Is land  popula tions  which w i l l  be s tud ied  with t h i s  path model in  

th e  next c h ap te rs .

This model assumes th a t  dominance e f f e c t s  a re  zero , bu t i f
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they a r e  p re sen t  then th ey  w il l  be in c o r r e c t ly  a sc r ib ed  to  common 

fam ily environment. Li (1977) i l l u s t r a t e s  a model which inc ludes  

both  dominance and common family environment, b u t  i t  re q u ire s  an 

a d d i t io n a l  observed c o r r e la t io n  ( h a l f - s ib s )  fo r  complete 

s o lu t io n .  Since only sm all numbers o f  h a l f  s ib s  a re  a v a i la b le  in  

th e  a n a ly s is  o f  the  data which fo l lo w s , th e  model inc lud ing  

dominance i s  not used. Gene environment covariance  i s  a lso  l e f t  

ou t o f  t h i s  fo rm u la tion . As Li p o in ts  out (1978:66) 

gene-environment covariance i s  probably n o t  a s i g n i f i c a n t  fa c to r  

i n  h e r i t a b i l i t y  e s t im a to rs  fo r phys ica l  measurements.

The f in a l  s tep  in  t h i s  sec t io n  i s  to  re-examine the  genetic  

c o r r e la t io n  between two t r a i t s  in troduced  in  e x h ib i t  2 .2 ,  and 

a d ju s t  i t  to  take  in to  account a s s o r t a t i v e  mating and common 

fam ily environment.

We begin by extending the  path  diagram in  e x h ib i t  2 .3  by 

adding su b sc r ip ts  to  th e  Z v a lu es  to  d i s t in g u is h  between two 

t r a i t s .  We also  add the s u p e r s c r ip t  ' s '  to  d is t in g u is h  th e  

c o r r e l a t i o n  between two t r a i t s  in  th e  same in d iv id u a l  (r(Z1,Z 2)) 

from the  c o r r e la t io n  between two t r a i t s  in  d i f f e r e n t  in d iv id u a ls  

o f  the same generation  (r(Z1,Z2S ) ) . The prev ious equation  fo r  

p a ren t  o f f sp r in g  c o r r e la t io n  [2 .1 5 ]  appears  with s u b sc r ip ts  fo r  

t r a i t  i  as

[2.173
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The c ro s s  t r a i t  p a re n t -o f f s p r in g  c o r r e la t io n  fo r  t r a i t s  ( i , j )  may 

be derived by a change o f  s u b s c r ip t s :

cross  t r a i t  p a re n t-o f f sp r in g  c o r r e la t io n  which i s  ob tained  by 

exchanging the o rd e r  o f  s u b s c r ip t s :

In th e  equations  th a t  fo llow  th e se  two forms a r e  assumed to  be 

equal,  and in  model f i t t i n g  the mean va lue  i s  used fo r  

computations. T h is  i s  a l s o  tru e  o f  the symmetrical spouse-spouse 

and s ib - s ib  eq u a tio n s .

The use o f  equation  [2 .1 8 ]  removes th e  gene tic  c o r r e la t io n  

term from the  diagram and asso c ia ted  e q u a t io n s ,  s u b s t i t u t in g  

in s tead  a cross t r a i t  Dath h ;: . In o rd e r  to  use equation  [2 .1 8 ]
V

t o  e s t im a te  r^ i t  i s  neccessary  to  f in d  a p o in t  o f  c o n ta c t  

between th e  two p a th  diagrams in  e x h ib i t s  2 .2  and 2 .3 .  The 

bridge  between th e se  i s  found in  th e  fo llow ing e q u a tio n :

This equation ensures  c o n s is ten cy  between the two path models by

where h i s  the  c ro s s  t r a i t  h e r i t a b i l i t y .  There i s  a second

[2 .19]

[2 . 2 0 ]

re q u ir in g  th a t  th e  value o f  the  p a th s  from Z
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in  both  diagrams. Solving equation [2 .2 0 ]  fo r  r. we o b ta in  aA
general equation fo r  the value o f  r^ which i s  also given (b u t  no t 

derived) by Morton and Rao (1978).

0- * Vh J /  VvL-Wj [2-213

Solving equation [2 .1 8 ]  fo r  h£7 we have

X 3 -r

Nj = l + r C z i . z J

Expressing r^ i n  terms o f  phenotypic c o r r e l a t i o n s ,  and averaging  

over the  two equations  in  [2 .1 8 ]  and [2.193 we see t h a t

r f e , z ; )  + n - f e j . z o

-  * + rl£v4) ' > 1- r & , * f )  [2 .233

VvtWj

The value  fo r h-0 i s  found from equation [2 .173 and th a t  f o r  h j by 

a p p ro p r ia te  s u b s t i t u t io n  o f  s u b sc r ip ts .

[2.223

The f i n a l  equation  fo r  r  in  terms o f  phenotypicA
c o r r e la t io n s  i s  then

+ ,zt)
I + l > r f e i  .Zfl

[2 .2 4 ]
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N otably , equation  [2 .2 4 ]  s im p l i f ie s  to  equation  [2 .11 ]  when th e re  

i s  no a s s o r t a t i v e  mating (r(Z1,zj[) = r(Z2,Z^) = r(Z1,Z^) =

r(Z2,z|_) = 0) Equation [2 .1 6 ]  for s ib l in g  c o r r e l a t i o n s  can also, 

be  extended via s u b s c r ip ts  to  a llow  fo r  c ro s s  t r a i t  fo rm u la t io n s .  

Equation [2 .1 6 ]  with s u b s c r ip ts  becomes

r(*.u0 =■£ (l+r CwO) ^  l 2 - S51

The c ro s s  t r a i t  equation takes  th e  form

r ( . K % )  '  i  (.H r^Y?)) In’- t 12.263

Given th e  common environment param eters  yc, and , i t  i s  

p o s s ib le  to  e s tim ate  environmental c o r r e la t io n s  in  a • s im i la r  

manner to  th a t  used for the  genetic  c o r r e la t io n s :

rr “ Yij /  Yi-Xi t2' 271

The param eter i s  given a d i f f e r e n t  s u b sc r ip t  from the e a r l i e r  

r£ parameter because i t  r e p re se n ts  e f f e c t s  s p e c i f ic  to  common 

fam ily  environment.

Thus, g iven  o b se rva tions  on an a r r a y  o f  t r a i t s  in  both
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p a re n ts  and o f f s p r in g ,  i t  i s  po ss ib le  to  solve equations  [2 .2 1 ]  

and [2 .2 7 ]  and ob ta in  m a tr ices  con ta in ing  g en e tic  c o r r e la t io n s  

and common fam ily  environment c o r r e la t io n s  for each t r a i t  p a i r .  

These m a tr ices  a re  obtained in  a d d it io n  to  th e  s in g le  t r a i t  

h e r i t a b i l i t y  and home environment param eters g iven  by the  s e t  of 

eq u a tio n s  ( [ 2 .1 2 ] ,  [2 .1 4 ] ,  [2 .1 5 ] ,  [ 2 .1 6 ] ) .  The model,

gen era l ized  to  c ro s s  t r a i t  c o r r e la t io n s ,  ta k e s  advantage o f  cross  

t r a i t  phenotypic c o r r e la t io n s  which are a v a i l a b le  in  data s e t s  

used for e s t im a tin g  the h e r i t a b i l i t y  o f  severa l t r a i t s  

i n d iv id u a l ly .  The added parameters to be es tim ated  are o f f s e t  by 

t h e  increased  number o f  observed phenotypic c o r r e l a t i o n s ,  leav ing  

th e  c ross  t r a i t  model f u l l y  determined (assuming t h a t  th e  

a s so c ia te d  s in g le  t r a i t  model i s  f u l l y  determined) .

Although t h i s  model leaves  out many f a c to r s  which re q u ire  

fu r th e r  examination (see  sec t io n  1 .2 .3 )  i t  p rov ides  a s t a r t i n g  

p o in t  fo r  d e r iv in g  genetic  c o r r e la t io n  m a tr ic e s  which take  in to  

account th e  com plications  o f  a s s o r t a t i v e  mating and common 

environment e f f e c t s .  F u r th e r  refinem ents  must aw ait  b e t t e r  data  

s e t s  which inc lude  la rg e r  samples and more d e ta i l e d  o b serva tions  

o f  the environment. What follows i s  a p re l im in a ry  experim ent.
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Chapter 3

Anthropometric V aria tion  in  the  Solomon Is la n d s

3.1 M ate r ia ls  and Methods

The a p p l ic a t io n  o f  th e  methods proposed in  Chapter 2 

re q u ire s  a s e t  o f  da ta  which in c lu d es  o b se rv a tio n s  on p a re n ts  and 

o f f s p r in g .  This minimum data s e t  i s  a v a i la b le  in  th e  r e s u l t s  o f  

th e  Harvard Solomon Is la n d s  P ro je c t  in  the w estern  and c e n tr a l  

Solomons, and an a d d i t io n a l  popula tion  I  surveyed a t  the  eas te rn  

end o f  th e  Solomons. In  o rder to  develop a base l i n e  fo r  

ev a lu a tin g  the r e s u l t s  o f  new te c h n iq u e s , i t  i s  n eccessary  to  

begin w ith a b r i e f  survey o f  the an thropom etric  d a ta  analyzed by 

th e  s tandard  m u l t iv a r i a t e  tech n iq u es .  T h is  i n i t i a l  trea tm en t 

w i l l  se rve  to in troduce  th e  s tudy  p o p u la t io n s  and the 

measurements used . P a t te rn s  o f  w ith in -language-g roup  (w ith in  

population) and betw een-populaticn v a r ia t io n  w i l l  be exp lo red . 

P revious s tu d ie s  o f  an thropom etric  and o th e r  d a ta  from 

B ougainv ille  groups have demonstrated t h a t  th e re  a re  s i g n i f i c a n t  

components o f  both b e tw een -v il lag e  v a r i a t i o n  and
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between-language-group v a r ia t io n  (Rhoads 1977; F r ied laender  

1975; Rhoads and F ried laender 1975). Thus in  studying  v a r ia t io n  

a t  the l e v e l  of language groups i t  must be understood th a t  we a re  

ignoring  (or t r e a t i n g  as background noise) the  l a r g e  p roportion  

o f  phenotypic v a r ia t io n  between in d iv id u a ls  and between v i l l a g e s .  

This  i s  an u n fo r tuna te  consequence o f  the need for l a rg e  sample 

s iz e s  to  reach r e l i a b l e  e s t im a te s  o f  param eters in  path models. 

The extremely fragmented and lo c a l iz e d  breeding  s t r u c tu r e  o f  

th e se  Solomon I s la n d e r s  makes them d i f f i c u l t  su b je c ts  in  a study 

o f  t h i s  k in d .

A second caution which must be sounded concerns the e f f e c t s  

o f  rapid a cc u l tu ra t io n  on the  p a t t e r n s  o f  growth and phys ica l  

form. None o f  th e  groups s tud ied  a re  immune to  changes in  d i e t ,  

medical care , and d is ea s e  p a t t e r n s  which have accompanied the  

emergence o f  th e  Solomon I s la n d s  in to  th e  world economy (Damon 

1974, F r ied laen d e r  and Rhoads 1981). The r a t e  o f  change.has a lso  

been mediated by a c c e s s i b i l i t y ,  so th a t  c o a s ta l  groups s u f f e r  

g re a te r  changes w hile  i s o la t e d  in lan d  groups remain le s s  

a f f e c t e d .  The impact o f  these  changes on e s t im a te s  o f  

h e r i t a b i l i t y  and f a m i l ia l  c o r r e la t io n s  i s  an unknown q u a n t i ty .  

I t  i s  w ith  these  d i f f i c u l t i e s  in  mind t h a t  we tu rn  to  a b r i e f  

in t ro d u c t io n  to  th e  sampled p o p u la t io n s ,  and the  measurements 

ta k e n .
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3.1 .1  The Subjec ts

The lo c a t io n s  o f  the surveyed p o pu la tions  a re  shown in  e x h ib i t  

3 .1 . There a re  two groups from B o u g a in v il le ,  th e  N asic i  from the  

southwestern in lan d  p la in ,  and th e  Aita from a more n o r th e r ly  

highland reg io n .  The th r e e  groups from M alaita in c lu d e  one 

c o a s ta l  popu la tion  (the Lau) and two in la n d  groups ( th e  Baegu and 

Kwaio) . The f i n a l  group i s  from th e  Reef I s la n d s  a t  the extreme 

eas te rn  end o f  the  Solomon I s l a n d s .  In a l l  s ix  pop u la t io n s  

ch ild ren  over f i v e  years o f  age, men, and women were measured. 

The groups on the  la rge  i s la n d s  o f  B ougainville  and M alaita  were 

surveyed during the years  1966-1970 by members o f  th e  Harvard 

Solomon I s la n d s  P ro jec t  (Damon 1974). The group from the Reef 

Is lan d s  was surveyed by me in  1978. Although more groups were 

examined by th e  Harvard teams, th e y  a re  n o t  included here  because 

th e  genea log ical inform ation  req u ired  to  l i n k  re c o rd s  fo r  p a re n ts  

and o f f sp r in g  i s  not y e t  a v a i l a b le  in  s u i t a b l e  form. The s ix  

groups which have been inc luded  occupy a v a r i e ty  o f  . phys ica l  

environments which i l l u s t r a t e  th e  e co lo g ica l  d i v e r s i t y  o f  the  

Solomon I s la n d s .  However, a l l  share th e  common economic mode o f  

su b s is te n c e  gardening w ith  vary ing  l e v e l s  o f  cash c ropp ing .

The physica l  anthropology o f  the  p o p u la t io n s  on B ougainv ille  

and M alaita  has been rep o r ted  e lsew here . Rhoads (1977) 

summarizes the sampled a re a s ,  and the  environments occupied by 

these  groups. He a lso  p re s e n ts  a wealth o f  da ta  on g en e tic  and 

anthropom etric  v a r i a t i o n .  F r ied laen d er  (1975) has concen tra ted
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on B ougainv ille  i t s e l f ,  and in c lu d es  demography, blood g e n e t ic s ,  

an th ropom etr ies ,  dermatoglyphic s , and den ta l  v a r i a t io n .  Both o f  

th e se  ana lyses  have compared p a t te rn s  of v a r ia t io n  in  d i f f e r e n t  

t r a i t  complexes with each o th e r ,  and with th a t  expected from 

d is ta n c e s  based on l i n g u i s t i c ,  m ig ra t io n a l ,  and geographical 

in fo rm ation . Up to  t h i s  tim e , however, th e  information a v a i la b le  

on fa m i l ia l  r e l a t i o n s h ip s  has n o t  been used to  e s t im a te  

h e r i t a b i l i t y  v a lu e s  fo r  anthropometric v a r ia t io n  in  th e se  

p o p u la t io n s .  In s te a d ,  e s t im a te s  o f  g e n e t ic  c o n tro l  o f  w ith in  

popula tion  an thropom etric  v a r ia t io n  have been borrowed from other 

p o p u la t io n s .  The main t h r u s t  o f  l a t e r  work has been more 

ep idem iological (Damon 1974; Page, F r ied laen d er  and M ollering 

1977; Page, Damon and M ollering  1974; F r ied laen d e r  and Rhoads 

1981).

Additional e thnographic  m a te r ia l  has been reported  for most 

o f  these  groups. The Lau have been described in  a c l a s s i c  study 

by Ivens (1930), and in  l a t e r  work by th e  Marandas (E. Maranda 

1970; Maranda and Maranda 1970). The Lau people are the  

u l t im a te  "coas t dw ellers"  in  th e  Solomons, a s  th ey  have b u i l t  

a r t i f i c a l  i s l a n d s  on which to  l i v e .  In c o n t r a s t ,  th e  o th e r  two 

groups from M ala ita  are in land  d w e lle rs ,  and r e l a t i v e ly  i s o la te d  

from the in ro ad s  o f  th e  modern world. As the  Lau l i v e  a mere 

maritim e ex is ten c e  they have g re a te r  access  to  f i s h  and 

s h e l l f i s h ,  and consequently  a h igher p ro te in  in ta k e  than the  

inland groups (Rhoads 1977:44; Damon 1974:198). The Lau a lso  

t ra d e  t h e i r  f i s h  with o th e r  groups, and a re  l e s s  r e l i a n t  on t h e i r
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own gardens on the  mainland.

Inland from the Lau are  th e  Baegu. Ross (1973.1976) has 

published  accounts o f  th e  Baegu which co n ta in  much u se fu l  

in fo rm ation  on demography, s e t t le m e n t  p a t t e r n s ,  and ecology. The 

Baegu p re sen t  th e  t r a d i t i o n a l  p a t te rn  o f  su b s is tan ce  

a g r i c u l t u r a l i s t s  based on c u l t iv a t io n  o f  sweet po ta to  and ta r o .  

The Baegu, and to  a g r e a te r  e x te n t  the  Kwaio, a r e  l e s s  

a c c u l tu ra te d  than  the  Lau. Roger Keesing has in troduced  the  

so c ia l  s t r u c tu r e  o f  the Kwaio to  many P a c i f ic  a n th ro p o lo g is ts  

through a long s e r i e s  o f  p u b l ic a t io n s  (Keesing 1965, 1966a, 

1966b, 1967a, 1967b, 1968a, 1968b, 1970a, 1970b, 1970c, 1970d) .

On B ougainv ille ,  th e  Nagovisi have been v i s i t e d  by Douglas 

O l iv e r ,  who brought back both b io lo g ic a l  and c u l tu r a l  d a ta .  

O liver  co llab o ra ted  w ith  William Howells in  examining th e  

r e l a t io n s h ip  between an th ropom etric  v a r i a t io n  and c u l tu r a l  

p a t t e r n s  (O liv e r  1949; O liv e r  and Howells 1957, 1960). More

re c en t  work has been undertaken by M itche ll  and Nash (M itch e l l  

1971; Nash 1974; Ogan, Nash and M itch e ll  1976). At th e  time 

they  were surveyed ( 1 9 7 0 ) they  were s t i l l  l iv in g  p r im a r i ly  as  

su b s is ta n ce  a g r i c u l t u r a l i s t s ,  a lthough  some cash crops were being 

grown (mainly cocoa).

The A ita  are  ano ther in la n d  popu la tion  from B o u g a in v il le ,
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but from the northern mountains. They a re  le s s  a c c u l tu ra te d  than 

th e  Nagovisi due the t h e i r  i s o la te d  lo c a t io n  (Rhoads 1975:36). 

On the b a s i s  of shared cognates these  two l i n g u i s t i c  groups a re  

members o f  the South Papuan and North Papuan. phyla o f  

Bougainville ',  r e s p e c t iv e ly  (A llen  and Hurd, n . d . ) .  This lev e l  o f  

l i n g u i s t i c  d i f f e r e n t i a t io n  im plies  th a t  th e  two p o p u la t io n s  have 

been i s o la te d  from one ano ther fo r  a s i g n i f i c a n t  number o f  

g e n e ra t io n s .  Thus we should not a n t i c ip a te  any c lo se  a s s o c ia t io n  

between the  Aita and Nagovisi groups r e l a t i v e  to  the  o th e r s .

The f in a l  sample comes from the Reef I s l a n d s ,  a t  th e  extreme 

e as te rn  end of the  Solomon I s la n d s  chain . The Reef I s la n d s  have 

a popu la tion  o f  over 4000 people and a land  area o f  about 78 

square km, and th u s  they support a popu la tion  d e n s i ty  o f  over 50 

persons per square km. This  d e n s i ty  o f  s e t t le m e n t  i s  one o f  the 

h ig h es t  in  the Solomons, a lthough  i t  i s  exceeded by the Lau on 

th e i r  a r t i f i c a l  is la n d s  (Damon 1974). The Lau must be .seen as a 

sp e c ia l  c a s e ,  however, s in ce  th ey  m a in ta in  gardens on th e  

m ain land . Although the  Reef I s la n d s  a r e  more near ly  s e l f  

s u f f i c i e n t ,  th e re  was s t i l l  t ra d e  in  food , u t i l i t a r i a n  and

ceremonial goods, and women in  a reg io n a l  network (Davenport

1964, 1969, 1975; Green 1974; B ayliss-Sm ith  1978). Subsistance

a g r ic u l tu r e  in  the  Reef I s la n d s  i s  unusua lly  dependent upon t r e e  

crops , w ith  b re a d f ru i t  being the  f a v o u r i te  s t a p l e .  B re ad f ru i t  i s  

a lso  d r ied  and s to red  for consumption out o f  season. Root c rops 

o f  yam, t a r o ,  and sweet po ta to  a re  a lso  im portan t (Yen 1974,

1976). F ish  a re  r e a d i ly  a v a i la b le  in  th e  lagccn a re a .  In t h i s
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way, th e  Lau and the Reef I s la n d s  are s im ila r  in  having a h igher 

consumption of f i s h  and s h e l l f i s h  than in land  groups.

The Reef I s la n d s  are  of p a r t i c u l a r  i n t e r e s t  to  l i n g u i s t s  

because P o lynes ian - and M elanesian-speaking groups l i v e  in  c lo se  

p ro x im ity .  The Polynesian-speaking  popu la tions  a re  be lieved  to  

have been r e s id e n t  in  th e  a re a  for over 300  y e a r s ,  y e t  they have 

re ta in ed  th e i r  t r a d i t i o n a l  language (Bayard 1976; Black 1978; 

Black and Green 1977). Polynesian speakers  a re  p re se n t  on 

sev e ra l  t i n y  c o r a l  a t o l l s  (Nupani, Nukapu, Matema, P i l e n i  and 

N i f i l o l i )  and a la rg e r  vo lcan ic  is la n d  Taomako, in  the  Duff 

I s la n d s  group. The l a r g e r  ra is ed  cora l a t o l l s  o f  the  c e n t r a l  

Reef I s la n d s  a r e  occupied by M elanesians. The sample used in  

t h i s  s tu d y  i s  made up o f  th e  Melanesians from the c e n t r a l  Reef 

I s l a n d s .  Although some Polynesians were measured, t h e  numbers 

were low and they  have been excluded from t h i s  a n a ly s i s .

3 .1 .2  The Measurements

The s e t  o f  measurements used in  t h i s  study i s  based on the 

recommended l i s t  o f  the  I n te rn a t io n a l  B io lo g ic a l  Programme 

(Weiner and Lourie 1969). Twenty seven measurements were used , 

and th e se  re p re s e n t  the  i n t e r s e c t i o n  o f  the  two s e t s  used by th e  

Harvard Solomon I s la n d s  P r o je c t  and by me. A ll measurements a re
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in  mm unless s p e c i f i c a l l y  no ted . A b r i e f  d e sc r ip t io n  o f  each

measurement fo llow s:

Weight. Measured using a sp rin g  sca le  and repo rted  in  Kg. For 

a l l  but the  Reefs popu la tions , weight was o r ig in a l ly  

measured with a Detecto sca le  in  pounds. The Reef I s la n d e rs  

were measured w ith  a Seca sca le  in  Kg. Measurement was made 

wi'th the  su b jec ts  wearing l ig h t  c lo th in g .

S i t t i n g  Height. The su b jec t  was seated on a hard su rface  and 

asked to  s i t  a t  " a t te n t io n "  to g ive  the maximum s t r e t c h .  

The d is ta n ce  between the su rface  on which the  s u b je c t  was 

seated and the h ig h e s t  p o in t  o f  the  head, in  the  s a g g i ta l  

p lane , was measured with an an thropom eter. (SITHT)

S ta tu r e .  The anthropometer was used to  measure the d is ta n c e  from 

th e  h ig h e s t  point o f  the top  o f  the head in  th e  s a g i t a l  

plane to  the su rface  on which the su b je c t  was s tand ing . A 

wooden beard was used as a s tan d in g -p la tfo rm . The su b jec t  

was s tanding f u l l y  e re c t  a t  " a t t e n t io n ."  (STAT)

Biacromial d iam eter . The d is ta n c e  between the most l a t e r a l  

margins o f  the acromial processes o f  the scapulae was 

measured with the anthropometer as a s l id in g  c a l i p e r .  The 

su b jec t  was s tanding  with arms hanging re laxed  a t  h i s  s id e .  

( BIACROM)

B ic r i s t a l  diameter ( b i i l i a c  b re a d th ) .  Measured from the most
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l a t e r a l  point i l l a i c  c r e s t  cn th e  l e f t  s id e  to  th e

corresponding p o in t  on the  r ig h t  s id e .  The anthropometer 

was used as a s l id in g  c a l i p e r ,  and pressed  f irm ly  to

compress any f a t  t i s s u e .  (BICRIST)

Chest b re ad th .  The t ra n s v e rse  d is ta n ce  between the  most l a t e r a l  

p o in ts  on the c h e s t ,  taken a t  about n ip p le  l e v e l .  The 

anthropometer was used as a s l id in g  c a l i p e r .  (CHESTB)

Foot le n g th .  Measured with th e  s u b je c t  s tand ing  e r e c t  on a 

wooden board w ith  h is  w eight even ly  d i s t r ib u te d  on both 

f e e t .  An anthropometer was used as a s l i d in g  c a l i p e r  to  

record th e  d is ta n c e  from th e  most p o s t e r io r ly  p ro je c t in g  

po in t on the  heel o f  the l e f t  f o o t ,  t o  the t i p  o f  the  most 

a n t e r i o r l y  p ro je c t in g  t o e .  (FOOTL)

T o ta l f a c ia l  h e ig h t .  Measurement made with s l id in g  c a l ip e r  from

nasion to  gnath ion . (TFACHT)

Upper f a c ia l  h e ig h t .  Measurement made with s l id in g  c a l i p e r  from

nasion to  p ro s th io n .  (UFACHT)

Nose le n g th .  Measurement made with s l id in g  c a l ip e r  from nasion  

to  subnasale. (NOSEL)

Nose b read th .  The maximum tra n sv e rse  d is ta n c e  between th e  most 

l a t e r a l l y  s i tu a te d  po in ts  o f  the  s u b j e c t ' s  nose. (NOSEB)
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Biccndylar humerus d iam eter .  The maximal width ac ro ss  the  c u te r  

margins c f  the d i s t a l  l e f t  humeral condyles , measured with 

th e  s l id in g  c a l i p e r s .  (BICHIM)

W rist b read th .  The d is ta n ce  a c ro ss  the  l e f t  w r i s t  a t  the  le v e l  

o f  the d i s t a l  heads c f  th e  rad iu s  and u ln a ,  measured with 

th e  s l id in g  c a l i p e r s .  (WRISTB)

Hand b read th .  Measured with the  s u b je c t  su p ina ting  the l e f t  hand 

palm upward and f in g e r s  to g e th e r  and extended. The maximal 

d is tan ce  between the  d i s t a l  heads o f  the  second and f i f t h  

m e taca rpa ls  was based on t h e i r  most l a t e r a l l y  p ro je c t in g  

p o in ts ,  using th e  spreading  c a l i p e r s .  (HANDB)

Hand len g th .  With the  hand in  the  same p o s i t io n  as th a t  fo r  hand 

b read th ,  the  d is ta n c e  from the  d i s t a l  end o f  the  s ty lo id  

process o f  the ra d iu s  to  th e  t i p  o f  the  t h i r d  or middle 

f in g e r  was measured. (HANDL)

Bicondylar femur d iam e te r ,  The s u b je c t  was seated with the l e f t  

knee ben t to  about a r i g h t  ang le . The s l id in g  c a l i p e r  was 

used to measure th e  d is ta n c e  ac ro ss  th e  outermost p a r t s  o f  

th e  femoral condyles. (BICFEM)

Foot b read th .  With th e  s u b je c t  s tand ing  as fo r  fo o t  le n g th ,  the  

s l id in g  c a l ip e r  was used to  measure the  d is ta n ce  between the  

o u te r  margins o f  the  d i s t a l  heads o f  the f i r s t  and f i f t h  

m e ta ta r s a ls .  CFOOTB)
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Head leng th . The d is ta n c e  between g la b e l l a  and op is thocran ion  

was measured using the spreading  c a l i p e r s .  CHEADL)

Head bread th . The spreading c a l i p e r s  were used to  f ind  the 

g re a te s t  t ra n sv e rse  d iam eter o f  th e  s u b j e c t ' s  head in the  

h o r iz o n ta l  plane above th e  e a r s .  (HEADB)

Minimum fh o n ta l  d iam eter. The s h o r t e s t  d is ta n ce  between the 

temporal l in e s ,  measured with th e  spreading c a l i p e r s .  

(MFRONT)

Bizygomatic d iam eter .  The maximal d is ta n ce  between the  most 

l a t e r a l l y  p ro je c t in g  p o in t s  on the  zygomatic a rc h es ,  taken 

with the  spreading c a l i p e r s .  (BIZYGO)

Bigonial d iam eter . The maximal d is ta n c e  between th e  most 

l a t e r a l l y  p ro je c t in g  p o in t s  on the  p o s te r o - in f e r io r  angle o f  

th e  mandible. Measured w ith th e  spreading  c a l i p e r s .  

(BIGON)

Head c ircum ference. The c ircum ference  a t  the  le v e l  o f  the  

g la b e l la  and o p is th o c ran io n  measured with a f l e x ib l e  s te e l  

t a p e .  (HEADCR)

Upper arm circum ference . Taken on the  l e f t  arm hanging relaxed 

a t  the s u b j e c t ' s  s id e .  The measurement i s  made a t  a po in t 

about halfway between the  acrom ial po in t and the  elbow. The 

f l e x i b l e  s te e l  tape  was in  l i g h t  c o n tac t  w ith  the  sk in ,  bu t
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net depressing i t .  (UPARM)

C alf  c ircum ference . The su b je c t  was s tand ing  in  th e  same 

p o s i t io n  as for f o o t  le n g th ,  with weight d i s t r i b u t e d  equally  

on both f e e t .  The measurement was made a t  the maximum 

circumference o f  the  lower l e f t  c a l f ,  w ith  the f l e x ib l e  

s t e e l  tap e  h o r iz o n ta l  to  th e  beard on which the su b je c t  

s tood . ( CALFC)

T ricep s  sk in fo ld  th ic k n e s s .  Measured using Lange sk in fo ld  

c a l i p e r s ,  on a p in ch  o f  sk in  taken from th e  p o s te r io r  

m idline  su rface  o f  the  l e f t  arm about 1 cm above th e  leve l 

where arm circum ference was ta k e n .  (TRISKN)

Subscapular sk in fo ld  th ic k n e s s .  The Lange sk in fo ld  c a l ip e r s  were 

applied  to  a p inch o f  sk in  taken about 1 cm below th e  base 

o f  the l e f t  scapulun . (SUBSKN)
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3.2 Adult v a r ia t io n  between groups

3.2.1 Describing group d i f f e r e n c e s

There are  many ways in  which two or more groups may d i f f e r .  

The most common notion o f  how groups may d i f f e r  i s  t h a t  they  have 

d i f f e r e n t  means fo r a g iven  v a r ia b le .  However, i t  may be as 

i n t e r e s t in g  to knew th a t  two groups have d i f f e r e n t  v a r ia n ce s  for 

a given v a r ia b le .  Careful re s e a rc h e r s  us ing  a n a ly s is  o f  variance 

check fo r  d i f f e re n c e s  in  v a r ia n ce ,  s ince th e  assumption o f  

homogeneous v a r ian ce  must be made when p r o b a b i l i ty  s ta tem en ts  are 

based on F t e s t s .  Yet the  hope i s  t h a t  va r ian ces  a re  equal (or 

can be transformed in  such a way as  to  make them equal) so th a t  

te s t in g  o f  d i f fe ren c es  between means may proceed.

When a nunber o f  v a r i a b le s  have been measured on each 

su b je c t  i t  i s  p o s s ib le  to  extend th e  nunber o f  ways in  which tv© 

groups may d i f f e r .  The b a s ic  da ta  s t r u c tu r e s  for a m u l t iv a r ia te  

comparison o f  group d i f f e r e n c e s  a re  a v a riance-covariance  matrix 

and a v ec to r  o f  means. When group d i f f e r e n c e s  are compared in  a 

m u l t iv a r ia te  framework, these  e x tra  ways in  which groups may 

d i f f e r  a re  based on the o f f  diagonal elements (covariances) o f  

th e  variance-covariance  m a tr ix .  Thus, in  a d d i t io n  to  a 

d i f fe re n c e  in  means and v a r ia n c e s ,  groups may e x h ib i t  d i f f e r e n t  

covariance s t ru c tu re s .  This  makes m u l t iv a r ia te  comparisons o f
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group d i f f e r e n c e s  a more powerful too l than a s e r i e s  c f  s in g le  

v a r ia b le  comparisons. In the ana lyses  which fo llow  we begin with 

a m u lt iv a r ia te  d e sc r ip t io n  o f  group d i f f e r e n c e s ,  followed by an 

examination o f  in d iv id u a l  v a r ia b le s  when these  a re  o f  p a r t i c u la r  

i n t e r e s t .

Although the d i f f e r e n c e s  between groups a re  explored using 

an a ly s is  o f  va riance  m odels, th e  design does not re p re se n t  a 

planned experim ent. The execu tion  o f  t h i s  re sea rch  f a l l s  in to  

what Bock (1975:415) r e f e r s  to  as a com parative  s tudy . The 

groups which we begin w ith  a re  " n a tu ra l  groups" in  the  sense th a t  

they a re  observed ra th e r  than  designed by th e  r e s e a rc h e r .  Since 

th e  in d iv id u a ls  are  n o t  randomly assigned to  the  c a te g o r ie s  or 

groups we cannot, s t r i c t l y  speak ing , a s c r ib e  the  d i f f e r e n c e s  to  

any cau se ,  and we cannot p re d ic t  the  e f f e c t s  o f  experim ental 

in te rv e n t io n  (Kempthorne 1978). N onetheless , we can use the  

an a ly s is  o f  v a r ian ce  framework f o r  desc r ib in g  th e  d i f f e r e n c e s .

There a re  two ways o f  c l a s s i f i c a t i o n  which w i l l  be examined: 

language group (a lso  re fe r re d  to  as popula tion) , and sex .  The 

comparisons a re  r e s t r i c t e d  to  in d iv id u a ls  over 20  years  o f  age. 

The numbers o f  in d iv id u a ls  f a l l i n g  in to  each o f  th e se  c a te g o r ie s  

i s  shown in  e x h ib i t  3 . 2 .  Although c h i ld re n  were a lso  measured, 

any comparisons between groups a r e  complicated by th e  f a c to r  o f  

child growth. As Gould has observed, " th e  j u s t i f i c a t i o n  fo r  

d ep ic t in g  phylogeny as a sequence o f  a d u l t s  does n o t  a r is e  from a 

claim t h a t  only t h i s  s tage  i s  im portant in  e v o lu t io n ,  bu t merely 

from the  mundane need to  consider a sequence o f  p rocesses  a t
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MANOVA Table for 2 way design

E ffe c t Wilks F Approx. Hypo th Error
Lambda D.F. D.F.

Sex 0. 14 235.9 27 1041
Pop 0.04 35.2 135 5139

Sex.Pop 0.63 3.7 135 5139

( a l l  F v a lu es  s ig n i f i c a n t  a t  p < 0 .01)

Box’ s t e s t  fo r  Homogeneity o f  D ispersion  M atr ices :

Box’ s M = 7260.0

Approx F = 1.53, d . f .=(4158,671246), p < 0.01 

Chi Square Approx. = 6413.8, d .f .= 4158 , p < 0.01

C ell  Counts

Reef Kwaio Lau Baegu Nagovisi A ita  

Male 60 118 73 114 102 74

Female 82 104 85 105 93 69

E xhib it 3 .2  MANOVA Table and C ell Counts fo r  2 Way Design 
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comparable p o in ts"  (1977:212). The m u l t iv a r ia te  d e sc r ip t io n  o f 

between group d i f f e r e n c e s  in  c h i ld  growth i s  a s ep a ra te  to p ic  

which would be as la rge  again  as t h a t  undertaken h e r e .  Growth 

curves fo r  each c f  sev e ra l  v a r ia b le s  fo r 5 o f  the  6 groups 

(w ithout the Reef Is lan d ers)  a r e  presented  elsewhere (Rhoads 

1977). The measurements made on sub -adu lts  w i l l  be taken for 

granted a t  th is  p o in t ,  and reappear only in  the  c a lc u la t io n  o f  

family c o r r e la t io n s  presented  in  chap te r  4 .

3 .2 .2  M u l t iv a r ia te  a n a ly s is  o f  v a rian ce

The r e s u l t  o f  a m u l t iv a r i a te  a n a ly s is  o f  v a r ian ce  i s  given 

in  e x h ib i t  3 .2 .  I t  i s  c le a r  t h a t  th e re  a re  s ig n i f ic a n t  

d if fe re n c e s  in  both main e f f e c t s  and the i n t e r a c t i o n  o f  the two 

main f a c to r s .  In  a d d i t io n  th e re  are  d i f f e r e n c e s  in  the 

generalized  (m u l t iv a r ia te )  v a r ia n c e .  We w i l l  r e tu rn  to  >a general 

con s id e ra tio n  o f  d i f f e r e n c e s  in  covariance  s t r u c tu r e s  in  s ec t io n  

3 .3 , noting a t  t h i s  p o in t  th a t  th e  p ro b a b i l i ty  l e v e l s  fo r  any F 

t e s t s  a re  d i s to r te d  by unequal v a r ian ce -co v a r ian ce  m a tr ic e s .  

Despite the d is tu rb in g  e f f e c t s  o f  unequal v a r ia n c e s ,  we w i l l  

accept t h a t  an in te r a c t io n  between sex and language group i s  

p re se n t .  The n e x t  s tep  i s  to  examine t h i s  i n t e r a c t i o n  e f f e c t  in  

more d e t a i l .

Ihe in te r a c t io n  o f  sex and language group may be in te rp re te d  

frcm two d i f f e r e n t  p o in ts  c f  view. On the  one hand i t  can be
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seen a s  in d ic a t in g  th a t  the  p a t te rn  c f  between-grcup v a r ia t io n  i s  

d i f f e r e n t  for males and fem ales. A l te r n a t iv e ly ,  i t  can be

dem onstrating t h a t  the p a t t e r n  c f  sexual dimorphism i s  d i f f e r e n t  

from one language group to  a n o th e r .  We can id e n t i f y  the

v a r ia b le s  involved in  the  i n te r a c t io n  e f f e c t  by examining the

u n iv a r i a t e  F r a t i o s  in  e x h ib i t  3-3- Note th a t  t h i s  t a b le

in c lu d e s  both u n iv a r i a t e  F t e s t s  and B a r t le t t-B o x  t e s t s  fo r  

homogeneity o f  v a r ia n ce .  The v a r ia b le s  which appear to have 

d i f f e r i n g  var iances  in t h i s  comparison a r e :  w e ig h t,  b i c r i s t a l

d iam e te r ,  chest b read th ,  upper f a c i a l  h e ig h t ,  nose l e n g th ,  head 

b re a d th ,  minimum f r o n ta l  d iam eter ,  b ig o n ia l  d iam e te r ,  upper arm 

c irc u n fe re n c e , t r i c e p s  s k in fo ld ,  and subscapu lar  s k in fo ld .  The 

v a r ia b le s  which have a s ig n i f i c a n t  F r a t i o  fo r  between group 

v a r i a t io n  are: s i t t i n g  h e ig h t ,  b iac rcm ia l  d iam e te r ,  b i c r i s t a l

d iam e te r ,  ch es t  b read th ,  upper f a c i a l  h e ig h t ,  nose le n g th ,  hand 

b re a d th ,  b icondy lar femur, upper arm c ircum ference , t r i c e p s  

s k in fo ld ,  and subscapu lar  s k in fo ld .  Th is  s e t  in c lu d es  a s in g le  

r e p re s e n ta t iv e  o f  o v e ra l l  leng th  o r  l i n e a r i t y  ( s i t t i n g - h e i g h t ) . 

Thus l i n e a r i t y  i s  somewhat underrepresen ted  given th e  mix o f 

v a r ia b le s  measured. Transverse and bread th  measurements a re  well 

re p re sen ted  by: b iac ro m ia l  d iam eter , b i c r i s t a l  d iam e te r ,  ch es t

b re a d th ,  hand b re a d th ,  and b icondylar femur. F a tness  and bulk 

a re  rep resen ted  by: upper arm circum ference  and the two

s k in fo ld s .

The v a r ia b le s  showing e i th e r  d i f f e r in g  v a r ia n ce s  or 

s i g n i f i c a n t  F t e s t s  are chosen fo r  fu r th e r  exam ination . Each 

chosen v a r ia b le  i s  d iscussed  with re fe re n ce  to  b o x p lc ts  (Tukey
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B a r t l e t t
F Ratio Sig Box F Sig

WEIGHT 1.30 5.14 X X X

SITHT 5. 35 x x x 1.41
STAT 1.55 1.35

BIACROM 4. 17 x x x 1.17
BICRIST 4.20 i i * 5.26 XXX

CHESTB 5.43 XXX 5.63 XXX

FOOTL 1. 17 0 . 95
TFACHT 1. 85 1. 78
UFACHT 5. 95 XXX 4.33 X X X

NOSEL 3. 11 «*« 4.73 X X X

NOSEB 2 . 01 1.29
BICHUM 0.90 1.54
WRISTB 2.79 1.49

HANDB 4. 30 XXX 1.07
HANDL 0 . 97 1 . 6 6

BICFEM 3. 14 XXX 1.31
FOOTB 1.73 1.42
HEADL 1.74 0.78
HEADB 1. 05 2.40 XXX

MFRONT 1.31 3 . 1 2 X X X

BIZYGO 0 . 6 8 0 . 8 8
BIGON 2.46 3.59 XXX

HEADCR 2.25 1.24
UPARM 7.29 XXX 2 . 7 2 X X X

CALFC 1.67 1.44
TRISKN 6.82 XXX 56.07 X X X

SUBSKN 7.68 X X X 47.71 XXX

(*** = s ig n i f i c a n t  a t  p < 0 . 0 1  l e v e l )

E xhib it 3*3 U n ivaria te  F R a t io s  fo r In te r a c t io n  E f fe c t
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197 7) shewing the d i s t r ib u t io n  fo r  each c f  the twelve groups. 

The form o f  the boxplot used here i s  defined in  the  Minitab 81.1 

Reference Manual and Command Summary, and g e n e ra l ly  fe llow s Tukey 

(1977)* One ad d it io n  i s  an approximate 95% confidence in te rv a l  

fo r  the popula tion  median. This i s  in d ica ted  by p a ran th eses  ' ( ) '  

on e i th e r  s ide  o f  the  median ' + ' .  The symbol fo r  o u t l i e r s  i s  ’O' 

and the symbol fo r  values between the  inner and o u te r  fences i s  

* «> •

The general scheme fo r  in t e r p r e t in g  group d i f f e r e n c e s  i s  as 

fo l lo w s :  ( 1 ) d o n ' t  i n t e r p r e t  any d i f f e r e n c e s  i f  the m u l t iv a r i a te

t e s t  i s  n o t  s ig n i f ic a n t  a t  the  .05 l e v e l ,  ( 2 ) examine u n iv a r ia te  

F t e s t s  i f  the m u l t iv a r i a t e  t e s t  i s  s i g n i f i c a n t  and judge 

u n iv a r ia te  F t e s t s  s ig n i f i c a n t  a t  the .05 l e v e l , (3) i f  the  

u n iv a r ia te  F i s  s i g n i f i c a n t  use a robus t comparison o f  medians 

based on a .05 le v e l  for each comparison. There i s  no c o rre c t io n  

fo r  m u lt ip le  comparisons made a t  the  t h i r d  l e v e l ,  bu t the  t e s t  i s  

p ro te c ted  a t  the  p rev ious  s teps  a g a in s t  i n f l a t e d  s ig n if ic a n c e  

le v e l s  (Bock 1975:422).

Group d if f e re n c e s  in  weight a re  summarized in  e x h ib i t  3-4. 

Looking a t  the box p lo ts  we see t h a t  th e re  a r e  some d i f f e r e n c e s  in  

v a r ia n c e ,  as estim ated  by the h in g e  spread (H -spread). The 

H-spread i s  a ro b u s t  analogue c f  v a r ian ce  formed by the  

d i f f e r e n c e  between the upper and lower q u a r t i l e s  (Tukey 1977). 

The H-spread i s  shown in  boxp lo ts  by th e  box i t s e l f .  Extreme 

values a re  the lew H-spread for Baegu males and fem ales, and the  

high H-spread fo r  Lau males and fem ales . There i s  a lso  a v i s ib le
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E xhib it 3.4 Boxplot fo r  weight

Males Females

E

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago Aita

Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita

E xh ib it  3.5 Boxplot for s i t t i n g  h e ig h t
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E xhib it  3.6  Boxplot fo r  s t a tu r e

Males Females

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago A ita

Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita

Exhibit 3 .7  Boxplot fo r  b iacrom ia l diam eter
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E xhib it 3.8 Boxplot f o r  b i c r i s t a l  diameter

Males Females
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Reef Kwaio Lau Baegu Nago A ita  Reef Kwaio Lau Baegu Nago Aita
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j ; 
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Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago Aita

E xh ib it  3-9 Boxplot fo r  ch es t  b read th
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E x h ib it  3.10 Boxplot fo r  fo o t  length 87

Males Females

* I«
I• I

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago Aita

Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita

E xhib it  3.11 Boxplot fo r  t o t a l  f a c i a l  he ig h t
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E xhib it 3.12 Boxplot fo r  upper f a c ia l  h e ig h t

Males Females

Reef Kwaio Lau Baegu Nago A ita  Reef Kwaio Lau Baegu Nago A ita

□

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago Aita 

Exhib it  3.13 Boxplot fo r  nose len g th
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E x h ib it  3-1M Boxplot fo r  nose breadth

Males Females

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago A ita

1  □ 0

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago Aita 

Exhib it  3-15 Boxplot fo r  b icondylar humerus
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E xhib it 3-16 Boxplot fo r  w r is t  breadth

Males Females

~1  

T
1

♦

T

Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita

Reef Kwaio Lau Baegu Nago A ita  Reef Kwaio Lau Baegu Nago Aita

E xhib it  3 . 17 Boxplot fo r  hand breadth
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E xh ib it  3.18 Boxplot fo r  hand length

Males Females

Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita

r t T

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago Aita 

Exhib it 3.19 Boxplot fo r  b icondylar femur
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E xhib it 3.20 Boxplot fo r  fo o t  bread th

Males Females

a a
Reef Kwaio Lau Baegu Nago A ita  Reef Kwaio Lau Baegu Nago Aita

Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita 

Exhib it  3.21 Boxplot fo r  head len g th
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E xh ib it  3.22 Boxplot fo r  head breadth

Males Females

Reef Kwaio Lau Baegu Nago A ita  Reef Kwaio Lau Baegu Nago A ita

Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita

Exhib it  3*23 Boxplot fo r  minimum f r o n ta l  d iam eter
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E xhib it 3.24 Boxplot f o r  bizygomatic diameter

Males Females
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Reef Kwaio Lau Baegu Nago Aita  Reef Kwaio Lau Baegu Nago Aita

Exhibit 3.25 Boxplot fo r  b ig o n ia l  diameter
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E x h ib it  3-26 Boxplot fo r  head circumference
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Exhib it 3.27 Boxplot fo r  upper arm circumference

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



E x h ib it 3.28 Boxplot fo r  c a l f  circum ference

Males Females

96

i  2 4 0I
i

Reef Kwaio Lau Baegu Nago A ita  Reef Kwaio Lau Baegu Nago Aita

T
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i l . 4
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Reef Kwaio Lau Baegu Nago A ita  Reef Kwaio Lau Baegu Nago Aita

Exhib it 3-29 Boxplot fo r  t r i c e p s  sk in fo ld
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E x h ib it 3-30 Boxplot fo r subscapu lar sk in fo ld

M ales  F e m a le s

97

Reef Kwaio Lau Baegu Nago Aita Reef Kwaio Lau Baegu Nago Aita
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tendency to skewing toward l a r g e r  v a lues .

D ifferences  in  s i t t i n g  h e ig h t  are apparen t in  e x h ib i t  3-5. 

There i s  an obvious d if fe ren c e  between th e  sexes , with males 

tending toward la rg e r  s i t t i n g  h e ig h ts .  The p a t te rn  o f  popu la tion  

d i f f e r e n c e s  w ith in  each sex i s  d i f f e r e n t .  In general th e r e  

appears t o  be much g re a te r  v a r ia t io n  in  male median values than 

in  female median v a lu es .

Biacromial diameter i s  shown in  e x h ib i t  3-7- There i s  once 

again an obvious component o f  sexual dimorphism. Other 

d i f f e r e n c e s  are apparent between the  p o p u la t io n s .  Unlike the

p a t te rn  fo r  s i t t i n g  h e ig h t ,  t h e r e  appears  to  be g re a te r  

popu la tion  v a r ia t io n  in  medians fo r  fem ales r a th e r  than m ales. 

The sex by population i n t e r a c t io n  may be seen by tak in g  the  

between-population p a t te rn  f o r  one sex as a s tan d a rd ,  and 

comparing the o th e r  sex w ith i t .  I f  we ta k e  the  males as a 

re fe re n c e  group then  the major d i f f e r e n c e s  are  th e  low median for 

Kwaio fem ales, and the h igh  median fo r  A ita  fem ales.

The p a t te rn  f o r  b i c r i s t a l  diam eter i s  shown in  e x h ib i t  3 .8 . 

There i s  a le s s  obvious component o f  sexual dimorphism, and le s s  

obvious between-population v a r ia t io n  in  m ales .  There are

extremes o f  H-spread with Reefs males a t  the  low end and Reefs 

females a t  the h igh  end. That males and females o f  th e  same

p o pu la tion  are a t  the extremes o f  H-spread f u r th e r  emphasizes 

t h a t  th e re  are  no c le a r  p a t t e r n s  o f  between-sex or 

between-population v a r i a t i o n .  The in t e r a c t io n  e f f e c t  i s
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emphasized in  the h ig h e r  median for Lau females ( r e l a t i v e  to  the 

between-population p a t te rn  fo r  m a le s ) .

The v a r ia t io n  in  medians for chest b read th  i s  shown in  

e x h ib i t  3.9. There i s  some v a r ia t io n  in  H-spread b u t  th i s  i s  no t 

c l e a r ly  based on between-sex o r  between-population d i f f e r e n c e s .  

There a re  some d i f f e r e n c e s  in  medians between th e  sexes , and 

between the  p o p u la t io n s .  However, th e  most s t r i k i n g  p a t te rn  i s  

th e  in te ra c t io n  o f  the two main e f f e c t s .  Conspicuous d if f e re n c e s  

i n  between-population v a r ia t io n  for males and females a re  

e v id e n t .  The Nagovisi female median i s  d i s t i n c t l y  low, and th e  

male Lau median i s  d i s t i n c t l y  h ig h .

D ifferences  in  upper f a c ia l  he igh t a r e  shown in  ex 3 .11 . 

Both the  Kwaio and Baegu females have narrow H -spreads, and Reefs 

females have th e  la r g e s t  H-spread. The v a r ia t io n  in  H-spread fo r  

females i s  g re a te r  than t h a t  fo r  males. There i s  an o v e ra l l  

p a t te rn  o f  sexual dimorphism (males having l a r g e r  v a lu e s ) , b u t  

th e  most conspicuous p a t t e r n  i s  g re a te r  upper f a c i a l  he ig h t fo r  

both males and females from Lau. The in te r a c t io n  e f f e c t  seems to  

stem from the l a r g e r  median for Baegu fem ales which i s  m issing  in  

th e  m ales. The p a t te rn  f o r  nose leng th  (shown in  e x h ib i t  3.12) 

i s  s im i la r  to  t h a t  for upper f a c i a l  h e ig h t .  This i s  no t 

su p r is in g  as nose leng th  i s  a component o f  upper f a c i a l  h e ig h t ,  

and the two v a r ia b le s  a r e  in  a p a r t s  and wholes r e l a t i o n s h ip .

Hand breadth i s  shown in  e x h ib i t  3 .16. The common p a t te rn  

o f  sexual dimorphism p e r s i s t s ,  with m ales having la rg e r  median
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values  than th e  corresponding female group. Nagovisi females 

have consp icuously  lower va lues  fo r  hand breadth  than do the  

other female groups.

There i s  an obvious d i f f e r e n c e  between males and females for 

b icondy la r  femur ( e x h ib i t  3 .1 8 ) .  Between popula tion  v a r ia t io n  

appears to  be much le s s  im portan t in  fem ales , w ith  no two 

p o p u la t io n s  proving  s i g n i f i c a n t l y  d i f f e r e n t  in  pa irw ise  

comparisons o f  medians a t  the .05 l e v e l .  There i s ,  however, a 

s i g n i f i c a n t  d i f f e re n c e  between th e  Lau males and the  Nagovisi 

m ales.

V a r ia t io n  in  upper arm circum ference i s  shown in  ex 3 .26 . 

There i s  some v a r i a t i o n  in  H-spread. A ita  fem ales have the  

narrow est H-spread, and Lau males have the w id es t .  There appear 

t o  be g r e a te r  betw een-popula tion  d i f fe ren c es  f o r  females than fo r  

males.

The n a tu ra l  log o f  t r i c e p s  sk in fo ld  i s  shown in  e x h ib i t  

3 .28. Even a f t e r  a lo g  transform  the values  fo r  Baegu, Nagovisi 

and A ita  males a re  badly skewed. These th re e  groups a ls o  have 

much lower H -spreads. There i s  an obvious component o f  sexual 

dimorphism, b o th  in  H-spread and median. Females exceed males in  

both v a r i a b i l i t y  and median. Note th a t  h ig h e r  median v a lu es  fo r  

females i s  the o p p o s ite  o f  the  p a t te rn  fo r  o ther v a r i a b le s .  

There i s  a lso  s i g n i f i c a n t  between popula tion  v a r ia t io n  in  medians 

f o r  fem ales , bu t no t fo r  males. A s im i la r  r e s u l t  i s  found fo r  

th e  log o f  subscapular sk in fo ld  ( e x h ib i t  3 -29 ) .  Although th e re
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are s i g n i f i c a n t  between population d i f f e r e n c e s  fo r  m ales ,  t h e r e  

i s  g r e a te r  v a r ia t io n  between popu la tions  f o r  fem ales.

In d is c u s s in g  the boxplots o f  in d iv id u a l  v a r ia b le s  which a re  

s i g n i f i c a n t  in  th e  sex by popula tion  m u l t iv a r i a te  in t e r a c t io n ,  we 

have a l s o  had occasion to  comment on the  general p a t te rn  o f  

between popu la tion  or between sex v a r ia t io n  fo r  these  same 

v a r i a b l e s .  I t  i s  now tim e to  tu r n  to  canonica l d is c r im in a n t  

a n a ly s is  to  examine fu r th e r  the  d i f f e r e n c e s  between p o p u la t io n s .  

As th e re  i s  a s ig n i f i c a n t  sex by p o pu la tion  i n t e r a c t i o n ,  a 

d isc r im in a n t  a n a ly s is  between p o p u la tio n s  i s  c a r r ie d  ou t 

s e p a ra te ly  fo r each sex .

3 .2 .3  Female Between Population D iscrim inant Analysis

Canonical d iscrim inant a n a ly s is  i s  a f a i r l y  common data  

a n a ly s is  to o l  in  the  k i t  used by p h y s ica l  a n th ro p o lo g is t s ,  and as 

such i t  r e q u ire s  l i t t l e  in t r o d u c t io n .  However, th e re  has been 

some r e c e n t  d iscuss ion  concerning the  a p p ro p r ia te  method fo r  

r e l a t i n g  the  o r ig in a l  v a r ia b le s  measured to  the  derived  canoncia l 

v a r i a t e s .  There a re  two methods fo r  id e n t i fy in g  which o r ig i n a l  

v a r ia b le s  are  im portant in  d i f f e r e n t i a t i n g  between g roups. 

T r a d i t io n a l ly ,  the  r e l a t i v e  importance o f  d i f f e r e n t  v a r ia b le s  has 

been estim ated  by the s tan d a rd ized  d isc r im in an t  fu n c t io n  

c o e f f i c i e n t  for each v a r ia b le  (N ie ,  e t  a l .  1975; Bock 1975: 

248). Howells (1973) and F r ie d la e n d e r  (1975) have more r e c e n t ly
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recommended the use o f  d isc r im inan t lo ad in g s .  These a re  defined 

a s  the c o r r e la t io n  between each o r ig in a l  v a r ia b le  and the  score 

on the composite d iscr im inan t a x is  (Cooley and Lohnes 1971:248). 

In  f a c t  these two a l t e r n a t iv e s  a re  complementary and each

prov ides  e s s e n t ia l  inform ation concerning the  n a tu re  o f  group 

d i f f e r e n c e s .  The r e la t io n s h ip  between d is c r im in a n t  load ings  and 

s tandard ized  c o e f f i c i e n t s  may be most e a s i l y  v is u a l iz e d  by a path 

diagram and i t s  a s so c ia te d  e q u a tio n s .  For the  sake o f  b re v i ty  

th e  two v a r iab le  case i s  i l l u s t r a t e d  in  e x h ib i t  3-31.

Equation 1 ( in  e x h ib i t  3 .31 )  r e p re se n ts  th e  complete

determ ination o f  a d isc r im in a n t  score ( z) by a weighted 

combination o f  th e  o r ig i n a l  v a r ia b le s .  The path c o e f f i c i e n t s  ( p ( 

and p ) a re  i d e n t i c a l  to  th e  s tan d a rd ized  c o e f f i c i e n t s .  

D iscrim inant load ings  a r e  rep resen ted  by the  c o r r e l a t i o n s  in  

equa tions  2 and 3 of e x h ib i t  3-31. The s tandard ized  c o e f f i c i e n t s  

r e p re se n t  the unique c o n t r ib u t io n  o f  each o r ig i n a l  v a r ia b le  to  

th e  d isc r im in an t  score (F r ied laen d e r  1975:150). D iscrim inant 

lo ad ings  re p re sen t  the  c o n t r ib u t io n  o f  an o r ig in a l  v a r ia b le  

taking in to  account both i t s  d i r e c t  e f f e c t  and i t s  in d i r e c t  

e f f e c t  through c o r r e l a t i o n  with o th e r  v a r i a b l e s .  The use o f  a 

path diagram a l s o  emphsizes t h a t  the  c o r r e l a t i o n s  between the 

o r ig in a l  v a r ia b le s  ( r v v in  the  sample case  i l l u s t r a t e d  here)  

a re  l e f t  unanalyzed.

I t  i s  u su a l ly  neccessary  t o  examine both d isc r im in an t

load ings  and s tan d a rd ized  c o e f f i c i e n t s ,  supplemented by 

exan ina tion  o f  th e  group means on the  o r ig in a l  v a r i a b le s .
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Exhibit 3.31 Path Diagram I l l u s t r a t i n g  D iscrim inan t Loadings
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Standardized d iscr im inan t func tion  c o e f f i c i e n t s  in te rp re te d  in  

i s o l a t i o n  can be m islead ing  because they may emphasize some 

v a r ia b le s  as va riance  s u p re s s o rs .  Supressor v a r ia b le s  do not 

d i f f e r  in  value between groups, b u t  t h e i r  covariance with o ther 

v a r ia b le s  in  th e  d iscr im inan t func tion  causes reduc tion  o f  the 

w ith in  group variance  and thus g r e a te r  d is c r im in a to ry  power. An 

examinaiton o f  group means fo r  a l l  v a r ia b le s  in  a d isc r im inan t 

func tion  w ill  id e n t i fy  su p resso r  v a r i a b le s .  Supressor v a r ia b le s  

a re  a lso  l ik e ly  to  have low d isc r im in a n t  lo ad in g s .

Standardized c o e f f i c i e n t s  may in c lu d e  su p resso r  v a r ia b le s  

which do not d i f f e r  between groups, and th ey  may a lso  le av e  out 

v a r ia b le s  for which the groups a r e  d i f f e r e n t .  Given two (or 

more) highly  c o r re la te d  v a r i a b l e s ,  o n ly  one w i l l  be en tered  in to  

th e  d iscr im inan t fu n c t io n .  The o th e rs  a r e  redundant, co n ta in ing  

no more unique in form ation  fo r  d is c r im in a t in g  between groups. I f  

th e  goal o f  d isc r im in an t  a n a ly s i s  i s  to  f in d  a l l  th e  ways in  

which th e  groups a re  d i f f e r e n t  (v e rsu s  c l a s s i f i c a t i o n  only) then 

i t  i s  important to  in c lu d e  the  redundant v a r ia b le s  in  th e  

d e sc r ip t io n  of group d i f f e r e n c e s .  These redundant v a r ia b le s  may 

be id e n t i f ie d  in  the  d isc r im in a n t  lo ad in g s  where t h e i r  i n d i r e c t  

c o n tr ib u t io n  to  the  canonica l v a r i a t e  w i l l  be seen . Note t h a t  

th e  i n te r p r e ta t io n  o f  d is c r im in a n t  load ings  in  i s o l a t i o n  s u f f e r s  

from the  same problem t h a t  the  s tan d a rd ized  c o e f f i c i e n t s  d isp la y  

w ith  supressor v a r i a b l e s .  V ar iab le s  w ith  high d isc r im in an t  

load ings  need n o t  always re p re se n t  those with u n iv a r ia te  group 

d i f f e r e n c e s  (F ried laen d e r  1975:150). They may have high load ings  

through th e i r  covariance  with o th e r  v a r ia b le s  fo r  which the
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groups are d i f f e r e n t .  The f i n a l  a r b i t r a t o r  in  in te r p r e t in g  group 

d i f f e r e n c e s  i s  an examination o f  the  group means or medians fo r 

th e  v a r ia b le s  concerned .

In th e  a n a ly s is  which follows we w i l l  examine both th e  

s tandard ized  d is c r im in a n t  fu n c tio n  c o e f f i c i e n t s  and th e  

d isc r im in an t  lo a d in g s ,  supplemented by a r e tu rn  to  the  boxplo ts  

o f  e x h ib i t s  3 .4  to  3*30. Based on th e  u n iv a r ia te  F t e s t s  a l l  27 

v a r i a b le s  show s i g n i f i c a n t  between population and between sex 

v a r i a t io n  (p<0.01) so our i n t e r e s t  i s  concentra ted  on the 

p a r t i c u l a r  way in  which the  v a r ia b le s  c o n t r ib u te  to  the  

d isc r im in a n t  fu n c t io n s  c o n t r a s t in g  p a r t i c u la r  groups.

The s tanda rd ized  d is c r im in a n t  fu nc tion  c o e f f i c i e n t s  and the  

d isc r im in an t  lo ad in g s  f o r  between population v a r ia t io n  based on 

females a re  given in  e x h i b i t  3 .3 2 .  There f i v e  d isc r im in an t  

fu n c t io n s ,  a l l  a re  orthogonal t o  one a n o th e r .  These f iv e  

fu n c t io n s  a l l  r e p re se n t  s i g n i f i c a n t  dimensions o f  between 

popu la t io n  v a r ia t io n  (p < 0 .0 1 ) .  P lo t s  o f  th e  group mean v e c to r s  

(c e n tro id s )  in  the  d isc r im in an t  space a re  given in  e x h ib i t s  3-33 

t o  3-35. Each p lo t  re p re se n ts  a p a ir  o f  axes p lo t te d  a g a in s t  one 

a n o th e r .  The approxim ate 99t confidence c i r c l e  fo r  each group 

mean i s  shown on the  p lo t  (computed as in  Seal 1964:137).

In e x h ib i t  3.33 th e  f i r s t  d isc r im in a n t  fu n c tio n  sep a ra te s  

t h e  Lau females from th e  r e s t  o f  th e  groups, w ith  th e  Reefs 

fem ales a t  the o th e r  extrem e. Examining the s tan d a rd ized  

c o e f f i c i e n t s  in  e x h ib i t  3.32 we see t h a t  upper f a c i a l  h e ig h t
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MULTIVARIATE TESTS

TEST VALUE
PILLAIS 2.60282 
HOTELLINGS 6.18074 
WILKS .02129
ROYS .67092

OF SIGNIFICANCE (S= 5,

APPROX. F HYP.DF 
20.50 920 1 35 . 00
23.09308 135.00
21.9052 8 1 35 . 00

M= 10 1/2, N= 252)

ERROR DF PROB 
2550.00 <0.01 
2522.00 <0.01 
2500.74 <0.01

EIGENVALUES AND CANONICAL CORRELATIONS

ROOT EIGENVALUE PCT. CUM. PCT CAN. COR

1 2.03880 32 .986 32.986 .81 910
2 1.74 672 28 .260 61 .247 .79745
3 1.18631 19 • 193 80.440 .73662
4 .61976 10.027 90.468 . 61 857
5 .58915 9.531 100. 000 .60888

Standardized D iscrim inant Function C o e f f ic ie n ts

1 2 3 4 5

WEIGHT 0.255 0.412 -0 .768 -0 .350 0.106
SITHT -0.180 0.091 0.390 -0 .398 -0.041
STATURE -0.195 -0.216 -0 .328 0.381 0.223
BIACROM 0.283 -0.124 -0.071 0.087 -0.105
BICRIST 0.096 0.075 0.413 -0 .109 0.231
CHESTB 0.307 -0.462 0.475 -0 .327 -0 .316
FOOTL 0.063 -0 .096 -0 .287 -0 .175 0.650
TFACHT -0.424 -0.074 -0 .238 -0 .169 0.083
UFACHT 0.694 0.321 0.002 0.575 . -0 .003
nudLL 0.263 A  4  i m—U • IHU U . CHj A  l l—U . 0.166
NOSEB 0.015 -0.241 -0 .033 -0 .040 -0 .219
BICHUM 0.303 0.187 -0.055 0.128 0.261
WRISTB 0.329 0.080 0.170 0.162 -0 .174
HANDB -0.064 -0.508 0.620 0.028 -0 .192
HANDL -0.272 -0.306 -0.294 0.256 -0 .329
BICFEM -0.448 0.176 0.038 -0.620 -0.474
FOOTB 0.111 -0 .346 -0 .049 0.507 -0 .114
HEADL 0.113 -0.678 0.021 -0 .592 0.456
HEADB 0.220 -0 .060 -0 .002 -0 .146 0.117
MFRONT -0.239 -0.073 0.250 -0.031 -0 .103
BIZYGO 0.094 0.097 -0.394 -0.267 0.211
BIGON 0.009 0.119 -0 .068 0.359 -0 .462
HEADCR -0.176 0.872 0.037 0.702 -0 .518
UPARM 0.139 -0 .070 -0 .840 -0.861 -0 .637
CALFC -0.258 0.519 0.867 0.743 0.038
TRISKN 0.464 0.047 -0.021 0.386 0.304
SUBSKN -0.551 -0.548 -0 .033 0.339 0.467

Exhibit 3.32 Female D iscr im inan t Analysis
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Discrim inant Loadings ( c o r r e l a t i o n s  between canonical 
v a r i a t e s  and o r ig in a l  v a r ia te s )

1 2 3 4 5

WEIGHT 0.217 -0.155 -0.219 -0.044 -0.250
SITHT 0.011 - 0 . 0 9 9 0. 000 -0 .104 -0 .108STATURE 0.047 -0.259 -0.187 0.048 -0.010
BIACROM 0.293 -0.291 -0.204 0.014 -0.273BICRIST 0.259 -0.123 0.108 -0.162 -0 .027
CHESTB 0.303 -0.288 -0.046 -0.162 -0 .312
FOOTL 0. 131* -0 .336 -0.147 0.088 0.028
TFACHT 0.312 -0.008 -0.022 -0.070 0.018
UFACHT 0.540 0.127 0.063 0.055 0.106
NOSEL 0.510 0.051 0.158 -0.173 0.161
NOSEB 0. 059 -0 .217 0.006 -0 .047 -0 .315
BICHUM 0.365 -0.115 -0.059 -0.018 -0 .166
WRISTB 0.327 -0 .200 0.070 0.023 - 0 . 3 0 5
HANDB 0.206 -0 .507 0.212 0.089 -0 .348
HANDL 0.070 -0.391 -0.259 0.158 -0 .175
BICFEM -0.052 -0.041 0.014 -0.246 -0 .362
FOOTB 0.241 -0 .411 0.081 0.270 -0 .240
HEADL 0.093 - 0 . 2 2 9 -0.034 -0.107 -0 .038
HEADB 0.208 0.035 -0 .043 -0.080 - 0 . 1 7 2
MFRONT -0.043 -0.075 0.024 -0.014 -0.156
BIZYGO 0.226 0.016 -0.250 -0.105 -0 .280
BIGON 0.093 0.098 -0 .187 0.209 -0 .498
HEADCR 0.128 -0.043 -0.098 0.007 -0.251
UPARM 0.258 - 0 .  127 -0 .384 -0 .144 -0 .382
CALFC 0.147 0.017 -0 .0 2 7 0.097 -0 .303
TRISKN 0.122 -0.090 -0.323 0.058 -0 .050
SUBSKN -0.022 -0.210 -0.280 0.007 -0 .087

DIMENSION REDUCTION ANALYSIS

ROOTS LAMBDA F HYP. DF ERR. DF PRC©

1 TO 5 .02129 21.905 135 2500 <0.01
2 TO 5 .06469 19.227 104 2013 <0.01
3 TO 5 .17769 15.817 75 1517 <0.01
4 TO 5 .38850 12.780 48 1015 <0.01
5 TO 5 .62927 13.012 23 508 <0.01

Exhibit 3-32 Female D iscrim inant Analysis 
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I

C irc le s  are  approximate 99% confidence l im i t s  fo r  group means.

Exhib it  3.33 Canonical Group Means (Females) Functions 1 and 2
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S

C irc le s  are  approximate 99% confidence  l im i t s  fo r  group means.

Exhib it 3 .3 1* Canonical Group Means (Females) Functions 3 and 4
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5

C irc le s  are  approximate 99% confidence l i m i t s  fo r  group means.

Exhib it  3.35 Canonical Group Means (Females) Functions 3 and 5
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makes the l a r g e s t  d i r e c t  co n tr ibu tion  to  t h i s  c o n t r a s t ,  and th a t  

subscapular sk in fo ld  i s  next important in  magnitude (a lthough

oppos ite  in  s ig n ) .  There are 6 other v a r ia b le s  making a 

s u b s ta n t i a l  c o n tr ib u t io n  to  t h i s  d iscr im inan t func tion  using  an 

a r b i t r a r y  c u to f f  value o f  .3. Those with p o s i t i v e  c o e f f i c i e n t s

a re  w eigh t, b icondy la r  humerus, w ris t  b re a d th ,  and t r i c e p s

s k in fo ld .  Negative c o e f f i c i e n t s  are observab le  fo r  t o t a l  f a c ia l  

h e ig h t  and b icondylar femur. When the  boxp lo ts  fo r  these

v a r ia b le s  are  examined i t  i s  c le a r  th a t  t h i s  c o n t r a s t  i s  more 

complex than i t  f i r s t  appea rs .

F i r s t l y ,  v a r ia b le s  which a r e  t r a d i t i o n a l l y  p o s i t iv e ly  

c o r re la te d  ( th e  two sk in fo ld s ;  t o t a l  f a c i a l  h e ig h t  and upper 

f a c ia l  h e igh t)  take  on opposite  s ig n s  fo r  d isc r im in a n t  function

c o e f f i c i e n t s .  This i s  because th e  c o e f f i c i e n t s  in c lu d e  only the  

unique c o n tr ib u t io n  o f  each v a r ia b le .  Looking a t  the  boxplots 

fo r  t o t a l  f a c ia l  h e ig h t  and upper f a c ia l  h e ig h t  ( e x h ib i t s  3-11 

and 3 .1 2 ) ,  i t  i s  apparen t th a t  th e  Lau fem ales have R e la t iv e ly  

la rg e  va lu es  fo r  both . Lau females stand ou t c l e a r l y  in  t o t a l  

f a c ia l  h e ig h t ,  and both Lau and Baegu females have la r g e r  upper 

f a c i a l  h e ig h t  than  the  o th e r  female groups. The p ropo r tion  o f  

variance  in  t o t a l  f a c ia l  he igh t which i s  e n te r in g  the 

d isc r im in an t  func tion  i s  th a t  n o t  shared with upper f a c ia l  

h e ig h t ,  and i t  i s  a c t in g  as a c o n t ra s t  o f  th e se  two measurements. 

Looking a t  the d isc r im in a n t  load ings in  e x h ib i t  3.32 we note th a t  

th e  s e t  o f  th ree  f a c i a l  h e ig h t  measurements (upper f a c ia l  h e ig h t ,  

t o t a l  f a c i a l  h e ig h t ,  nose leng th ) are a l l  p o s i t i v e ly  c o r re la te d  

with the f i r s t  d is c r im in a n t  fu n c tio n .  Nose le n g th  does not
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appear in  the  d isc r im in an t  func tion  c o e f f i c i e n t s  because o f  i t s  

in t e r c o r r e l a t i o n  with upper f a c i a l  h e ig h t  and t o t a l  f a c i a l  

h e i g h t .

Turning to  the boxplots  fo r  the  two sk in fo ld  measurements 

( e x h ib i t s  3.29 and 3 .30) we see t h a t  th e  Lau females a re  among 

th e  4 l a r g e r  groups fo r t r i c e p s  s k in f o ld ,  bu t t h a t  they f a l l  

below th e  Reefs females in  subscapular sk in fo ld  v a lu es .  Thus the  

n eg a tiv e  c o e f f i c i e n t  fo r  subscapular sk in fo ld  p laces  th e  Reefs 

females a t  the n ega tive  end o f  th e  fu n c t io n .  The n eg a tiv e  

c o e f f i c i e n t  a lso  picks ou t the  f a c t  th a t  th e  Lau females have 

sm alle r  subscapular sk in fo ld  v a lu es  than  ex p ec ted , g iven t h e i r  

va lues  f o r  the o th e r  measurements.

Returning to  the  d isc r im in a n t  func tion  c o e f f ic ie n ts  in  

e x h ib i t  3.32 we note t h a t  both b icondy lar  humerus and w r is t  

b readth  en te r  th e  d iscr im inan t fu n c i to n .  Examination o f  the  

boxplo ts  fo r  th e s e  two v a r ia b le s  ( e x h ib i t s  3-15 and 3 .16) shows 

th a t  the  Lau fem ales a re  d is t in g u ish e d  by la rg e r  values f o r  these  

v a r i a b le s .  Weight a lso  appears  i n  the  d isc r im in a n t  fu n c tio n  

c o e f f i c i e n t s ,  b u t  i t s  i n t e r p r e t a t i o n  in  th e  d iscr im inan t func tion  

i s  confounded by th e  o b se rv a tio n  t h a t  both the  Reefs and Lau 

females (who l i e  a t  opposite  extrem es on th i s  func tion )  have th e

la r g e s t  va lues  f o r  w eight. Weight may be a composite v a r ia b le

which inc ludes  one or more independent components o f  physique, 

and one such component i s  being included in  the  d isc r im in an t

fu n c t io n .  I t  may also  be t h a t  weight i s  ac ting  a s  a

s tan d a rd iz in g  v a r ia b le  in  the  d is c r im in a n t  fu nc tion  ( in  concert
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with th e  other v a r ia b le s  in  the s e t )  by absorbing d if fe ren ces  in  

th e  o the r  v a r ia b le s  which a re  due to  d i f f e re n c e s  in  body weight. 

F in a l ly ,  b icondylar femur appears  in the  equation with a negative 

c o e f f i c i e n t .  There are no c le a r  d i f f e r e n c e s  between groups in  

th e  boxplo t for b icondy la r  femur ( e x h ib i t  3 .19) so t h i s  must 

r e p re se n t  a supresso r v a r ia b le .

The second d isc r im in a n t  fu n c tio n  a lso  appears in  e x h ib i t  

3 .33, and th i s  fu c tio n  c o n t r a s t s  the Reefs fem ales with the  other 

5 groups, a lthough the Lau remain in te rm e d ia te .  From the  

c o e f f i c i e n t s  in  e x h ib i t  3.32 th e  most im portan t v a r ia b le s  are  

head c i rc u n fe ren e e  and head le n g th  (w ith  opposite  s i g n s ) . 

Exanining the boxplo ts  fo r  head circumference and head length  

( e x h ib i t s  3.26 and 3 .21 )  we see t h a t  the  Reefs and Lau females 

have lo n g e r  heads , and a r e  among th e  l a r g e s t  groups fo r head 

circum ference. The c o n t r a s t  in  s igns  between head circumference 

and head length may in d ic a te  t h a t  d i f f e r e n c e s  in  shape are a lso  

p r e s e n t .  In f a c t ,  from th e  boxplo ts  i t  appears t h a t  t h i s  i s  a 

p r o f i l e  d i f fe re n c e  between (1 ) th e  Nagovisi and Aita females w ith 

la rg e r  head circum ference and s h o r te r  h ead s ,  and (2) the  Reefs 

and Lau females with l a r g e r  head circum ference and long heads. 

This c o n t r a s t  by head shape echoes th e  f i r s t  d isc r im inan t 

func tion  derived by F r ied laen d e r  (1975:151) which sep a ra te s  males 

from d i f f e r e n t  v i l l a g e s  w ith in  B o ugainv ille .

The breadth o f  e x t re m it ie s  (hand b re a d th ,  fo o t  breadth) i s  

a lso  a f a c to r  in  t h i s  second fu n c t io n .  An examination o f  the  

d isc r im inan t load ings  ( e x h ib i t  3.32) shows t h a t  hand length and
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foot leng th  a re  a lso  c o r r e la te d  with t h i s  fu n c t io n ,  a lthough they 

a r e  not p re sen t  in  the  fu n c t io n  i t s e l f .  Examination of the  

re le v a n t  boxplots  fo r e x t r e m i t ie s  ( e x h ib i t s  3 .1 0 ,  3 -17 , 3 .18 and

3.20) shows t h a t  Reefs and Lau females tend to  have the  la rg e s t  

hands and f e e t .  Subscapular sk in fo ld  i s  a l s o  im portan t in  th i s  

fu n c tio n  and i t  se rves  to  fu r th e r  s e p a ra te  th e  Reefs females from 

th e  Lau fem ales . Although th e  Reefs and Lau females are  

g e n e ra l ly  s im i la r  in  s i z e ,  th e re  a re  o ther  ways in  which they 

d i f f e r .  Returning to  th e  boxplo ts  fo r  f a c i a l  h e ig h t  (e x h ib i ts  

3 .11 , 3-12 and 3.13) we n o te  th a t  th e  Reefs females have 

r e l a t i v e l y  sm alle r  f a c i a l  h e ig h t  measures than we would expect 

given t h e i r  genera l ro b u s tn e ss .  C ontinuing w ith th e  d iscr im inan t 

func tion  c o e f f i c i e n t s  ( e x h ib i t  3 .32) we see t h a t  weight i s  once 

again included in  th i s  fu n c tio n  in  a way which c o n t r a s t s  ( i n  

sign) w ith  i t s  appearance in  the f i r s t  d is c r im in a n t  fu n c tio n .  

This may, in  p a r t ,  be due to  the  c o n t r a s t  between A ita  females 

and the Reefs and Lau fem ales, a s  the  A ita  a re  r e l a t i v e l y  heavy 

bu t otherwise d i s t i n c t  from the  Reefs and Lau fem ales. Calf 

circumference a l s o  appears in  t h i s  second d is c r im in a n t  funciton  

w ith  a n eg a tiv e  s ig n .  Examining we see t h a t  the  boxplo t f o r  c a l f  

c ircumference (e x h ib i t  3.28) th e  A ita  have th e  l a r g e s t  va lues fo r  

c a l f  c ircum ference  so th e y  would again be c o n tra s te d  w ith  the  

Reefs and Lau fem ales. F in a l ly  we note t h a t  c h e s t  b read th  has a 

s u b s ta n t i a l  p o s i t iv e  c o e f f i c i e n t .  Examining th e  boxplo ts  fo r  

ches t  b read th  ( e x h ib i t  3 .9 )  i t  i s  apparen t t h a t  both Lau and 

Reefs females have broader c h es ts  than th e  o th e r  groups.

The th i r d  and fourth  d is c r im in a n t  fu n c t io n s  a re  shown in
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e x h ib i t  3.3*1. The th i r d  fu n c tio n  c o n t r a s ts  th e  in land  M alaitan 

females (Kwaio and Baegu) w ith  the o th e r  groups. The most 

im portant v a r ia b le s  are  upper arm c ircum ference , c a l f

circum ference, and w eight. Kwaio and Baegu females weigh l e s s  

than the Reefs, Lau and A ita  fem ales. S im ila r  p a t t e r n s  hold t ru e  

fo r  upper arm circum ference and c a l f  c ircum ference . Although th e  

Nagovisi females also  weigh l e s s  and have sm alle r  upper arm 

circumference and c a l f  c ircum ference , they  are d i s t i n c t  from the  

Kwaio and Baegu females in  o ther ways. F i c r i s t a l  d iam eter and 

ches t  b read th  both en te r  th e  d isc r im in an t  fu n c t io n  and th e se  

serve  to  d is t in g u is h  the  Nagovisi from th e  in land  M alaitan  

fem ales. The Nagovisi have s ig n i f i c a n t l y  lower values fo r  

b i c r i s t a l  diameter and c h e s t  b read th  than do th e  Kwaio or Baegu 

(see e x h ib i t s  3 .8  and 3 .9 ) .  Bizygomatic diam eter appears to  

en te r  th e  equation fo r  th e  same rea so n , d i s t in g u i s h in g  the la rg e r  

Nagovisi from th e  sm aller  Kwaio and Baegu fem ales ( e x h ib i t  3 .2 4 ) .  

S im ila r ly ,  hand breadth  f u r th e r  s ep a ra te s  th e  N agovisi,  a s  they 

have narrower hands ( e x h ib i t  3 .1 7 ) .  Although s i t t i n g  h e ig h t  and 

s ta tu re  a re  en tered  in  th e  d isc r im in an t  fu n c t io n  th e s e  appear to  

be ac ting  as supressor v a r i a b le s .  Judging from th e  boxplo ts  fo r 

s i t t i n g  he ig h t and s t a t u r e  ( e x h ib i t s  3 .5  and 3 .6 )  th e  only 

s ig n i f i c a n t  f in d in g  i s  t h a t  th e  Reefs fem ales are  t a l l e r  than  the  

r e s t .

The fo u r th  d i s c r im in a n t  f u n c t io n  c o n t r a s t s  t h e  A ita  w ith  th e  

o th e r  g ro u p s .  Head c i rc u m fe ren c e  and head le n g th  a re  m ajor 

c o n t r i b u t o r s  to  t h i s  f u n c t io n ,  w i th  t h e i r  s i g n s  r e v e r s e d  from th e  

co rrespond ing  c o e f f i c i e n t s  fo r  d i s c r i m in a n t  f u n c t io n  2 .
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Re-examining the boxplots fo r  both v a r ia b le s  ( e x h ib i t s  3-26 and

3.21) we remember t h a t  the A ita  are d i s t i n c t  in  having a la rge  

head circumference combined w ith  a short head. This i s  picked up 

as  a s t ro n g  p r o f i l e  d i f f e re n c e  because th e se  two v a r ia b le s  are 

p o s i t iv e ly  c o rre la ted  w ith in  each group. Another c o n t r a s t  i s  

hand le n g th  and fo o t  breadth  a g a in s t  fo o t  le n g th .  The A ita  

females have r e l a t i v e l y  s h o r te r  f e e t  ( e x h ib i t  3 .18) given t h e i r  

longer hands and broader f e e t  (e x h ib i ts  3 .18  and 3 .2 0 ) .  A t h i r d  

c o n t ra s t  p a i r  i s  upper f a c i a l  h e igh t and nose length  ( e x h ib i t s  

3.12 and 3 .1 3 ) .  Once again th e  Aita females have s h o r te r  noses 

i n  combination w ith  medium values fo r  upper f a c i a l  h e ig h t .  

Continuing with the  d isc r im in an t  func tion  c o e f f i c i e n t s ,  th e  Aita 

a re  d is t in g u ish ed  from th e  other groups in  having the  l a r g e s t  

c a l f  c ircum ference and b ig o n ia l  diameter (see  e x h ib i t s  3 .28 and 

3*25). Bizygomatic d iam eter i s  a lso  i d e n t i f i e d  by th e  fourth  

d isc r im in an t  fu n c tio n  a lthough  th e  Aita share  w ith  the  Lau and 

Nagovisi females la rg e r  values fo r  th i s  v a r i a b le .

The f i f t h  (and l a s t ! )  d isc r im in an t  fu n c tio n  c o n t r a s t s  the  

Nagovisi with th e  o ther groups (see  e x h ib i t  3 .3 5 ) .  These 

c o e f f i c i e n t s  a re  no t e a s i l y  in te r p r e ta b le ,  as most o f  the  

s i g n i f i c a n t  ones (upper arm c ircum ference , b icondy lar  femur, 

s i t t i n g  h e ig h t ,  s t a t u r e ,  fo o t  le n g th ,  upper f a c i a l  h e ig h t ,  c a l f  

circum ference , t r i c e p s  s k in fo ld ,  subscapular sk in fo ld )  cannot be 

r e la te d  t o  any obvious d i s t i n c t i o n  in  the b o x p lo ts .  This im plies  

t h a t  th e  c o n tra s ts  a re  in  th e  i n t e r r e l a t i o n  o f  s e ts  o f  v a r ia b le s  

r a th e r  th a n  the in d iv id u a l  v a r ia b le s  them selves. Chest b read th  

does appear in  th e  d isc r im inan t func tion  and i s  in t e r p r e t a b l e  in
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i t s  a sso c ia ted  boxplot ( e x h ib i t  3 .9 ) .  The Nagovisi females have 

narrower chestr^-fehan o th e r  groups.

Summarizing th e n ,  fem ales from th e  R e e fs ,  Lau and A ita  

groups a r e  l a r g e r  in  most measurements th a n  a re  th e  o ther  3 

g ro u p s .  Rhoads (1977:156) h as  a l re a d y  commented t h a t  A i ta  males 

" c o n t r a d i c t  the image o f  th e  s tu n te d  h i g h l a n d e r . "  I t  appea rs  

t h a t  t h i s  o b se rv a t io n  a l s o  ho lds  t r u e  f o r  fe m a le s ,  a l th o u g h  the  

Reefs fem ales a r e  a c t u a l l y  th e  t a l l e s t  g roup .  The A ita  fem ales 

may be c h a r a c te r i z e d  as  having  b road  bu t  r e l a t i v e l y  s h o r t  heads .  

I n  c o n t r a s t ,  t h e  Lau fem ales  have  long and broad h ead s  w h ile  th e  

Reefs fem ales  have  long and narrow h e a d s .  The Lau fem ales  have 

t h e  l a r g e s t  v a lu e s  fo r  t o t a l  f a c i a l  h e ig h t  and nose le n g th ,  w hile  

t h e  R eefs  fem ales  have s h o r t e r  n o ses  and f a c i a l  h e i g h t s .

The Reefs and Lau fem ales b o th  have r e l a t i v e l y  l a r g e r  hands 

and f e e t .  In  c o n t r a s t ,  t h e  A ita  fem ales  have r e l a t i v e l y  s h o r t  

f e e t .  Both the  Reefs  and Lau fem a les  may be  d i s t i n g u i s h e d  from 

t h e  A ita  in  hav ing  b ro ad er  c h e s t s .  The R eefs  and Lau fem ales  

a r e ,  i n  t u r n ,  d i s t i n c t  from one a n o th e r  i n  o th e r  w ays .  Although 

a l l  t h r e e  o f  th e  ro b u s t  fem ale  g roups  have l a r g e r  s k in fo ld  

v a lu e s ,  th e  Reefs fem ales  s tan d  o u t  i n  h a v in g  th e  l a r g e s t  

s u b s c a p u la r  s k in f o ld  v a lu e s .  The Lau h av e  th e  l a r g e s t  b ic o n d y la r  

humerus v a lu e s .

Turning t o  the  more g r a c i l e  fem ale groups (Baegu, Kwaio, 

N ag o v is i)  we n o te  t h a t  th e  Baegu a re  d i s t i n c t  i n  having l a r g e  

upper f a c i a l  h e ig h t  and long  n o s e s .  We o b se rv e  however t h a t  th e
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Baegu do not have s i m i l a r l y  l a r g e  v a lu e s  fo r  t o t a l  f a c i a l  h e ig h t .  

N agov is i  fem ales  are  d i s t i n c t  from the  Kwaio and Baegu in  having 

g e n e r a l ly  b roader  bu t s h o r t e r  h e a d s ,  and la rg e r  b izygom atic  

d ia m e te r .  N agovisi fem a le s  a l s o  have t h e  sm a l le s t  v a lu e s  fo r  

c h e s t  b re a d th  and b i c r i s t a l  d ia m e te r ,  and th e  narrow est h eads .

3 .2 .4  Male Between P opu la tion  D iscrim inan t Analysis

The r e s u l t  o f  a d is c r im in a n t  a n a ly s i s  o f  between popula tion  

v a r ia t io n  fo r  m ales i s  p resen ted  in  e x h ib i t  3 .36. There a re  once 

again f i v e  d isc r im in an t  fu n c t io n s  which rep re sen t  s ig n i f i c a n t  

(p<0.01) dimensions o f  between popu la tion  v a r ia t io n .  Based on 

th e  u n iv a r ia te  F t e s t s  a l l  27 v a r ia b le s  show s ig n i f ic a n t  between 

popu la tion  v a r ia t io n ,  a s  they d id  in  the case  of fem ales. P lo ts  

o f  the f i v e  fu n c tio n s  a re  given in  e x h ib i t s  3.37 to  3 .39 .

In e x h ib i t  3-37 th e  f i r s t  d is c r im in a n t  func tion  sep a ra te s  

th e  Lau and Reefs males a t  one extreme, from th e  Kwaio a t  the 

o th e r .  Judging by the s tan d a rd iz e d  c o e f f i c i e n t s  fo r  th e  f i r s t  

d isc r im inan t fu n c tio n  ( e x h ib i t  3.36) th e  v a r ia b le s  making the  

g re a te s t  d i r e c t  c o n t r ib u t io n  to  t h i s  func tion  a re  head 

circumference and head len g th  (w ith  opposite  s ig n s ) . Examining 

th e  boxplo ts  fo r  th e se  v a r ia b le s  ( e x h ib i t s  3.26 and 3 .2 1 ) ,  i t  i s  

c lea r  t h a t  the Reefs and Lau males have th e  la rg e s t  va lues fo r 

head le n g th .  The p a t te rn  fo r  head circumference i s  more complex. 

On the b a s i s  o f  pa irw ise  comparisons of medians, both groups have
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MULTIVARIATE TESTS OF SIGNIFICANCE (S= 5, M= 10 1 /2 ,  N= 253 1/2)

TEST NAME VALUE APPROX. F HYP.DF ERR.DF PROB

PILLAIS
HOTELLINGS
WILKS
ROYS

2.24772
4.91587

.04035

.63116

15.516 1 3 5 . 0 0  2565.00 <0.01
18.476 135.00 2537.00 <0.01
17.090 135.00 2515.53 <0.01

EIGENVALUES AND CANONICAL CORRELATIONS

ROOT EIGENVALUE PCT. CUM. PCT. CAN.COR

1 1.71121 34.809 34.809 .79446
2 1.36166 27.699 62.509 .75932
3 1.16272 23.652 86.161 .73323
4 .41950 8.533 94.695 .54363
5 .26078 5.304 100.000 .45480

Standard ized  D iscr im inan t Function  C o e f f ic ie n t s

1 2 3 4 5

WEIGHT 0.544 -0 .437 0.045 -0 .0 1 8 -0 .109
SITHT -0.574 -0 .350 0.361 0.123 -0 .313
STATURE 0.115 0.391 -0 .272 -0 .297 0.376
BIACROM 0.168 -0.097 -0 .025 0.232 -0.425
BICRIST -0.074 0.193 0.098 -0.161 0.132
CHESTB 0.133 -0.071 0.368 0.044 -0 .245
FOOTL 0.038 0.017 0.121 0.085 0.780
TFACHT -0 .304 0.050 -0 .457 0.273 0.053
UFACHT 0.493 -0.407 0.255 -0 .580 0.228
NOSEL 0.081 0.110 0.433 0.388 -0 .219
NOSEB -0 .001 0.106 0.027 -0 .200 -0 .120
BICHUM 0.275 0.030 0.087 -0 .449 -0 .155
WRISTB 0.206 -0 .374 0.299 -0 .456 0.098
HANDB -0 .375 0.607 0.443 0.132 -0.011
HANDL 0.142 0.297 -0 .739 0.137 -0 .739
BICFEM -0.415 -0.142 -0.121 0.970 -0.034
FOOTB 0.239 0.310 -0 .015 -0 .363 -0 .026
HEADL 0.884 0.746 0.183 0.772 -0 .076
HEADB 0.164 0.107 0.315 0.034 -0 .075
MFRONT 0.009 0.291 0.133 -0.111 -0 .074
BIZYGO 0.303 -0.211 -0 .352 0.063 0.069
BIGON -0.156 -0 .117 -0 .057 -0.065 -0 .399
HEADCR -0.940 -0.801 -0 .306 -0.479 0.075
UPARM 0.619 -0 .259 -0 .240 0.523 0.515
CALFC -0.769 0.227 0.161 -0 .538 -0 .218
TRISKN 0.005 0.109 0.071 0.346 0.206
SUBSKN -0.080 0.047 -0 .389 -0 .448 -0.259

E x h ib it  3.36 Male D iscr im inan t A nalysis
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D iscrim inan t Loadings ( c o r r e l a t i o n s  between can o n ic a l  
v a r i a t e s  and o r ig i n a l  v a r i a t e s )

1 2 3 4 5

WEIGHT 0.276 -0.041 0.090 -0 .056 -0 .349
SITHT -0.056 -0.026 0.259 0.063 -0 .314
STATURE 0.144 0.216 0.040 -0 .007 -0 .185
BIACROM 0.289 -0.002 0.141 0.152 -0 .476
BICRIST 0.206 0.112 0.107 -0 .043 -0.161
CHESTB 0.267 -0.079 0.314 0.037 -0 .489
FOOTL 0.2HI 0.262 0.079 -0 .018  -0 .008
TFACHT 0.208 -0.091 0.086 0.073 -0 .080
UFACHT 0.360 -0.202 0.226 -0.051 -0 .007
NOSEL 0.290 -0.105 0.362 0.128 -0 .086
NOSEB 0.115 0.114 0.030 -0 .122 -0 .266
BICHUM 0.330 0.042 0.183 -0 .150 -0.301
WRISTB 0.237 -0.013 0.291 -0.081 -0 .254
HANDB 0.095 0.425 0.334 -0 .029  -0 .298
HANDL 0.250 0.310 -0 .214 -0 .029  -0 .406
BICFEM 0.029 -0.024 0.123 0.324 -0 .340
FOOTB 0.219 0.346 0.217 -0 .204 -0 .268
HEADL 0.226 0.205 0.140 0.289 -0 .203
HEADB 0.045 -0.135 0.163 -0 .004  -0 .235
MFRONT 0.004 0.147 0.066 -0 .012  -0 .183
BIZYGO 0.227 -0.164 -0.078 0.028 -0 .308
BIGON 0.015 -0.166 -0 .034 -0 .075 -0 .518
HEADCR 0.050 -0.041 0.092 0.093 -0 .249
UPARM 0.352 -0 .193 0.031 0.023 -0 .157
CALFC 0.033 -0.035 0.161 -0 .126  -0 .298
TRISKN 0.137 0.023 -0 .136 0.087 -0 .062
SUBSKN 0.145 -0.039 -0.304 -0.096 -0 .254

DIMENSION REDUCTION ANALYSIS

ROOTS LAMBDA F HYP.DF ERR.DF PROB

1 TO 5 .04035 17.090 135 2515 <0.01
2 TO 5 .10940 14.529 104 2025 <0.01
3 TO 5 .25836 11.645 78 1526 <0.01
4 TO 5 .55876 7.185 48 1021 <0.01
5 TO 5 .79316 5.793 23 511 <0.01

Exhibit 3.36 Male D iscrim inan t Analysis

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

91

A

C irc le s  are  approximate 99% confidence  l im i t s  fo r  group means.

Exhib it  3.37 Canonical Group Means (Males) Functions 1 and 2 
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*

C irc le s  a re  approximate 99% confidence l i m i t s  fo r  group means.

Exhib it 3.38 Canonical Group Means (Males) Functions  3 and 4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

5

C irc le s  are approximate 99% confidence l im i t s  fo r  group means.

E xh ib it  3.39 Canonical Group Means (Males) Functions 1 and 5
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la rg e  head circum ference  v a lu es  (a long  w ith th e  A ita  and Kwaio 

m ales). However, th e  Lau median i s  s ig n i f ic a n t ly  (p<.05) la rg e r  

than  the  medians fo r  the two sm a lle s t groups (N agovisi, Baegu) 

bu t the Reefs median is  n o t .

The n e x t most im portan t c o e f f ic ie n ts  a re  c a lf  c ircum ference 

and upper arm c ircum ference  (e x h ib it  3 .3 6 ) .  The boxplo t fo r  

upper arm circum ference ( e x h ib i t  3 .27) shows th a t  th e  Lau m ales 

have th e  la rg e s t  v a lu es . For c a l f  circum ference (e x h ib i t  3-28) 

th e  p a t te rn  i s  l e s s  c le a r ,  and the on ly  f in d in g  i s  t h a t  N agovisi 

males a re  sm alle r than a l l  the  o th e r s .  S ince the  Lau and Kwaio 

males have the same va lu es  fo r  c a l f  c ircum ference , b u t a re  a t  

o p p o site  extrem es on th e  d isc r im in a n t fu n c tio n , i t  seems l ik e ly  

th a t  t h i s  v a r ia b le  i s  a c tin g  as a su p re sso r . Weight and s i t t i n g  

h e ig h t a ls o  e n te r  the  d is c r im in a n t fu n c tio n  eq u a tio n  w ith  

op p o site  s ig n s . In  a b so lu te  term s the  more ro b u st groups (Lau, 

Reefs, A ita) weigh more (e x h ib i t  3 .4 ) .  However, in  the  c o n tex t 

o f  the d is c r im in a n t fu n c tio n  c o e f f ic ie n ts  w eight appears to  be 

ac tin g  a s  a su p re sso r, in  th e  same fash ion  a s  c a l f  c ircum ference . 

S i t t in g  h e ig h t ( e x h ib i t  3 .5 )  seems to  be p ick in g  ou t a c o n tra s t  

between th e  Kwaio males (w ith  a r e l a t i v e ly  and a b so lu te ly  la rg e r  

s i t t i n g  h e ig h t)  and th e  R eefs m ales (w ith  a r e l a t iv e ly  sm aller 

s i t t i n g  h e ig h t ) . Note th a t  t h i s  r e l a t i v e  d if fe re n c e  in  s i t t i n g  

h e ig h t was no t apparen t in  fem ale between group v a r ia t io n .  

Consequently s i t t i n g  h e ig h t was one of th e  v a r ia b le s  w ith a sex 

by population  in te r a c t io n .

F a c ia l h e ig h t measurements ( t o t a l  f a c i a l  h e ig h t ,  upper
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f a c ia l  h e ig h t) a lso  e n te r  in to  th e  d isc r im in a n t func tion  equation  

w ith  o p p o site  s ig n s .  Looking a t  th e  boxp lo ts fo r th e se  v a r ia b le s  

( e x h ib its  3.11 and 3-12) i t  i s  c le a r  th a t  th e  Lau males have th e  

h ig h est values fo r  both o f  these  v a r ia b le s .  F in a l ly , hand 

breadth  and bicondylar femur e n te r  the e q u a tio n . An exam ination 

o f  the boxp lo ts  fo r  b icondylar femur and hand b read th  ( e x h ib its  

3.19 and 3 .17) shows th a t  both  the  Lau and th e  Kwaio males 

(o p p o s ite s  on th e  d isc rim in an t fu n c tio n ) have roughly th e  same 

value fo r  th ese  v a r ia b le s ,  so th e  v a r ia b le s  may be a c tin g  as 

su p re sso rs . The sk in fo ld  measurements a re  absent from t h i s  f i r s t  

d isc rim in an t fu n c tio n . This i s  in  marked c o n tra s t  to  t h e i r  

p o s itio n  in  fem ale between popu la tion  v a r ia t io n .

The second d isc r im in a n t fu n c tio n  (a ls o  shown in  e x h ib it  

3.37) s e p a ra te s  th e  R eefs males from th e  Lau, A ita  and N agovisi 

a t  the o th e r  extrem e. The in land  M alaitan  males (Kwaio and 

Baegu) f a l l  in  an in te rm ed ia te  p o s i t io n .  The most im portan t 

d isc r im in a tin g  v a r ia b le s  in  t h i s  fu n c ito n  a re  once again  head 

circum ference and head le n g th . Weight and s i t t i n g  h e ig h t are  

en tered  in  th is  fu n c tio n  as  w e ll. A ll o f  th e se  v a r ia b le s  appear 

to  play th e  same ro le  th a t  they  d id  in  d isc rim in an t fu n c tio n  1. 

S ta tu re  has a lso  been added to  th e  l i s t  o f  v a r ia b le s .  Examining 

th e  boxp lo ts fo r  s ta tu re  ( e x h ib it  3 .6 ) i t  appears th a t  th e  Reefs 

and Lau males a re  the  t a l l e s t ,  y e t  they  a re  a t  opposite  extrem es 

on th is  second fu n c tio n . However, s t a tu r e  i s  a v a lid  c o n tra s t  

between th e  Reefs males ( t a l l e s t )  and th e  Nagovisi ( s h o r t e s t ) .  

T h is ap p aren tly  c o n tra d ic to ry  r o le  fo r  s ta tu re  i s  ra th e r  

p e c u l i a r , y e t i t  i s  not th e  only v a r ia b le  which e x h ib its  th i s
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p a t te rn .  Hand b read th , w ris t b read th  and fo o t b read th  (e x h ib i ts  

3 . 17 , 3.16 and 3 .20) a lso  appear in  th i s  fu n c tio n  and fo llow  th e  

same p a tte rn  as s ta tu r e .  These fo u r v a r ia b le s  seem to  be a c tin g  

to  make d is t in c i to n s  in  r e l a t iv e  p ro p o rtio n s  between th e  Reefs 

males and o th e r groups. The Reefs males have th e  la r g e s t  

e x tre m itie s  (hand b read th , fo o t b read th , hand le n g th , fo o t 

len g th ; see e x h ib its  3 .1 7 , 3 .2 0 , 3 .1 8 , 3 .1 0 ) .  In  a d d itio n  th e  

Reefs males and th e  Baegu m ales have r e l a t i v e ly  broader 

e x tre m itie s  (hand b read th , fo o t b read th ) than  do th e  o th e rs ,  

given th e  o ther v a r ia b le s  in  th e  d isc r im in a n t fu n c tio n . The 

r a t i o  o f s ta tu re  to  s i t t i n g  h e ig h t i s  a lso  g re a te r  in  Reefs males 

th an  i t  i s  in  th e  o th e r groups.

F in a lly ,  upper f a c ia l  h e ig h t appears in  th e  fu n c tio n  w ith  a 

n eg a tiv e  c o e f f ic ie n t .  Reexamining the  b o x p lo t fo r  upper f a c ia l  

h e ig h t (e x h ib it  3.12) i t  i s  c le a r  th a t  th e  Lau males have th e  

la rg e s t  values fo r  upper f a c ia l  h e ig h t. The n e g a tiv e  c o e f f ic ie n t  

i s  p ick ing  out a c o n tra s t between the  R eefs and o th e r  groups. 

The R eefs males have a r e l a t i v e ly  sm aller upper f a c i a l  h e ig h t fo r  

th i e r  s i z e .  This c o n tra s t echoes th e  p a t te rn  fo r  fem ales.

The th i r d  d isc rim in an t fu n c tio n  i s  shown in  e x h ib i t  3 .3 8 . 

The c o n tra s t  on th i s  a x is  i s  between the  M ala ita  p o p u la tio n s  

(Lau, Kwaio, Baegu) and th e  o th e r  th re e  groups. There i s  no 

reason fo r  complacency in  th i s  c o n tr a s t ,  however, as i t  p laces  

th e  B o u g ainv ille  popu la tions (N agov isi, A ita ) to g e th e r  w ith  the  

Reef I s la n d e rs !  The v a r ia b le  w ith  the  l a r g e s t  c o e f f ic ie n t  fo r 

t h i s  fu n c tio n  i s  hand len g th  (e x h ib i t  3 -3 6 ). This i s  follow ed in
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importance by to ta l  f a c ia l  h e ig h t ,  nose le n g th , and hand b read th . 

Hand le n g th  and hand b read th  are  o p e ra tin g  in  o p p o site  

d ir e c t io n s ,  producing a c o n tra s t  in  hand shape between th e  

groups. The th re e  M alaitan  groups have r e l a t iv e ly  sh o rte r  and 

broader hands th an  do th e  o th e rs . This r e la t iv e ly  broader hand 

has a lread y  been seen fo r th e  Baegu in  d isc rim in an t fu n c tio n  2 . 

The c o n tra s t  o f t o t a l  f a c i a l  h e ig h t and nose len g th  h ig h lig h ts  

th e  r e la t iv e ly  longer noses in  th e  Lau m ales, g iven th e i r  t o t a l  

f a c ia l  h e ig h t (and the  o th e r v a r ia b le s  in  the  s e t ) .  The Lau 

males a ls o  have th e  b ro ad est w r is ts  and c h e s ts ,  both a b so lu te ly  

( e x h ib i ts  3-16 and 3 .9 ) ,  and r e la t iv e  to  th e  o ther v a r ia b le s .  

A lthough s i t t i n g  h e ig h t and bizygom atic d iam eter a lso  e n te r  th e  

d isc r im in a n t fu n c tio n , exam ination  o f  th e  boxplots ( e x h ib its  3 .5  

and 3 .2 4 ) shows th a t  th e se  may be a c tin g  a s  su p re sso rs . F in a l ly ,  

sub scap u lar sk in fo ld  e n te r s  the d isc r im in a n t fu n c tio n  w ith  a 

n eg a tiv e  c o e f f ic ie n t .  In  th e  b o x p lo t (e x h ib it  3*30) i t  i s  c le a r  

t h a t  the  th re e  M alaitan  groups have lower subscapular s k in fo ld  

v a lu e s .

The fo u r th  d isc r im in an t fu n c tio n  i s  a lso  shown in  e x h ib it  

3 .3 8 . This fu n c tio n  se p a ra te s  th e  A ita  and Baegu males from th e  

o th e r s .  The v a r ia b le  w ith  th e  h ig h e s t  c o e f f ic ie n t  i s  b icondy lar 

fem ur, follow ed by head le n g th . The p o s it iv e  s ig n s  fo r  both 

th e se  c o e f f ic ie n ts  su g g est th a t  A ita  and Baegu m ales have 

r e l a t i v e ly  narrow er knees and s h o r te r  h ead s , g iven th e  o th e r  

v a r ia b le s  in  the  d is c r im in a n t fu n c tio n . The rem ainder o f th e  

v a r ia b le s  in  t h i s  fu n c tio n  (upper f a c ia l  h e ig h t, nose le n g th , 

w ris t b read th , fo o t  b re a d th , head circum ference, upper arm

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

c ircum ference , c a l f  c ircum ference, subscapu lar sk in fo ld )  have a l l  

been p re sen t in e a r l i e r  fu n c tio n s , w ith th e  excep tion  o f 

b ico n d y la r humerus and t r ic e p s  sk in fo ld . None o f th e se  

v a ra ia b le s  which have appeared e a r l i e r  have any obvious new 

meaning in  th is  fu n c tio n . They a l l  appear to  be form ing some 

a r b i t r a r y  c o n tra s t ,  and we note t h a t  only head le n g th  and 

b ico n d y la r femur have any reaso n ab le  c o r r e la t io n  w ith th e  

canon ica l v a r ia te .  Examining th e  boxp lo ts  fo r t r i c e p s  sk in fo ld  

(e x h ib i t  3.29) th e re  i s  no obvious p a t te rn  o f v a r ia t io n  between 

groups. The in fe ren ce  i s  th a t  t r i c e p s  sk in fo ld  i s  a ls o  a c tin g  as 

a su p re sso r. The boxplot fo r  b ico n d y la r humerus ( e x h ib it  3 .15) 

shows a c o n tra s t between th e  Lau and Reefs males a t  one end, and 

th e  sm alle r Kwaio males a t  the  o th e r .  Yet th e se  3 groups a re  not 

d i f f e r e n t ia te d  on the  fo u r th  d isc r im in a n t fu n c tio n . C le a rly  

th e re  i s  l i t t l e  in te r p r e ta b le  p a t te rn  p re se n t in  t h i s  fu n c tio n . 

Although i t  i s  s t a t i s t i c a l l y  s ig n i f ic a n t  i t  i s  n o t m eaningful. 

The in te rp re ta t io n  of th e  f in a l  d is c r im in a n t fu n c tio n  w i l l  a lso  

be abandoned, as i t  accounts fo r  an even sm aller p ro p o rtio n  o f 

th e  o r ig in a l  va rian ce , and i s  even more l i k e ly  to  co n ta in  no th in g  

b u t s t a t i s t i c a l  n o ise .
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3 .2 .5  Comparing Male and Female D iscrim inan t Functions

Summarizing the r e s u l t s  o f  the between p o p u la tio n  v a r ia t io n  

fo r  m ales, i t  i s  obvious th a t  a ro b u s t t r i o  o f groups (R eefs, 

Lau, A ita )  may be id e n t i f ie d .  As in  th e  female p a t te rn ,  th e  

Reefs m ales have r e la t iv e ly  sm aller f a c ia l  h e ig h ts . The p a tte rn s  

o f  c ra n ia l  v a r ia t io n  are e s s e n t ia l ly  th e  same fo r  males and 

fem ales . However, th e re  a re  some d if fe re n c e s  in  th e  p a t te rn s  fo r 

m ales and fem ales fo r  o th e r  v a r ia b le s .

The r e l a t i v e l y  low er s i t t i n g  h e ig h t f o r  the  R eefs m ales i s  

more im m ediately  apparen t than i t  was f o r  fem ales. O ther 

d if f e re n c e s  are  to  be found in  upper f a c ia l  h e ig h t and nose 

le n g th . The Baegu fem ales stand out in  having u n u su ally  la rg e  

values fo r  th e se  two v a r ia b le s .  The same p a tte rn  i s  not obvious 

fo r  Baegu m ales. T r ic e p s , b iacrom ial d iam e te r , and b i c r i s t a l  

d iam eter a lso  appear to  be much more v a r ia b le  between p o p u la tio n s  

in  fem ales than in  m ales. The v a r ia b le s  which showed a 

s ig n i f ic a n t  pop u la tio n  by sex in te r a c t io n  tend to  be the  same 

ones which show d i f f e r in g  p a t te r n s .

Judging the  s im i la r i ty  o f  th e  d isc r im in a n t fu n c tio n s  d erived  

f o r  m ales and fem ales i s  a d i f f i c u l t  ta sk  i f  ta c k le d  one v a r ia b le  

a t  a tim e . C lea rly  i t  i s  in  the  n a tu re  o f  a m u ltiv a r ia te  

techn ique  th a t  i t  i s  th e  r e la t io n s h ip  between the w eigh tings 

( c o e f f ic ie n ts )  o f  the  d i f f e r e n t  v a r ia b le s  which i s  c r u c ia l .  I t  

i s  neccessary  to  have a com parative techn ique  which handles the
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se t o f c o e f f ic ie n ts  as a s in g le  p a tte rn .

One method fo r comparing two d isc rim in an t a n a ly s is  s o lu tio n s  

i s  to  use the  pa irw ise  d is ta n c e s  between groups ob tained  fo r  each 

o f  the two so lu tio n s , and compute a c o r re la t io n  c o e f f ic ie n t  

between th e  corresponding d is ta n c e s . This c o r r e la t io n  i s  c a l le d  

a cophenetic c o r re la t io n  (Sneath and Sokal 1973). U n fo rtu n a te ly , 

th i s  method may be m isleading  because th e  d is ta n c e s  used to  

c a lc u la te  the c o r re la t io n  c o e f f ic ie n t  are  n o t independent (Gower 

1971, 1975). T h is i s  a se rio u s  problem when th e re  are  two t i g h t  

c lu s te r s  o f groups, and th e  c lu s te r s  are  sep a ra te d  by much la rg e r  

d is ta n c e s . A d d itio n a lly , the  cophenetic  c o r r e la t io n  does no t 

o f fe r  an easy means of id e n tify in g  th e  o r ig in a l  v a r ia b le s  which 

give r i s e  to  th e  poor f i t .  Gower (1971) has d esc rib ed  an 

a lo g rith m  fo r comparing two m atrices  (c a l le d  P ro c ru s te s  ro ta t io n )  

which allow s one to  be r o ta te d ,  r e f le c te d ,  t r a n s la te d  and sca led  

to  maximum congruence w ith  th e  o th e r . Thus i t  i s  p o ss ib le  to  

make a more d i r e c t  comparison o f th e  m a tr ic e s  o f d is c r im in a n t 

fu n c tio n  c o e f f ic ie n ts  ob ta in ed  from two d i f f e r e n t  a n a ly se s . The 

re s id u a l  sum o f  squared d is ta n c e s  a f te r  th e  f i t t i n g  procedure i s  

a measure o f "badness o f  f i t "  c a lle d  Gower's R sq uared . V alues 

o f  Gower's R squared g re a te r  th an  1 a re  considered  to  be a poor 

f i t .

As a concrete  example o f the  p o te n t ia l  su ccess  o f  r o ta t io n ,  

co n sid er the  p lo ts  o f th e  f i r s t  two d isc r im in a n t fu n c tio n s  fo r  

each sex (e x h ib its  3.33 and 3 -3 7 ). Imagine th a t  one p lo t  were 

placed on top o f th e  o th e r , and allowed to  r o ta te  and s l id e  u n t i l
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the Reefs and Lau c e n tro id s  were on to p  o f one an o th er. The r e s t  

o f  the c e n tro id s  would be brought c lo se ly  in to  a lignm ent. Since 

the  p a r t ic u la r  axes on which th ese  p lo ts  a re  produced are th e  

re s u l t  o f  an a r b i t r a r y  m athem atical c r i t e r io n ,  i t  seems 

reasonab le  to  move th e  p lo ts  around u n t i l  th e  p o in ts  l in e  up. I t  

i s  the r e la t io n s h ip  o f th e  p o in ts  and not th e  re fe re n ce  axes 

which a re  o f prim ary im portance. By comparing th e  p o s itio n s  o f 

th e  two s e ts  o f re fe re n ce  axes once the  p o in ts  have been a lig n e d , 

i t  is  p o s s ib le  to  see the  ro ta t io n  and t r a n s la t io n  req u ired  to  do 

th e  jo b .

When more than two m a tric e s  a re  involved  in  a comparison i t  

i s  p o ss ib le  to  r o ta t e  them to  maximum congruence in  a p a irw ise  

fa sh io n . This p rocess  r e s u l t s  in  a m atrix o f  R squared va lu es  

which i s  in  the  form o f a d is ta n c e  m a trix . T h is method has been 

used s u c c e s s fu lly  by F r ie d la e n d e r  (1975) and Rhoads (1977).

Following a P ro c ru s te s  r o ta t io n  o f th e  male d isc r im in a n t 

fu n c tio n  c o e f f ic ie n t  m a trix  onto th e  fem ale m atrix  th e  R squared 

value i s  0 .4 4 . This su g g es ts  t h a t  the  p a t te rn s  o f  between group 

v a r ia t io n  fo r  m ales and fem ales a re  f a i r l y  s im ila r .

The process o f P ro c ru s te s  r o ta t io n  i s  n o t a panacea w ith  

which to  comapre th e  r e s u l t s  o f  d i f f e r e n t  m u lt iv a r ia te  a n a ly se s . 

Although i t  i s  q u ite  a g en e ra l te ch n iq u e , th e re  a re  s t i l l  

s i tu a t io n s  which i t  han d les  p o o rly . The so lu tio n  fo r  maximum 

congruence is  based on th e  given o rd e r o f columns in  each m a tr ix . 

Perm utations o f  columns may g iv e  b e t te r  f i t s .  F o r tu n a te ly , i f
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two m u lt iv a r ia te  p a t te rn s  a re  not too  d i f f e r e n t ,  the derived

v a r ia te s  w il l  ten d  to  have th e  same o rd e rin g . There i s  no 

guaran tee  o f t h i s  however.

Most m u lt iv a r ia te  techn iques such as  p r in c ip a l  components 

a n a ly s is  (PCA) or d isc r im in a n t a n a ly s is  re ly  on th e  c r i t e r io n  o f 

maximum v a rian ce  exp lained  in  each d erived  v a r ia te  to  o b ta in  a

unique s o lu t io n .  Thus th e  f i r s t  p r in c ip a l  component w ill account

f o r  the  la r g e s t  p o ss ib le  amount o f  v a rian ce  in  the  data s e t  being 

analy zed . L ikew ise, th e  f i r s t  d isc r im in a n t fu n c tio n  maximizes

th e  r a t i o  o f  between to  w ith in  group v a ria n c e . Any ro ta t io n  o f 

th e  s o lu tio n  (su ch  as th e  popular ro ta t io n s  o f F ac to r A nalysis) 

d e s tro y s  th e  v a ria n ce  maximizing p ro p e r t ie s .  Consequently, when 

th e  male d isc r im in a n t fu n c tio n  c o e f f ic ie n t  m atrix  i s  r o ta te d ,  the  

new d is c r im in a n a t fu n c tio n  i s  no longer th e  one which maximally 

d isc r im in a te s  between groups. The g en era l s im i la r i ty  o f  th e  male 

and fem ale m a tric e s  a f te r  ro ta t io n  suggests  th a t  d if fe re n c e s  in  

th e  p a t te r n s  a re  p r im a ri ly  one o f  degree ra th e r  than  k ind . 

However, the  o rd e rin g  ( r e l a t i v e  w eigh ting) o f  th e se  v a r ia b le s  in  

a d isc rim in an t fu n c tio n  may be somewhat d i f f e r e n t  from one sex to  

a n o th e r . The w eighted sum o f v a r ia b le s  which maximally 

d is c r im in a te s  in  one sex may be adequate in  th e  o th e r sex, b u t 

n o t q u ite  maximal. P ro c ru s te s  r o ta t io n  removes th e  r e s t r i c t i o n  

o f  maximum v a rian ce .

The d is t r ib u t io n  o f  th e  re s id u a ls  a f t e r  a r o ta t io n a l  f i t  i s  

d isp lay ed  in  e x h ib i t  3 . MO. There are  la rg e r  re s id u a ls  0 .0 2 )

re p re se n tin g  ( in  d ecreasin g  o rd e r ) :  subscapu lar sk in fo ld , upper
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R esiduals a f t e r  ro ta t io n a l  f i t  o f two s o lu tio n s

WEIGHT 0.036
SITHT 0.025
STATURE 0.009
BIACROM 0.013
BICRIST 0.011
CHESTB 0.017
FOOTL 0.015
TFACHT 0.004
UFACHT 0.008
NOSEL 0.006
NOSEB 0.009
BICHUM 0.015
WRISTB 0.014
HANDB 0.021
HANDL 0.018
BICFEM 0.005
FOOTB 0.009
HEADL 0.019
HEADB 0.003
MFRONT 0.009
BIZYGO 0.011
BIGON 0.005
HEADCR 0.010
UPARM 0.048
CALFC 0.009
TRISKN 0.039
SUBSKN 0.051

Histogram o f r e s id u a ls

MIDDLE OF NUMBER OF
INTERVAL OBSERVATIONS

0.005 5
0.010 9 **«*«**•*
0.015 5 * * c « *

0.020 3 •**
0.025 1 *
0.030 0
0.035 1 *
0.040 1 *
0.045 0
0.050 2 **

Exhib it 3 .40 Residuals from r o t a t i o n a l  f i t ,  two sexes
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arm c ircum ference , t r i c e p s  sk in fo ld , w eigh t, s i t t i n g  h e ig h t, and 

hand b re a d th . T h is , th e n , i s  a l i s t  o f th e  v a r ia b le s  fo r which 

th e  p a t te rn  o f male versus fem ales between popu la tion  v a r ia t io n  

i s  d i f f e r e n t .

There are o th e r  v a r ia b le s  which showed a s ig n if ic a n t  sex by 

p o p u la tio n  in te r a c t io n ,  bu t which do not have la rg e  r e s id u a ls  in  

th e  r o ta t io n a l  f i t .  These a re : b iac ro m ia l d iam eter, b ic r y s ta l

d iam eter, c h es t b read th , upper f a c ia l  h e ig h t ,  nose le n g th , and 

b ico n d y la r fem ur. I t  i s  th e se  v a r ia b le s  which have th e  same 

p a tte rn  o f  male and fem ale between p o p u la tio n  v a r ia t io n ,  b u t 

which have d i f f e r e n t  l e v e l s  o f v a r ia t io n  in  th e  two sex es . Good 

examples o f v a r ib le s  w ith  d i f f e r in g  v a r ia t io n  le v e l s  a re  

b i c r i s t a l  d iam eter and upper f a c i a l  h e ig h t .  Both o f th ese  

measures a re  more v a r ia b le  between p o p u la tio n s  fo r  fem ales than 

they  a re  fo r  m ales. Consequently they a re  r e la t iv e ly  more 

im portan t in  th e  d isc rim in an t fu n c tio n  based on fem ales. 

N onetheless, th e  p a tte rn  o f  between p o p u la tio n  v a r ia t io n  i s  

s im ila r  fo r  both sexes.

3 .2 .6  Sexual Dimorphism

D iffe ren ces  between th e  sexes fo r  some o f th e  v a r ia b le s  

measured have been commented on e a r l i e r .  L et us now tu rn  to  a 

more d e ta i le d  c o n s id e ra tio n  o f sex u a l dimorphism using 

d isc r im in an t a n a ly s is .  The in te r a c t io n  between sex and
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population has a lread y  been d isc u sse d . Because o f t h i s  

in te r a c t io n ,  s ix  sep a ra te  an a ly ses  of sex u a l dimorphism were 

perform ed, one fo r  each p o p u la tio n . The r e s u l t  o f  the 

m u ltiv a r ia te  t e s t  fo r sex u a l dimorphism was s ig n if ic a n t  (p<0.01) 

in  every p o p u la tio n , which i s  h a rd ly  su p r is in g . The u n iv a r ia te  F 

t e s t s  fo r  each v a r ia b le  ( f o r  each group) were a lso  s ig n i f ic a n t  

(p<0.01) excep t fo r  b i c r i s t a l  d iam eter in  th e  Kwaio and Lau 

groups. A cu rso ry  exam ination o f  th e  boxplo ts (e x h ib its  3 .1* to  

3.30) shows th a t  males exceed fem ales from the  same popu la tion  on 

a l l  measurements except th e  sk in fo ld s . The p a tte rn  i s  rev e rsed  

in  the two sk in fo ld  measurements (e x h ib its  3.29 and 3 .3 0 ) . 

C learly  males and fem ales a re  g e n e ra lly  d i f f e r e n t  in  s i z e ,  and 

our a tte n tio n  should  be d ire c te d  to  d if fe re n c e s  in  shape (o r 

r e la t iv e  d if fe re n c e s  in  s i z e ) . The s tan d a rd ized  d isc rim in an t 

func tion  c o e f f ic ie n ts  shown in  e x h ib i t  3.^1 a re  u se fu l in  th i s  

s i tu a t io n  because they  h e lp  us to  i s o la te  th e  a d d itio n a l (unique) 

co n trib u tio n  o f each v a r ia b le  g iven  th a t  th e  o ther v a r ia b le s  are  

already accounted fo r .  Examining th ese  c o e f f ic ie n ts ,  • we note 

th a t  a su b se t o f  th e  v a r ia b le s  appears in  a lm ost a l l  (5 ou t o f  6) 

o f  the fu n c tio n s , and has  c o n s is te n t  s ig n s  across th e  s ix  

p o p u la tio n s . V ariab les  w ith  p o s i t iv e  c o e f f ic ie n ts  a re :  

b iacrom ial d iam eter, t o t a l  f a c ia l  h e ig h t and b icondylar humerus. 

These a re  c o n tra s te d  with two v a r ia b le s  w ith  s u b s ta n tia l  (<0.3) 

negative  c o e f f ic ie n ts :  b i c r i s t a l  d iam eter and t r ic e p s  sk in fo ld .

The p o s it iv e  c o e f f ic ie n ts  fo r  b iacro m ia l d iam eter, t o t a l  

f a c ia l  h e ig h t, and b ico n d y la r humerus a re  p ick ing  out th e  

r e la t iv e ly  la rg e r  values which m ales have fo r  th e se  measurements.
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Standardized  D iscrim inant Function  C o e ff ic ie n ts

Reef Kwaio Lau Baegu Nagov A ita

WEIGHT - 0 .5 94 -0.507 0.135 •-0 .042 0.066 0.191
SITHT -0 .062 0.111 0.329 0.064 -0.011 0.486
STATURE 0.098 0.161 •-0 .185 0.220 0.052 -0.306
BIACROM 0.511 0.509 0.433 0.205 0.628 0.433
BICRIST -0.018 -0.605 -0.456 -0 .388 -0.544 -0.668
CHESTB -0 .084 0.209 -0 .025 0.121 -0.137 0.331
FOOTL -0 .238 0.310 0.226 0.294 -0.064 0.002
TFACHT 0 . 3 4 2 0.358 0.178 0.354 0.415 0.417
UFACHT -0 .140 -0 .142 -0 .058 -0 .2 8 2 -0 .042 -0 .285
NOSEL -0 .103 -0 .064 -0.061 0.090 -0 .032 0.059
NOSEB 0.039 0.184 0.073 0.278 0.260 -0.075
BI CHUM 0.533 0.326 0.467 0.363 0.210 0.623
WRISTB 0.154 -0.041 0.068 0.082 0.108 0.226
HANDB -0 .1 8 6 -0 .152 -0 .2 5 3 0.094 0.057 -0.525
HANDL 0.086 -0 .1 4 6 -0 .5 0 8 -0 .371 -0.381 -0 .043
BICFEM 0.171 0.343 0.314 0.024 0.418 -0.111
FOOTB 0.124 0.060 0.173 0.072 0.199 0.259
HEADL 0.285 -0 .137 0.411 0.039 0.239 -0.390
HEADB 0.133 0.073 0.274 -0 .1 1 2 0.065 -0 .074
MFRONT -0 .172 -0.031 -0 .166 -0 .075 -0.C96 -0 .152
BIZYGO 0.204 0.040 0.273 0.112 0.192 0.347
BIGON 0.129 0.086 0.066 0.059 -0 .077 -0.052
HEADCR -0.219 0.109 -0 .314 0.189 -0.131 0.439
UPARM 0.072 0.528 0.485 0.347 0.439 0.350
CALFC 0.405 -0 .123 -0 .3 9 3 -0 .3 5 7 -0 .577 -0 .627
TRISKN -0.483 -0 .427 -0 .998 -0 .525 -0.661 -0.988
SUBSKN -0.126 -0 .062 0.365 0.012 0.142 0.524

E xhib it 3.41 Sexual Dimorphism D iscrim inant Analysis
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D iscrim inant Loadings (c o r re la t io n s  between can o n ica l 
v a r ia te s  and the o r ig in a l  v a r ia te s )

Reef Kwaio Lau Baegu Nagov A ita

WEIGHT 0.210 0.281 0.172 0.334 0.238 0.183
SITHT 0.288 0.424 0.338 0.448 0 . 3 0 2 0.348
STATURE 0.430 0.394 0.304 0.433 0.324 0.330
BIACROM 0.421 0.586 0.440 0.477 0.516 0.420
BICRIST 0.110 0.009 -0 .025 0.062 0.087 0.079
CHESTB 0.132 0.330 0.211 0.352 0.292 0.263
FOOTL 0.377 0.370 0.287 0.384 0.291 0.259
TFACHT 0.394 0.339 0.220 0.264 0.340 0.328
UFACHT 0.246 0.218 0.126 0.080 0.235 0.175
NOSEL 0.241 0.235 0.149 0.113 0.222 0.202
NOSEB 0.321 0.229 0.246 0.345 0.311 0.232
BICHUM 0.640 0.575 0.439 0.495 0.468 0.441
WRISTB 0.481 0.453 0.417 0.423 0.449 0.345
HANDB 0.369 0.378 0.308 0.415 0.419 0.259
HANDL 0.282 0.307 0.197 0.252 0.248 0.222
BICFEM 0.354 0.329 0.402 0.427 0.338 0.272
FOOTB 0.396 0.329 0.293 0.351 0.345 0.221
HEADL 0.354 0.267 0.270 0.251 0.234 0.167
HEADB 0.219 0.323 0.213 0.245 0.206 0.224
MFRONT 0.167 0.134 0.126 0.168 0.097 0.079
BIZYGO 0.409 0.376 0.295 0.343 0.350 0.317
BIGON 0.258 0.301 0.218 0.219 0.229 0.175
HEADCR 0.300 0.350 0.231 0.291 0.281 0.180
UPARM 0.145 0.264 0.171 0.326 0.273 0.133
CALFC 0.217 0.224 0.142 0.210 0.171 0.101
TRISKN -0 .286 -0.141 -0 .223 -0 .332 -0 .276 -0 .339
SUBSKN -0.247 -0.082 -0 .094 -0 .117 -0 .100 -0 .078

E xhib it 3.41 Sexual Dimorphism D iscrim in an t A nalysis
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In c o n ta s t , th e  n eg a tiv e  c o e f f ic ie n ts  f o r  b i c r i s t a l  d iam eter and 

t r ic e p s  sk in fo ld  h ig h l ig h t  th ese  two v a r ia b le s  fo r  which 

fem alesare  r e la t iv e y  l a r g e r .  Note th a t  fem ales a lso  have 

a b so lu te ly  la rg e r  t r i c e p s  sk in fo ld  v a lu e s . I t  i s  common to  find 

th a t  fem ales have r e l a t iv e ly  w ider h ip s and g re a te r  subcoutaneous 

f a t  d ep o sits  in  most p o p u la tio n s .

Although th e se  g en era l o b se rv a tio n s  a re  common to  a l l  s ix  

p o p u la tio n s , th e re  are  o th e r  v a r ia t io n s  in  c o e f f ic ie n ts  which are  

apparent in  e x h ib i t  3 .4 1 . The c o e f f ic ie n ts  fo r  c a l f  

circum ference a re  im portan t in  f iv e  out o f  six  p o p u la tio n s , bu t 

th e  c o e f f ic ie n t  f o r  the  R eef I s la n d e rs  has an the  s ig n  rev e rsed  

r e la t iv e  to  the o th e r  p o p u la tio n s . The n eg a tiv e  c o e f f ic ie n ts  fo r 

th e  o th er f iv e  p o p u la tio n s  once ag ain  su g g est th a t  fem ales have 

r e l a t iv e ly  la rg e r  v a lu es  fo r  c a l f  c ircum ference . However, th e re  

i s  a p r o f i le  d iffe re n c e  in  th e  Reef I s la n d e rs  where males have 

r e la t iv e ly  la rg e r  c a l f  c irc u n fe re n c e s .

Although th e re  a re  o th e r  d if f e re n c e s  when th e  d isc r im in a n t 

c o e f f ic ie n t  v ec to r fo r one group i s  compared d i r e c t ly  w ith  

an o th er, th e re  a re  no o th e r  b road ly  c o n s is te n t  p a t te r n s .  

A d d itio n a lly , when the  d isc r im in a n t fu n c tio n  c o e f f ic ie n t  v e c to rs  

a re  ro ta te d  to  maximum congruence th e re  i s  a reaso n ab le  f i t  o f 

each a g a in s t th e  o th e r s ,  excep t fo r  th e  R eefs v e c to r . The m atrix  

o f  re s id u a l d is ta n c e s  (G ow er's R squared) i s  shown in  e x h ib it  

3 .42 .

I f  the r e s id u a ls  fo r  each p a irw ise  comparison (shown in
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Kwaio 0.93

Lau 1.13 0.75

Baegu 1.39 0.46 0.61

N agovisi 1 .1 6 0.60 0.31 0.46

A ita 1.50 0.81 0.60 0.63 0.76

Reefs Kwaio Lau Baegu Nagovisi

(R esidual d is ta n c e s  between groups a f te r  ro ta t io n )

Exhib it 3.42 R -square m atrix  fo r  sexual dimorphism
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R esiduals a f t e r  ro ta t io n  for each pa irw ise  comparison

2-1 3-1 3-2 4-1 4-2

WEIGHT 0.006 0.266 0.194 0.159 0.104
SITHT 0.015 0.055 0.013 0.009 0.001
STATURE 0.002 0.028 0.043 0.011 0.004
BIACROM 0.000 0.017 0.012 0.044 0.037
BICRIST 0.173 0.054 0.033 0.094 0.012
CHESTB 0.043 0.003 0.024 0.025 0.002
FOOTL 0.153 0.093 0.007 0.170 0 .0 00
TFACHT 0 .0 0 0 0.021 0.021 0.001 0.001
UFACHT 0 .000 0.006 0.006 0.017 0.017
NOSEL 0.001 0.002 0 .0 0 0 0.022 0.014
NOSEB 0.010 0 . 0 0 0 0.007 0.038 0.009
BICHUM 0.027 0.016 0.001 0.009 0.004
WRISTB 0.021 0.005 0.006 0.002 0.009
HANDB 0.001 0 .0 0 0 0.001 0.044 0.034
HANDL 0.028 0.115 0.029 0.136 0.040
BICFEM 0.013 0.003 0.004 0.012 0.050
FOOTB 0.003 0 . 0 0 0 0.004 0.001 0 .0 0 0
HEADL 0.094 0.001 0.110 0.032 0.016
HEADB 0.002 0.004 0.012 0.037 0.021
MFRONT 0.010 0.002 0.004 0.004 0.002
BIZYGO 0.015 0 .000 0.017 0.004 0.004
BIGON 0.001 0.003 0 .0 0 0 0.002 0 .0 0 0
HEADCR 0.055 0 .0 0 0 0.059 0.098 0.006
UPARM 0.101 0.049 0.009 0.052 0.008
CALFC 0.149 0.258 0.015 0.350 0.043
TRISKN 0.003 0.037 0.059 0.006 0.017
SUBSKN 0.002 0.090 0.064 0.010 0.003

Comparison keys: 1 Reefs
2 Kwaio
3 Lau
4 Baegu
5 Nagovisi
6 A ita

Exhibit 3*43 Residuals  fo r  Sexual Dimorphism V ectors
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4-3 5-1 5-2 5-3 5-4

WEIGHT 0.014 0.234 0.166 0.001 0.007
SITHT 0.019 0.002 0.006 0.036 0.003
STATURE 0.075 0.001 0.005 0.018 0.019
BIACROM 0.007 0.001 0.002 0.025 0.058
BICRIST 0.005 0.106 0.008 0.009 0 .0 0 0
CHESTB 0.011 0.000 0.051 0.005 0.031
FOOTL 0.011 0.020 0.063 0.027 0.074
TFACHT 0.033 0 .0 0 0 0 .0 0 0 0.027 0 .0 0 0
UFACHT 0.043 0.007 0.007 0 .0 0 0 0.045
NOSEL 0.010 0.004 0.001 0 .0 0 0 0.007
NOSEB 0.032 0.020 0.002 0.016 0.003
BICHUM 0.001 0.063 0.008 0.016 0.024
WRISTB 0 .000 0.001 0.011 0.001 0 .0 0 0
HANDB 0.043 0.032 0.023 0.031 0.001
HANDL 0.001 0.090 0.017 0.002 0.005
BICFEM 0.026 0.021 0.001 0.009 0.065
FOOTB 0.002 0.002 0.009 0.001 0.006
HEADL 0.042 0.003 0.066 0.006 0.017
HEADB 0.064 0.003 0 .0 0 0 0.012 0.020
MFRONT 0 .0 0 0 0.005 0.001 0.001 0 .0 0 0
BIZYGO 0.005 0 .0 0 0 0.010 0.001 0.002
BIGON 0 .0 0 0 0.019 0.010 0.007 0.008
HEADCR 0.102 0.007 0 . 0 2 3 0.008 0.053
UP ARM 0 .0 0 0 0.054 0 . 0 0 7 0 .0 0 0 0 .0 0 0
CALFC 0.007 0 .433 0.074 0.022 0.004
TRISKN 0 . 0 1 3 0.004 0.012 0.017 0 .0 0 0
SUBSKN 0.041 0.036 0.020 0.012 0.008

Comparison keys: 1 Reefs
2 Kwaio
3 Lau
4 Baegu
5 Nagovisi
6 A ita

E xh ib it 3.43 R esiduals fo r  Sexual Dimorphism V ectors
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6-1 6-2 6-3 6-4 6-5

WEIGHT 0.295 0.218 0.001 0.021 0.004
SITHT 0.086 0.029 0.004 0.039 0.062
STATURE 0 . 0 4 0 0.058 0.001 0.093 0.028
BIACROM 0.023 0.018 0.001 0.003 0.033
BICRIST 0.083 0.016 0.003 0 .0 0 0 0.001
CHESTB 0.055 0.001 0.033 0.006 0.065
F00TL 0.037 0.040 0.013 0.048 0.003
TFACHT 0.001 0.001 0.012 0.005 0.003
UFACHT 0 .0 00 0 .0 00 0.009 0.013 0.010
NOSEL 0.014 0.008 0.005 0.001 0.003
NOSEB 0.002 0.022 0.004 0.059 0.036
BICHUM 0.006 0.007 0.002 0 . 0 0 0 0.030
WRISTB 0 .0 00 0.024 0.006 0 .004 0.002
HANDB 0.009 0.015 0.010 0.094 0.076
HANDL 0.005 0.010 0.074 0.091 0.054
BICFEM 0.026 0.076 0.047 0.003 0.095
FOOTB 0.002 0.010 0.001 0.007 0 .0 0 0
HEADL 0.142 0.005 0.161 0.039 0.107
HEADB 0.014 0.005 0.031 0.006 0.004
MFRONT 0.005 0.001 0.001 0 . 0 0 0 0 .0 0 0
BIZYGO 0.001 0.024 0.001 0.009 0.003
BIGON 0.011 0.004 0 .003 0.003 0.001
HEADCR 0.149 0.023 0.154 0.005 0.092
UP ARM 0.017 0.035 0.008 0.010 0.010
CALFC 0.334 0.037 0.005 .0.000 0.006
TRISKN 0.010 0.022 0.009 0 . 0 0 0 0.002
SUBSKN 0.128 0.097 0.003 0.067 0.029

Histogram  o f re s id u a ls

EACH * REPRESENTS 10 OBSERVATIONS

MIDDLE OF NUMBER OF
INTERVAL OBSERVATIONS

0.00 281
0.05 80 ********
0.10 23 *«*
0.15 12 •  *
0 .20 2 «
0.25 3 •
0.30 1 •
0.35 2 *
0.40 0
0.45 1 *

E x h ib it 3.ii3 R esiduals fo r  Sexual Dimorphism V ectors
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e x h ib it  3 .43) are examined by p lo t t in g  a h is tog ram , a few 

u n u su a lly  la rg e  values are  ap p aren t in  each o f th e  comparisons 

w ith la rg e  R-squared v a lu es . Taking a c u to f f  value o f  0 .2  as 

denoting  a la rg e  r e s id u a l ,  th ese  a re  co n cen tra ted  in  the  Reefs 

com parisons. The v a ria b le s  which tend to  have la rg e  re s id u a ls  

across a l l  comparisons a re  w eight and c a l f  c ircum ference .

C alf circum ference has a lre ad y  been id e n t i f i e d  as hav ing  a 

d i f f e r e n t  re la tio n s h ip  to  sexual dimorphism in  th e  Reefs 

p o p u la tio n , and t h i s  i s  re-em phasized by th e  a n a ly s is  o f  the  

r e s id u a ls .  W eight a lso  shows a la rg e  re s id u a l  in  some 

com parisons, in c lu d in g  the  A ita  vs Kwaio p a irw ise  com parison. 

The Kwaio jo in  w ith  the  Reef I s la n d e r s  in  having a v a r ia n t  

p a tte rn  o f  r e l a t i v e  weight d if f e re n c e  between the  sex es . T h is  i s  

shown in  th e  la r g e r  re s id u a ls  and a lso  in  th e  s tan d a rd iz e d  

c o e f f ic ie n ts  ( e x h ib it  3 -4 1 ) . Kwaio and Reefs fem ales are 

r e l a t iv e ly  h eav ie r than males from th ese  same groups.

3 .3  The S tru c tu re  o f W ithin Group C o varia tion
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3 .3 .1  D escrib ing Covariance S tru c tu re s

In t h i s  sec tio n  we tu rn  from a co n s id e ra tio n  o f the  d iffe re n c e s  

between groups, to  th a t o f  the c o v a r ia tio n  o f v a r ia b le s  in  a 

s in g le  p o p u la tio n . The b a s ic  da ta  s t ru c tu re  o f  i n t e r e s t  i s  a 

v a rian ce-co v arian ce  m a trix , o r a c o r re la tio n  m a tr ix . The 

m u ltiv a r ia te  techn iques we w ill r e ly  on to  d e sc rib e  th ese  d a ta  

m a trices  a re  p r in c ip a l  components a n a ly s is  (PCA) and c lu s te r  

a n a ly s is .  PCA and c lu s te r  a n a ly s is  re p re se n t fundam entally  

d i f f e r e n t  views o f  a se t o f  v a r ia b le s  and t h e i r  c o v a r ia tio n . PCA 

transfo rm s the o r ig in a l  v a r ia b le s  in to  a new s e t  o f  u n co re la ted  

ones (components) which reproduce the  o r ig in a l  c o r r e la t io n s .  

Often we w il l  d isc a rd  th e  l a s t  few components, and accept a 

so lu tio n  in  a low er dim ensional space. As in  d isc r im in a n t 

a n a ly s is ,  i n t e r e s t  c en te rs  on th e  c o e f f ic ie n ts  or c o r r e la t io n s  

which r e l a t e  the  o r ig in a l  v a r ia b le s  to  th e  newly c rea ted  

components. A given v a r ia b le  may be im portan t in  sev e ra l o f  the  

components. Although a ro ta t io n  o f the  i n i t a l  so lu tio n  -maximizes 

th e  load in g s  o f v a r ia b le s  on ju s t  one component, i t  i s  s t i l l  

p o s s ib le  fo r  one v a r ia b le  to  be s p l i t  in  im portance across 

se v e ra l components.

In  c o n tr a s t ,  c lu s te r  a n a ly s is  i s  a r e l a t i v e ly  d is c r e te  

p ro cess . A given v a r ia b le  may be ass igned  to  one c lu s te r  o r 

an o th er, b u t not bo th . The c lu s te r in g  a lgo rithm  used here i s  

c en tro id  c lu s te r in g  (Sneath and Sokal 1973) which has th e  

a d d it io n a l  danger th a t  when th e re  a re  no d e f in i te  c lu s te r s  in  th e  

d a ta , two s im ila r  v a r ia b le s  may be somewhat a r b i t r a r i l y  assigned
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to  d if f e r e n t  c lu s t e r s .  This a ll-o r -n o th in g  fe a tu re  o f c lu s te r  

a n a ly s is  makes f o r  a much sim pler p ic tu re  than PCA, but i t  i s  

q u estio n ab le  w hether or no t an thropom etric  v a r ia b le s  must work in  

such a fash ion . I t  is  no t unreasonable fo r  one v a r ia b le , such as 

w eight, to  be r e la te d  to  general s iz e  on th e  one hand, and a body 

bulk component on the o th e r .  Although PCA could  in d ic a te  such a 

p a t te rn , c lu s te r  a n a ly s is  would fo rce  w eight in to  one c lu s te r  or 

th e  o th e r (a lthough  th e se  s e p a ra te  c lu s te r s  could them selves be 

merged a t  a lower le v e l o f  s im i la r i ty ) .  C lu ste r a n a ly s is  

s a c r i f ic e s  the h az in ess  o f  r e a l i ty  fo r th e  d e c is iv e  so lu tio n  o f a 

s in g le  t r e e .  In  fa c t  th e  two tech n iques complement one ano ther 

in  o ffe rin g  d i f f e r e n t  v iew points o f  the  same data  m atrix .

Given the  s ix  p o p u la tio n s  s tu d ie d  and th e  two sexes in  each, 

th e re  a re  12 d i f f e r e n t  c o r r e la t io n  m a tric e s  which can be 

produced. The f i r s t  ta sk  i s  to  examine th e  q u estio n : " i s  the

c o r re la tio n  s t ru c tu re  o f the  27 v a r ia b le s  th e  same fo r  a l l  12

groups?" Although the  12 groups have a lread y  been shown to  be 

d i f f e r e n t  v ia  d isc r im in a n t a n a ly s is ,  i t  i s  q u ite  p o ss ib le  fo r

them to  have th e  same c o r re la t io n  s t r u c tu r e  fo r  th e  v a r ia b le s .  

In  f a c t ,  the  t r a n s la t io n  o f g en era lized  (m u ltiv a r ia te )  F t e s t s  

in to  p ro b a b ility  s ta tem en ts  r e l i e s  on the  groups having s im ila r  

v ariance  covariance m a tr ic e s . The d if fe re n c e s  id e n t i f ie d  by 

d iscrim in an t a n a ly s is  l i e  in  th e  mean v e c to r s ,  n o t in  th e

c o rre la tio n  s t ru c tu re  i t s e l f .  F r ied lae n d e r (1975:145) suggests 

th a t  th e re  i s  a h ig h  le v e l o f  s im i la r i ty  between th e  c o r re la t io n  

m a trices  of d i f f e r e n t  p o p u la tio n s . This p ro p o s itio n  can be 

examined by u s in g  P ro c ru s te s  r o ta t io n  to  compare the l a t e n t
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v e c to rs  derived  from each of th e  12 c o r r e la t io n  m a tr ic e s . 

W ithout going in to  the d e t a i l s  o f  each PCA s o lu tio n , the m atrix  

o f  R-squared values fo llow ing  th e  ro ta t io n a l  f i t t i n g  procedure i s  

given in  e x h ib it 3-44. These PCA s o lu tio n s  a re  based on keeping 

10 o f th e  p o ss ib le  27 components. G en era lly  a 10-component 

s o lu tio n  co n ta in s a l l  v e c to rs  w ith  e igenvalues g re a te r  th an  0 .9 

and accounts fo r 85% of th e  o r ig in a l  v a ria n c e . T his d is ta n c e  

m atrix  i s  d isp layed  in reduced d im en s io n a lity  in  e x h ib it  3 .45 . 

The d isp la y  i s  based on a m u ltid im ensional s c a lin g  s o lu tio n  fo r 

re p re se n tin g  th e  d is ta n c e  m atrix  in  3 d im ensions. The f i r s t  

n o tic e a b le  aspect o f  t h i s  d isp la y  i s  th a t  th e  Reef I s la n d e r s  and 

N agovisi show much le s s  s im i la r i ty  between m ales and fem ales than  

do the  o th e r  groups. This echoes th e  r e s u l t s  o f  th e  d isc r im in a n t 

a n a ly s is  o f sexual dimorphism in  th e  p rev ious s e c tio n  where both 

o f  th ese  two groups had th e  most d i s t i n c t iv e  p a tte rn s  o f sexual 

dimorphism. Note th a t  th e  lo c a t io n  o f th e  Nagovisi fem ales 

p laces them c lo se r  to  th e  A ita , Lau and Kwaio fem ales th an  i t  

does to  th e  Nagovisi m ales. Although th e  2 N agovisi p a t te rn s  may 

be r e la t iv e ly  f a r th e r  a p a r t ,  they  s t i l l  match c lo se ly  w ith  the 

neighboring  p a t te r n s .  Given th e  g e n e ra lly  low le v e l s  o f  Gower's 

R -squared in th e  r o ta t io n a l  f i t s  we w ill  accep t t h a t  the  m a tric e s  

re p re se n t d i f f e r e n t  sam plings o f  one u n d erly in g  common 

c o r re la t io n  m a trix . In  what fo llow s th e n , th e  b e s t  e s tim a te  of 

t h i s  one c o r re la t io n  m atrix  i s  e stim ated  by pooling  ac ro ss  a l l  

th e  groups.
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Reefs F 0.43

Kwaio M 0.36 0.52

Kwaio F 0.46 0.62 0.22

Lau M 0.28 0.51 0.45 0.46

Lau F 0.28 0.40 0.26 0.35 0.24

Baegu M 0.39 0.65 0.54 0.46 0.18 0.43

Baegu F 0.50 0.70 0.57 0.60 0 . 3 0 0.41 0.25

Nagov M 0.31 0.57 0 .52 0.55 0.28 0.39 0.32 0.28

Nagov F 0.35 0.42 0.27 0.40 0.37 0.14 0.54 0.48

A ita  M 0.30 0.41 0.26 0.39 0.29 0.15 0.44 0.45

A ita  F 0 .32 r* !i n ?7 0.34 0.28 0.17 0.44 0.46

M F M F M F M F
Reefs Kwaio Lau Baegu

Nagov F 0.48

A ita  M 0.41 0.13

A ita  F 0.41 0.21 0.11

M F M
A its

E x h ib it  3.44 R-squared matrix fo r  12 PCA s o lu t io n s
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MACrOVtsi

The f i r s t  10 p r in c ip a l  components o f  II f o r  each group a re  ro ta te d  to  
maximum congruence, and th e  r e s u l t in g  m atrix  o f r e s id u a l  d is ta n c e s  i s  
formed. The m a trix  o f r e s id u a l  d is ta n c e s  i s  d isp la y ed  in  reduced 
d im ensionality  u s in g  m u ltid im en sio n a l s c a l in g . The f i r s t  two 
dim ensions o f a m ultid im ensiona l s c a lin g  so lu tio n  in  th re e  dim ensions 
(MU = 0.96) a re  shown.

E xhib it 3.45 D isp lay  of D is tan ces  fo r  12 PCA S o lu t io n s
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3 .3 .2  P r in c ip a l Components A nalysis

The pooled w ith in-group c o r re la t io n  m atrix  i s  p resen ted  in  

e x h ib it 3 .46 . This m a trix  was analyzed using PCA followed by 

Varimax ro ta t io n  o f the  f i r s t  10 l a t e n t  v e c to rs . The number o f 

v ec to rs  to  be ro ta te d  was decided by examining th e  e f fe c t  o f  

in c re a s in g  or decreasing  th e  number on the  r e s u l t in g  components. 

Although 10 componenets is  s l ig h t ly  generous by the  c r i te r io n  o f 

"eigenvalues g re a te r  th an  1", i t  avoids fo rc in g  to g e th e r some 

v a r ia b le s  which a re  o therw ise q u i te  d i s t i n c t  ( in  h igher order 

a n a ly s e s ) . The e igenvalues and th e  p ro p o rtio n  o f tra c e  accounted 

f o r  by each eigenvalue a re  shown in  e x h ib it  3 .47 . The ro ta te d  

la te n t  v e c to rs  a re  p resen ted  in  e x h ib i t  S . 1̂ .

Loadings w ith  an ab so lu te  v a lue  g re a te r  than 0 .3  a re  s ing led  

o u t as making a s ig n i f ic a n t  c o n tr ib u tio n  to  the new component 

sco re . The v a r ia b le s  w ith  s ig n if ic a n t  load ings on the  f i r s t  

component are  ex trem ity  b read ths (hand b re a d th ,fo o t b read th ) and 

lim b circum ferences (upper arm c irc u m fe re n c e ,c a lf  c ircu m feren ce). 

The second component in c ludes f a c i a l  h e ig h t v a r ia b le s  ( t o t a l  

f a c ia l  h e ig h t, upper f a c ia l  h e ig h t, nose le n g th ) . L in e a r ity  i s  

rep re sen ted  in  th e  th ir d  component ( s i t t i n g  h e ig h t .s ta tu r e ,  fo o t 

leng th ,hand  le n g th ) .  Head le n g th  and head circum ference make up 

th e  fo u rth  fu n c tio n . These two m easures o f  head s iz e  were a lso  

c lo se ly  a sso c ia te d  in  th e  d isc r im in an t fu n c tio n  a n a ly s is .  The 

nex t ( f i f t h )  component re p re se n ts  l a t e r a l  c ra n io fa c ia l  s iz e  (head 

b read th , minimum f r o n ta l  d iam e te r, b izygom atic d iam eter),
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WEIGHT
SITHT
STAT

BIACROM
BICRIST

CHESTB
FOOTL

TFACHT
UFACHT
NOSEL
N05EB

BICHUM
WRISTB

HANDB
HANDL

BICFEM
FOOTB
HEADL
HEADB

MFRONT
BIZYGO

BIGON
HEADCR

UPARM
CALFC

TRISKN
SUBSCN

1 .0 0 0 0  
0.5424 
0.5561 
0.5492 
0.5793 
0.7318 
0.5126 
0.2395 
0.1404 
0.0386 
0.2126 
0.4240 
0.4117 
0.4836 
0.4611 
0.5480 
0.4997 
0.3367 
0.2832 
0.3337 
0.4187 
0.2789 
0.4634 
0.7727 
0.8282 
0.5333 
0.5796

WEIGHT

1 .0 0 0 0  
0.7518 
0.4271 
0.3942 
0.3704 
0.4861 
0 .2522  
0.1895 
0 .0920  
0.1359 
0.3367 
0.3694 
0.3833 
0.4370 
0.3874 
0.3247 
0.3430 
0.2188 
0.2408 
0.2918 
0.2191 
0.3674 
0.3133 
0.3892 
0.1491 
0.1133

SITHT

1 . 0 0 0 0  
0.4962 
0.4642 
0.3781 
0.6527 
0.2458 
0.1896 
0.1134 
0.1485 
0.4053 
0.4002 
0.4204 
0.6247 
0.4344 
0.3485 
0.3296 
0.2026 
0.2117 
0.2885 
0.1955 
0.3495 
0.2396 
0 . 3474 
0 .1 1 3 0  
0.0477

STAT

1 .0000  
0.3984 
0.5835 
0.4604 
0.1824 
0.0834 
0.0373 
0.1443 
0.3119 
0.3380 
0.3610  
0.4157 
0.3618 
0.3385 
0.2158 
0.1480 
0.1484 
0.2977 
0.1667 
0.2806 
0.4004 
0.4366 
0.1926  
0.2203

BIACROM

1 .00 0 0  
0.4614 
0.4547 
0.2105 
0.1739 
0.1454 
0.2028 
0.3914 
0.3625 
0.3108 
0.3842 
0.4746 
0.3633 
0.2470 
0.2209 
0.2092 
0.3731 
0.1872 
0.3136 
0.3402 
0.4032 
0.2883 
0.3004

BICRIST

1 .0 0 0 0
0.3659
0.2223
0.1071
0.0328
0.1223
0.2817
0.2825
0.3457
0.3274
0.3836
0.3635
0.2556
0.2367
0.1901
0.2999
0.1951
0.3650
0.5530
0.5976
0.3787
0.4402

CHESTB

FOOTL
TFACHT

A PUTu r  Awn
NOSEL

1.0000 
0.2553 
0.2169 
0.2010

1.0000 
0.7763 
0.6169

1 nnnn 
0.7510 1.0000

NOSEB 0.1816 0.0655 0.0524 0.0933 1.0000
BICHUM 0.4220 0.1808 0.1283 0.1709 0.2129 1.0000
WRISTB 0.4630 0.2244 0.1363 0.1701 0.1935 0.5460

HANDB 0.4946 0.2321 0.1496 0.1129 0.2149 0.4784
HANDL 0.7201 0.2475 0.2111 0.1853 0.1808 0.4146

BICFEM 0.4481 0.1975 0.1305 0.1414 0.2426 0.5217
FOOTB 0.4849 0.2211 0.1696 0.1337 0.2242 0.3403
HEADL 0.3266 0.2720 0.2121 0.1561 0.2008 0.1754
HEADB 0.1704 0.2147 0.1380 0.1187 0.1924 0.1822

mfront 0.2101 0.1980 0.1097 0.0251 0.1706 0.1802
BIZYGO 0.3007 0.2230 0.1678 0.1473 0.2790 0.3594

BIGON 0.1669 0.1061 0.0979 0.0550 0.1882 0.2427
HEADCR 0.3690 0.3002 0.2291 0.1625 0.2646 0.2276

UPARM 0.2692 0.1321 0.0443 -0.0439 0.1495 0.3381
CALFC 0.4306 0.1927 0.1042 0.0328 0.1662 0.3248

TRISKN 0.1103 0.0341 -0.0531 -0.1043 0.0799 0.1842
SUBSCN 0.0805 0.0289 -0 .0465 -0.0984 0.1122 0.1349

FOOTL TFACHT UFACHT NOSEL NOSEB BICHUM

E x h ib it 3.46 Phenotypic C o rre la tio n  M atrix
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WRISTB 1.0000
HANDB 0.5603 1.0000
HANDL 0.4672 0.4907 1.0000

BICFEM 0.5452 0.4234 0.4167 1.0000
FOOTB 0.4174 0.5783 0.3835 0.4185 1.0000
HEADL 0.2680 0.2943 0.2881 0.2630 0.2887 1.0000
HEADB 0.1596 0.2333 0.1732 0.2477 0.1985 0.3074

mfront 0.1984 0.2794 0.1552 0.2530 0.2399 0.3666
BIZYGO 0.3551 0.3525 0.3140 0.4181 0.3217 0.3076

BIGON 0.2210 0.2167 0.1896 0.2648 0.1924 0.1703
HEADCR 0.2917 0.3526 0.3373 0.3382 0.3250 0.8251

UPARM 0.3219 0.4088 0.2554 0.3528 0.3586 0.1960
CALFC 0.3454 0.4226 0.3576 0.4749 0.4929 0.2696

TRISKN 0.1298 0.1317 0.1091 0.2971 0.1246 0.1211
SUBSCN 0.1275 0.1374 0.0909 0.2890 0.1413 0.1141

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB
MFRONT
BIZYGO

BIGON
HEADCR

1.0000 
0.3541 
0.4899 
0.2311 
0.5687

1.0000
0.4466
0.2091
0.4848

1.0000 
0.4269 
0.4855

1.0000 
0.2442 1.0000

UPARM 0.1929 0.2488 0.3104 0.2006 0.3283 1.0000
CALFC 0.2074 0.2520 0.3417 0.2102 0.3841 0.7329

TRISKN 0.1250 0.1996 0.2266 0.1117 0.2087 0.5297
SUBSCN 0.1156 0.1870 0.1969 0.1323 0.2223 0.5784

HEADB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC
TRISKN
SUBSKN

1.0000 
0.4101 
0.4277

1.0000
0.7413 1.0000

CALFC TRISKN SUBSKN

E xhib it 3.45 Phenotypic C o rre la tio n  M atrix
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L atent Roots

9.0885 2.7660 1.9745 1.'7233 1.2907 1.0064 0.8943 0.8633
0.7473 0.6960 0 .6539 0.'6294 0.6066 0.5123 0.4831 0.4291
0 .4129 0.3396 0 .3241 0. 3201 0.2614 0.2378 0.1966 0.1895
0 .1716 0.1083 0 .0731

Percentage o f Trace (L a ten t Roots 1 -  27)

33.66 10.24 7.31 6 .38 4. 78 3.73 3.31 3.20
2.77 2.58 2.42 2 .33 2 . 25 1.90 1.79 1.59
1.53 1 .26 1 .20 1 . 1 9  0 . 97 0.88 0.73 0.70
0.64 0.40 0.27

L aten t Vectors

1 2 3 4 5 6

WEIGHT -0.2865 0.2005 0.0112 0.1411 0.0849 0.0057
SITHT -0.2137 -0.0689 -0.1621 -0.0490 0.2973 0.2434

STAT -0.2254 -0.1130 -0 .2730 -0.0656 0.2905 0.2584
BIACROM -0.2045 0.0617 -0 .1743 0.0666 0.1950 0.1371
BICRIST -0.2138 0.0267 -0 .0636 0.0706 -0.0104 0.2556

CHESTB -0.2225 0.1746 0.0145 0.1788 0.1696 0.0528
FOOTL -0.2306 -0.1281 -0 .2662 -0 .0286 0.1247 -0.0422

TFACHT -0.1344 -0.3458 0.2058 0.3522 0.0142 -0.0035
UFACHT -0.0991 -0.4026 0.1982 0.3915 -0.0229 0.0322

NOSEL -0.0740 -0.4115 0.1486 0.3466 -0.1475 0.0195
NOSEB -0.1085 -0.0297 0.0808 -0.1988 -0.2635 -0.0125

BICHUM -0.1966 -0.0448 -0 .1783 -0.0428 -0.3646 0.0485
WRISTB -0.2064 -0.0785 -0.1911 -0 .0729 -0.2975 -0.1585

HANDB -0.2201 -0.0552 -0.1480 -0.0949 -0.1755 -0.3745
HANDL -0.2156 -0.1311 -0 .2629 -0.0373 0.0747 0.0170

BICFEM -0.2276 0.0175 _r» rcanA -0.2532 0.0761
FOOTB -0.2069 -0.0364 -0.1011 -0.0296 -0.1210 -0.4202
HEADL -0.1727 -0.1308 0.2436 -0.2296 0.3260 -0 .2563
HEADB -0.1420 -0.0716 0.3233 -0.2603 0.0178 0.1371

MFRONT -0.1480 -0.0128 0.2905 -0.2499 0.0311 -0.0621
BIZYGO -0.1998 -0.0405 0.2112 -0 .2269 -0.2252 0.2453

BIGON -0.1255 -0.0111 0.1090 -0.1802 -0.2771 0.4273
HEADCR -0.2138 -0.0890 0.3298 -0 .2517 0.2545 -0 .1572

UPARM -0.2145 0.2849 0.0856 0.1800 -0.0435 -0.1667
CALFC -0.2401 0.1949 0.0165 0.1522 0.0313 -0 .1955

TRISKN -O .138I 0.3481 0.1950 0.1956 -0 .0529 0.0961
SUBSCN -0.1391 0.3696 0.2182 0.2256 -0.0596 0.0467

E xhib it 3.47 L atent Roots and V ecto rs o f  C o rre la tio n  M atrix
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7 8 9 10 11 12

WEIGHT 0 .0 791 0 . 0 3 2 6 0.0324 -0.0588 -0.0456 0.0081
SITHT -0.0044 -0 .0958 0.2125 -0.2114 -0 .4082 -0.1201

STAT -0.0915 -0.0447 0.0979 -0.1773 -0.0874 -0.0923
BIACROM 0.2431 0.2024 -0.2138 0.1782 -0 .1112 -0.0515
BICRIST -0.2068 0.1237 -0 .3226 -0.0081 0.0321 0.5499

CHESTB 0.2380 0.1593 -0.2034 0.2204 -0.0608 0.0458
FOOTL -0.1025 0.0325 0.0265 -0.1010 0.4256 0.0211

TFACHT 0.0590 -0.0592 0.0193 -0.0747 -0.0902 -0.0638
UFACHT 0.0334 0.0035 0.0811 -0.0698 -0.0076 0.0008

NOSEL - 0 . 0 7 1 2 0.0724 -0.0252 0.0570 0.0405 -0.0099
NOSEB -0  .2196 0.8191 0.1298 -0.2321 -0.1690 -0.1836

BICHUM -0.1744 -0.1859 -0 .0939 0.1569 -0.2534 -0.1780
WRISTB -0.1402 -0 .2180 -0 .0004 0.2378 -0.1920 -0.0546

HANDB 0.1493 -0 .1219 0.0417 -0.0849 0.0174 -0.1826
HANDL -0.1379 -0.0014 0.0879 -0.0270 0.5389 -0.2225

BICFEM -0.2201 -0.0893 -0 .1208 0.1285 -0.1400 0.2253
FOOTB 0.2509 0.1088 -0 .0309 -0.1597 0.1394 0.3578
HEADL -0.2376 0.0226 0.2364 0.3861 -0.0857 0.1729
HEADB 0.1364 -0.0481 -0 .4908 0.0306 0.1429 -0.4056

MFRONT 0.0078 -0.2783 -0 .0143 -0.5909 -0.1280 0.2231
BIZYGO 0 . 1 5 3 2 -0 .0622 -0 .1742 -0.0740 0.1406 0.0212

BIGON 0.4083 -0.0177 0.5720 0.2231 0.1543 0.1563
HEADCR -0.1210 0.0189 0.0253 0.2614 0.0223 -0.0178

UPARM 0.1630 -0 .0289 0.1013 -0.0257 -0.1117 -0.2314
CALFC 0.2316 0.0577 0.0483 -0.0269 -0.0356 0.0191

TRISKN -0.3543 -0.1378 0.1158 -0.0826 0.1709 -0.0987
SUBSKN -0.2647 -0.0259 0.1134 -0.0102 0.1584 -0.0454

E x h ib it 3.47 L a ten t Roots and V ecto rs o f  C o rre la tio n  M atrix
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13 14 15 16 17 18

WEIGHT 0.1184 0.1361 0.0389 -0 .0240 0.0654 0.0186
SITHT 0.2777 -0.1889 -0.0661 -0.1111 -0.1365 -0 .0395

STAT 0.1183 -0.0728 -0.0129 0.0534 -0.0368 0.0357
BIACROM -0.5634 -0.1460 -0.1538 0.1000 -0.2433 -0 .3002
BICRIST 0.1486 -0.0857 0.4453 -0 .2682 0.1722 -0.0259CHESTB -0.1690 -0.0616 0.0292 0.1560 0.2976 0.3336

FOOTL -0 .0440 0.1833 -0.0124 0.0902 0.0242 -0.2111
TFACHT -0 . 0957 -0.1219 -0.0554 0.0155 0.1411 0.2388
UFACHT 0.0081 -0.0085 0.0153 -0 .0022 -0.0092 0.0461

NOSEL 0.0219 0.0919 -0.0062 0.0085 -0.1355 -0.3037
NOSEB -0.0489 0.0006 -0.0207 -0.0161 0.0885 0.0281

BICHUM -0.0408 0.2079 0.4685 0.4776 -0.1959 -0 .0043
WRISTB -0.1535 -0.1267 -0.1811 -0 .5109 0.2531 -0 .3197

HANDB -0.0510 -0.3966 0.1958 -0 .0368 0.1127 0.3609
HANDL -0.1241 0.1606 -0.0125 -0 .0663 0.1239 0.1724

BICFEM 0.1449 0.1597 -0.6327 0.2456 0.0946 0.2398
FOOTB 0.2532 -0.3316 -0.0855 0.2258 -0.2809 -0 .1922
HEADL -0.0384 0.0084 0.0836 0.0165 -0.1272 0.0637
HEADB 0.3610 -0.1395 -0.0539 0.1127 0.2161 -0 .2422

MFRONT -0.4188 0.1755 0.0107 0.1436 0.2388 -0 .1442
BIZYGO -0.1257 0.0820 -0.0532 -0 .3879 -0.5683 0.3366

BIGON 0.0244 -0.0694 0.0582 0.1222 0.1949 -0 .1238
HEADCR 0.0206 0.0521 0.0418 0.0102 -0.0244 -0 .0155

UPARM 0.0588 0.2413 0.1848 -0 .2029 -0.0301 -0 .1409
CALFC 0.2275 0.4650 -0.1051 -0 .1014 -0.0246 -0 .0096

TRISKN -0.0249 -0.2559 -0.0542 0.1097 -0.2195 -0 .0279
SUBSKN -0.0681 -0.2620 -0.0516 0.0230 0.0465 -0 .0913
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19 20 21 22 23 24

WEIGHT 0.0100 -0.0424 0.0314 0.0078 0.0522 0.2552
SITHT 0.0414 -0.1558 0.0715 -0.1232 -0.3558 -0.4116

STAT 0.0134 -0.0311 0.0061 0.1278 0.4577 0.5508
BIACROM -0.2811 0.2226 0.0245 0.0655 -0.1046 0.0137
BICRIST -0.1864 0.1576 -0.0033 0.0783 -0.0742 -0.0722

CHESTB 0.3924 -0.4515 -0.0663 0.0210 0.0983 -0.1608
FOOTL 0.0786 0.0033 -0.4841 -0.5136 0.0914 -0.1809

TFACHT 0.2317 0.5180 -0.0752 -0.1079 -0.1398 0.0488
UFACHT -0.0535 0.0705 0.0756 -0 .0262 0.2162 -0.0664

NOSEL - 0 .2 1 1 3 -0.5667 -0.0222 0.1493 -0.0747 0.0494
NOSEB 0.0616 0.0304 -0.0468 0.0161 0.0067 -0.0068

BICHUM 0.1775 0.0584 0.0808 -0.0707 -0.1130 0.0400
WRISTB 0.3250 -0.0242 -0.0500 0.0571 0.0364 0.0919

HANDB -0.4962 -0.1348 -0.2214 -0.0249 -0.0755 0.0637
HANDL 0.0378 0.0373 0.4737 0.3323 -0.1991 -0.1533

BICFEM -0.2959 0.0532 0.0548 -0.0332 0.1303 -0.1587
FOOTB 0.2832 0.0452 0.2400 0.0831 0.0726 -0.0339HEADL -0.0189 0.0323 -0.0003 0.0403 0.0131 0.0227
HEADB -0.0201 0.0789 -0.0124 0.03^3 -0.0220 0.0116

MFRONT -0.0039 -0.1115 0.0556 0.0910 -0.0270 -0.0208
BIZYGO 0.1299 -0.0965 -0.0094 -0.1485 0.0520 0.0447

BIGON -0.0495 0.0451 -0.0550 0.0432 -0.0111 -0.0045
HEADCR -0.0453 0.0056 0.0246 -0.0417 0.0118 -0.0213

UPARM -0.1708 0.1391 0.1706 -0 .0213 0.4919 -0.3775
CALFC -0.0222 0.0732 -0.1999 0.1215 -0.4497 0.2991

TRISKN 0.1064 0.0602 -0.4260 0.4648 0.0110 -0.1460
SUBSCN -0.0571 -0.1074 0.3741 -0.5134 -0.1563 0.2609

E x h ib it 3.^7 L a ten t Roots and V ecto rs  o f C o rre la tio n  M atrix
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25 26 27

WEIGHT
SITHT

STAT
BIACROM
BICRIST

CHESTB
FOOTL

TFACHT
UFACHT

NOSEL
NOSEB

BICHUM
WRISTB

HANDB
HANDL

BICFEM
FOOTB
HEADL
HEADB

MFRONT
BIZYGO
BIGON

HEADCR
UPARM
CALFC

TRISKN
SUBSKN

- 0.0326
-0 .0265

0 . 1 0 0 0
-0 .0589

0.0239
-0.0105

0 .0 0 5 2
0.4492

-0 .7396
0.3577

-0.0161
-0 .0639
-0 .1027
-0 .0203

0.0094
0.0445
0.0352
0.0637

- 0 .0 3 2 0
-0 .0026

0.0233
0.0318

-0.0705
0.2343

-0 .1389
-0 .0539
-0 .0119

-0.0538
0.0038
0.0586

-0.0094
0.0223

-0.0165
-0.0495

0.0543
-0.0695

0.0197
-0.0178

0.0135
0.0117
0.0031

-0.0269
0.0017
0.0426

-0.5767
-0.2340
-0.0477
-0.0502
0.0139
0.7636

-0 .0317
-0.0113

0.0317
-0.0385

-0.8500
-0.0214

0.2648
-0.0214

0.0768
0 .1 502

-0 .0218
-0.0215

0.0409
-0.0165

0.0085
0.0128

-0.0088
0.0009

- 0 .0 1 3 8
-0.0014

0.0203
0.0217
0.0207
0.0363

-0.0037
0.0184

- 0 .0 3 2 0
0.1511
0.3439

- 0.0030
0.1718

E xhib it 3.47 L a ten t Roots and V ectors o f C o rre la tio n  M atrix
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WEIGHT 
SITHT 

STAT 
BIACROM 
BICRIST 

CHESTB 
FOOTL 

TFACHT 
UFACHT 

NOSEL 
NOSEB 

BI CHUM 
WRISTB 

HANDB 
HANDL 

BICFEM 
FOOTB 
HEADL 
HEADB 

MFRONT 
BIZYGO 

BIGON 
HEADCR 

UPARM 
CALFC 

TRISKN 
SUBSCN

7

-0 .2563 
-0 .0598 

0.0093 
0.1055 

- 0 . 1 1 6 8  
-0  .0733 

0.0631 
- 0 . 0 2 6 6  
-0 .0105 

0.0458 
-0.0186 
-0 .0148 

0.0462 
0 . 1 1 1 2  
0.0450 

-0.1066 
0.1387 

- 0 . 0 1 1 0  
0.1223 

-0.1531 
0.0166 
0.0093 

-0.0167 
-0 .2954 
-0 .1603 
-0.6041 
-0.5735

8

-0.0051 
-0.0802 
-0.0264 

0.0047 
0.1494 

-0.0469 
0.0630 

-0.0759 
-0.0081 
0.0855 
0.9535 

- 0 . 0 2 0 2  
-0 .0804 
-0.0385 

0.0494 
0.0481 
0.1148 
0.0023 

-0 .0432 
-0 .0629 

0.0550 
0.0270 
0 .0100  

-0 .0603 
-0.0209 
-0 .0133 

0.0426

9

0.0296  
0.1226 
0.0134 
0.0006 

-0 .2015 
-0.0071 
-0 .1082  
-0 .0080 

0.0346 
-0 .0269  
- 0.0240 

0.0275 
0 .0250 

-0 .0095 
-0.0261 
-0 .0279 
-0 .0768 

0.0230  
-0 .1144 
-0 .0893  

0.1789 
0.9253 

-0 .0163  
0.0818 
0.0413 

-0 .0395  
-0 .0072

10

0.2078
-0.0116

0.0427
0.5341
0.2504
0.5408
0.0289

-0.0013
-0.0233
0.0104

-0.0440
-0.0363
-0.0710
-0.1105

0.0047
0.0284
0.0193

-0 .0327
0.1711

-0.4349
0.0184
0.0150
0.0364
0.1271
0.2083

-0 .1016
0.0029

E xh ib it 3-48 Varimax R otated L a ten t V ectors
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although minimum f r o n ta l  diam eter a ls o  makes an independent 

c o n tr ib u tio n  to  th e  te n th  component. B igon ia l diam eter remains 

sep a ra te  from th e  head measurements, and c o n tr ib u te s  to  component 

n in e .

Measures o f  the  tra n sv e rse  d iam eters  o f lim bs (b icondy lar 

humerus, w ris t b read th , b icondylar femur) form the s ix th  

component. The two sk in fo ld s  ( t r ic e p s  s k in fo ld , subscapular 

sk in fo ld ) , make up the seventh component. Two measurements are  

independent o f th e  o th e rs . These a re  nose breadth  ( th e  e ig h th  

component) and b ig o n ia l diam eter (the  n in th  component) . F in a lly , 

b iacro m ia l d iam eter and ch es t b read th  a re  c o n tra s te d  w ith  minimum 

f r o n ta l  d iam eter on the  te n th  component. A fu r th e r  comment must 

be made concerning what i s  m issing from t h i s  s o lu t io n . B ic r i s t a l  

d iam eter and w eight are no t c lo se ly  a sso c ia te d  w ith  any o f  th e  10 

components.

The genera l fe a tu re s  o f the so lu tio n  can be described  as 

fo llo w s :

(1) th e  c ra n io fa c ia l  reg io n  in c lu d e s  sev e ra l independent 

dim ensions o f v a r ia t io n ,

(2) tra n sv e rse  limb d iam eters tend  to  go to g e th e r ,

(3) len g th  and breadth  o f e x tre m itie s  inc lude  independent 

dim ensions o f v a r ia t io n .
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(4) len g th s  o f  e x tre m itie s  a re  a s so c ia te d  w ith a general 

l in e a r  component in c lu d in g  h e ig h t and s i t t i n g  h e ig h t,

(5) nose b re a d th , b i c r i s t a l  d iam e te r, w eight and b ig o n ia l 

d iam eter are n o t c lo se ly  a sso c ia te d  w ith  any o th e r  

v a r ia b le s .

These ro ta te d  v e c to rs  a re  s im ila r  to  th o se  re p o rte d  by o th e r  

w orkers (Burt 1944; B u rt and Banks 1947 ; Thurstone 1946, 1947; 

Hammond 1942; Heath 1952; Howells 1951; Vandenberg 1968; 

Rhoads 1972). The t r a d i t i o n a l  component o f l i n e a r i t y  i s  p re s e n t. 

However, th e re  i s  no obvious component o f  g en era l s iz e  in  th e  

ro ta te d  s o lu t io n , a lthough  i t  forms the  prim ary  component in  th e  

u n ro ta ted  s o lu t io n . The presence or absence o f p a r t ic u la r  

components in  a s o lu tio n  i s  not only  a m a tte r  o f  r o ta t io n ,  b u t is  

a lso  in flu en ced  by the sample o f  measurements in c lu d ed . The s e t  

used in  t h i s  study i s  la ck in g  in  lim b le n g th s  and th e re  i s  

th e re fo re  no limb len g th  component. Also m issing  i s  a b u lk  and 

c irc u m fe re n tia l measurement component. Weight i s  no t s tro n g ly  

a s so c ia te d  w ith any p a r t ic u la r  component, and th e  two lim b 

circum ferences a re  unexpectedly  linked  to  hand b read th  and fo o t 

b re a d th . Measures o f b iacro m ia l d iam eter and c h e s t b read th  are

a s s o c ia te d , b u t d i s t i n c t  from th e  limb c ircu m feren ces . T his may 

be due to  in c lu d in g  r e la t iv e ly  fewer g i r th  measurements in  th e  

s e t .

The c ra n io fa c ia l  re g io n  i s  w e ll rep re sen ted  in  the  s e t  o f 

measurements, and i t  d isp la y s  a r e l a t i v e  independence from the
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re s t  o f  the body. The th re e  independent components o f  

c ra n io fa c ia l  v a r ia t io n  echo those rep o rted  by Howells (1951).

C om parability  of components a c ro ss  s tu d ie s  i s  hampered by 

d if fe re n c e s  in  th e  v a r ia b le  s e t  u sed , and the a n a ly t ic a l

technique used. In  g e n e ra l te rm s, however, th e  derived

components are in  lin e  w ith  ex p ec ta tio n s  from prev ious s tu d ie s .

3 .3 .3  C lu s te r  A nalysis

In  a d d itio n  to  PCA, a c e n tro id  c lu s te r  a n a ly s is  was

perform ed on th e  phenotyp ic  c o r re la t io n  m a trix , a s  i f  i t  

rep re sen ted  a m atrix  o f s i m i l a r i t i e s  between mesurem ents. One 

com plication  in  using th e  c o r re la t io n  m atrix  as i f  i t  were a 

s im i la r i ty  m atrix  i s  t h a t  th e  c lu s te r in g  a lgorithm  re q u ire s  th a t 

a l l  s im i l a r i t i e s  be in  th e  range 0-100?. Thus th e  sample

c o r r e la t io n  m atrix  has been transform ed by con v ertin g  n eg a tiv e  

c o r re la t io n s  to  sm all (0 .0 5 )  p o s i t iv e  v a lu es . The e f f e c t  of t h i s  

tran sfo rm a tio n  i s  s e r io u s  only when th e re  a re  s ig n i f ic a n t  

n eg a tiv e  values in  the m a tr ix . The phenotypic c o r r e la t io n  m atrix  

has  a few n eg ativ e  e lem en ts , but th e se  tend  to  be sm all ( l e s s  

t h a n - 0 . 1 )  and few in  number. Care was taken  to  determ ine i f  th e  

tran sfo rm a tio n  has any n o ta b le  e f f e c t  on th e  r e s u l t s .  The form 

o f  the s im i la r i ty  m atrix  o r  d erived  tre e  was not s ig n i f ic a n t ly  

a f f e c te d .
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The dendrogram re s u l t in g  from th e  c lu s te r  procedure is  shown 

in  e x h ib it 3 .4 9 . In t h i s  t re e  th e re  are  some measurements which 

a re  h igh ly  s im ila r  (w eight, c a l f  c ircum ference, and upper arm 

circum ference; head len g th  and head circum ference; s i t t i n g  

h e ig h t and s ta tu re ;  t o t a l  f a c ia l  h e ig h t and upper f a c ia l  h e ig h t) 

and o ther s e ts  o f measurements which are r e la te d  bu t a t  a lower 

le v e l o f s im i la r i ty .  One such s e t  might be c a lle d  "b u lk " , and i s  

made up o f  the  s e t  c o n ta in in g : w eigh t, c a l f  c ircum ference , upper

arm circum ference, ch es t b re a d th , and b i c r i s t a l  d iam eter. Note 

t h a t  th i s  le s s  cohesive c lu s t e r  c o n ta in s  th e  c lo se ly  r e la te d  t r i o  

o f  w eight, c a l f  circum ference and upper arm c ircum ference . In 

summarizing a dendrogram we w i l l  r e f e r  to  c lo se ly  r e la te d  s e ts  as 

secondary. In  ad d itio n  to  those v a r ia b le s  which form in to  

c lu s te r s  th e re  a re  a nunber which a re  r e la t iv e ly  independen t. In  

th e  dendrogram th e  fo llow ing  m easures a re  independents: nose

breadth  and b ig o n ia l d iam eter. The " f a c ia l  h e ig h t"  s e t  ( t o t a l  

fa c ia l  h e ig h t, upper f a c ia l  h e ig h t, nose leng th ) a lso  a c ts  as an 

independent. In  a d d itio n  to  th e  s e t s  "b u lk " , " sk in fo ld s"  and 

" f a c ia l  h e ig h t"  which have a lread y  been in tro d u ced , th e re  a re  a 

number o f  o ther c lu s t e r s .  A " l in e a r "  s e t  appears a t  th e  

secondary le v e l ,  which i s  made up o f two prim ary s e ts  ( s t a tu r e ,  

s i t t i n g  h e ig h t; fo o t le n g th , hand le n g th ) .  A "lim b b read th"  s e t  

co n ta in s  b icondy lar humerus, w r is t  b read th  and b ico n d y la r femur. 

Hand b read th  and fo o t b read th  a lso  jo in  to g e th e r  in  an "ex trem ity  

bread th" c lu s t e r .  There i s  a lo o se  a s so c ia tio n  as th e  " l in e a r "  

and "lim b bread th" and "ex trem ity  b read th" c lu s t e r s  jo in  

to g e th e r . This grouping i s  c o n tra s te d  w ith  "bulk" and 

"sk in fo ld s"  on th e  one hand, and th e  head measurements on th e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



163

85.0 75.0 65.0 5 5 .0  *15.0 35.0 25.0 15.0 (L evels)

WEIGHT
CALFC . . ) . .
UPARM .........) .................
CHESTB ............................ ) .................
BIACROM ................................................. ) . .
BICRIST ........................................................)
TRISKN ...............  )
SUBSKN ...............) .................................... ) ...........
SITHT .......... )
STATURE ........ ) ........................ )
FOOTL ................ ) )
HANDL ............... ) ................. ) ................. )
BICHUM   ) )
WRISTB ...........................................) ) )
BICFEM ......................................... )  ) )
HANDB ...................................  ) )
FOOTB ................................... ) ................. ) ........... ) . .
HEADL . .  )
HEADCR . . ) .................................................  )
MFRONT ........................................................) )
HEADB   ) )
BIZYGO ................................................) . . ) .................) . .
BIGON ..................................................................................) . .
NOSEB ........................................................................................ ) . .
TFACHT .........  )
UFACHT ......... ) ........... )
NOSEL ...................... ) .................................................................... ) .................

E x h ib i t  3 .^9  C lu s te r  a n a l y s i s  o f  phen o ty p ic  c o r r e l a t i o n s
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o th e r- The "b u lk /sk in fo ld s"  group and the r e s t  o f th e  body 

m easures jo in  to g e th e r  befo re  any o f the  head m easures a re  

incuded. There i s  a lso  a loose a s s o c ia tio n  o f "head s ize"  which 

inc luded  head le n g th , head c ircum ference , minimum f r o n ta l  

d iam e te r , head b read th  and bizygom atic d iam eter.

Summarizing what th e se  c lu s te r s  su g g es t, we see  f i r s t l y  th a t 

body and head a re  independent e n t i t i e s .  F u r th e r , measures o f 

f a c ia l  h e ig h t a re  independent of th e  o th e r c r a n io fa c ia l  m easures. 

Reading th e  secondary a s s o c ia t io n s  in  th e  branch r e la t in g  the  

body, i t  appears th a t  th e re  are f iv e  c lu s te r s :  " b u lk " ,

" s k in fo ld s " , " l in e a r " ,  "ex trem ity  b read th"  and "lim b b read th " . 

On the b a s is  o f t e r t i a r y  a s s o c ia tio n s  the  "bulk" and "sk in fo ld s"  

c lu s te r s  go to g e th e r ,  as do th e  " l in e a r "  c lu s te r  and th e  two 

b read th  c lu s t e r s .

3 .3 .4  C om parison o f  PCA and C lu s te r  A n a ly s is

Comparing the  PCA and c lu s t e r  r e p re s e n ta t io n s  o f th e  pooled 

w ith in -g roup  c o r r e la t io n  m atrix  th e re  a re  se v e ra l d if fe re n c e s  and 

s i m i l a r i t i e s  to  be no ted . F i r s t l y ,  th e re  i s  a c lo se  

correpondence between the  components w ith  ju s t  a few s ig n if ic a n t  

v a r ia b le s ,  and th e  low le v e l  c lu s t e r s .  The com bination o f 

s i t t i n g  h e ig h t, s t a tu r e ,  hand le n g th  and fo o t le n g th  in to  a 

l in e a r  grouping i s  id e n t ic a l  in  th e  two s o lu t io n s . L ikew ise the 

c lo se  a s s o c ia tio n  o f (1) t r i c e p s  sk in fo ld  and subscapu lar
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s k in fo ld , (2) to ta l  f a c ia l  h e ig h t ,  upper f a c ia l  h e ig h t ,  nose 

le n g th , and (3) head le n g th , head circum ference i s  c le a r  in  both 

r e s u l t s .  Transverse lim b measurements (w r is t  b re a d th , b ico n d y la r 

femur, b icondylar humerus) a re  c lu s te re d  to g e th e r  in  th e  

dendrogram as th ey  are  on th e  s ix th  component. However, th e se  

th re e  v a r ia b le s  a re  r e la te d  much more lo o se ly  in  th e  dendrogram 

than  i s  in d ica ted  by the PCA s o lu t io n .

The two v a r ia b le s  b ig o n ia l d iam eter and nose b read th  p lay  

th e  same very independent ro le  in  both c lu s t e r  diagram s. The 

v a ria b le  b i c r i s t a l  d iam eter which i s  independent in  th e  PCA 

so lu tio n  remains f a i r l y  so in  th e  dendrogram, a lthough  i t  

e v e n tu a lly  lin k s  w ith w e ig h t, c a l f  c ircu m feren ce , upper arm 

circum ference and c h es t b re a d th .

Component one o f  th e  PCA produced a somewhat p e c u lia r  

com bination of ex trem ity  b read th s  (hand b read th , fo o t b read th ) 

and limb c ircum ferences (upper arm c ircu m feren ce , c a l f  

c ircu n fe ren ce) . This s i tu a t io n  i s  changed in  th e  dendrogram, 

w ith lim b circum ferences jo in in g  w eight in  a d i s t i n c t  

11 bu lk /c ircum ferences" c lu s t e r .  Foot b read th  and hand b read th  

remain most c lo se ly  r e la te d  to  one ano ther in  th e  c lu s te r  

s o lu t io n , bu t th e y  a s s o c ia te  w ith  th e  l in e a r  and tra n s v e rv e  limb 

measurements r a th e r  than  w ith  lim b c ircu m feren ces . In t h i s  case 

th e  PCA so lu tio n  has fo rced  to g e th e r  two d i f f e r e n t  p a ir s  o f  

v a r ia b le s  which remain d i s t i n c t  in  c lu s te r  a n a ly s is .  The 

in c lu s io n  o f w eight w ith th e  limb circum ferences makes th e  

dendrogram a more s a t i s fy in g  p ic tu re  because i t  d isp la y s  th e
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prev iously  m issing component o f  bulk and circum ference  m easures. 

There i s  no easy way to  r e l a t e  th e  te n th  p r in c ip a l  component to  

th e  dendrogram. The component in c lu d es  b iacro m ia l d iam eter and 

c h es t b read th  a c tin g  in  c o n c e r t ,  and both o f  these  c o n tra s te d  

w ith  minimun f r o n ta l  d iam e te r . Once ag a in  i t  appears  the th e  PCA 

i s  mixing two d i f f e r e n t  e n t i t i e s .  In th e  dendrogram biacrom ial 

d iam eter and c h e s t  b read th  are p a r t  o f  a b u lk  and c irc u m fe re n tia l 

c lu s t e r ,  a lthough  b iacrom ial diam eter i s  very  lo o s ly  a s s o c ia te d . 

In  c o n tr a s t ,  minimum f r o n ta l  d iam eter i s  lo o se ly  a sso c ia te d  w ith 

th e  head measurements.

In co n clu sio n , th e  PCA and c lu s te r  s o lu t io n s  a re  g e n e ra lly  

s im i la r .  Where they  d i f f e r  in  d e t a i l ,  th e  dendrogram p rov ides a 

more e a s i ly  in te rp re ta b le  p ic tu r e .  This sim ple p ic tu re  must be 

in te rp re te d  w ith c a u tio n , however, a s  i t  fo rce s  a v a r ia b le  to  be 

in  one c lu s te r  r a th e r  th an  spread i t s  in flu en ce  in  sev e ra l 

dim ensions.
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Chapter 4

The G enetic B asis o f A nthropom etric V aria tio n

4.1 F am ilia l C o rre la tio n s

The f i t t i n g  o f  the  p a th  model developed in  Chapter 2 .4

re q u ire s  o b serv a tio n s  on th re e  ty p e s  o f  c o r r e la t io n s :

p a re n t-o f f s p r in g , spouse-spouse, and s ib - s ib .  These c o r re la t io n s  

were o r ig in a l ly  c a lc u la te d  s e p a ra te ly  f o r  each o f  th e  s ix  

p o p u la tio n s , and the  subsequent h e r i t a b i l i t y  and . g en e tic

c o r re la t io n s  were based on these  v a lu e s . U n fo rtu n a te ly , when 

c o r re la t io n s  fo r  each group were e stim ated  s e p a ra te ly , th e

r e s u l t in g  gen etic  c o r r e la t io n s  and h e r i t a b i l i t y  v a lu e s  con tained  

many obviously  bad e s tim a te s  (n eg a tiv e  h e r i t a b i l i t i e s ,  o r  gen e tic  

c o r re la t io n s  and h e r i t a b i l i t i e s  > 1 .0 ) . Since th e  goal o f  th i s  

work was to  examine g en e tic  c o r r e la t io n s ,  much tim e  was sp en t 

exanining d if f e r e n t  approaches to  th e  problem which m ight lead to  

more r e l i a b le  e s tim a te s . F in a l ly ,  i t  became ap p aren t th a t  th e  

most immediate so lu tio n  was to  poo l to g e th e r  the  co rresponding  

c o r re la t io n  m a trices  fo r th e  six d i f f e r e n t  g roups. T his approach
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WEIGHT
SITHT
STAT

BIACROM
BICRIST

0.2137
0.1092
0.1081
0.1561
0.1635

0 . 1 5 0 7
0.0905 
0.082 9
0 .1 1 7 9

0.1185 
0.0854 
0.1167

0.1457 
0.1454 0.2043

CHESTB 0.2214 0.1185 0 .1 0 0 9 0.1775 0.1738 0.2816
FOOTL 0.1442 0 . 0 9 1 5 0 .1371 0.1104 0.1437 0.1342TFACHT 0.1911 0.0929 0.1021 0.1360 0.1560 0.1988UFACHT 0.2324 0.1166 0.1249 0.1779 0.2246 0.2562
NOSEL 0.2068 0. 1288 0.1240 0.1622 0.2217 0.2361
NOSEB 0.0863 0.0454 0.0357 0.0749 0.0848 0.0967BICHUM 0.1860 0.1191 0.1062 0.1371 0.1543 0.1875

WRISTB 0.1787 0.1150 0.0865 0.1375 0.1442 0 . 1 9 4 9HANDB 0 . 1 7 1 7 0.1127 0.1139 0.1382 0.1507 0.1937HANDL 0.1273 0.0541 0. 1246 0.1065 0.1045 0 . 1 1 3 4
BICFEM 0.1118 0.0934 0.0613 0.0724 0.0759 0.1016
FOOTB 0. 1825 0.0883 0. 1228 0. 1394 0.1722 0.1898
HEADL 0.0875 0.0690 0.0731 0.0725 0.0698 0.1084
HEAI® 0.1428 0.0622 0.0528 0.0876 0.0872 0.1466

MFRONT 0.0525 0.0191 0.0137 0.0117 0.0106 0.0436
BIZYGO 0.1616 0.0732 0.0553 0.1067 0.1019 0.1525BIGON 0 . 1 2 9 3 0.0707 0.0173 0.0650 0.0417 0.1030HEADCR 0.0883 0.0656 0.0312 0.0523 0.0525 0.1004

UPARM 0 .2 2 0 3 0.0892 0.0808 0.1641 0.1419 0.2342
CALFC 0.1967 0.0978 0.0767 0.1181 0.1519 0.1963TRISKN 0.0786 -0 .0044 0.0245 0.0496 0.0068 0.0574

SUBSKN 0.0557 -0 .0319 0.0198 0.0414 -0.0131 0.0283

WEIGHT SITHT STAT BIACROM BICRIST CHESTB

FOOTL
TFACHT
UFACHT
NOSEL

0.2174
0.1231
0.1424
0 . 1 3 2 7

0.2723
0.3202
0.2805

0.4651
0.4077 0.4193

NOSEB 0 . 0 7 0 9 0.0703 0.1035 0.1232 0.2106
BICHUM 0.1263 0.1417 0.1903 0.1958 0.0909 0.2069WRISTB 0.1110 0.1554 0.2028 0.2210 0.1100 0.1819HANDB 0. 1520 0.1015 0.0964 0.1354 0.1460 0.1549

HANDL 0. 1978 0.1058 0.0987 0.0752 0.0636 0.1012
BICFEM 0.0715 0.084 9 0.0734 0.0862 0.0638 0.1035

FOOTB 0. 1690 0.1185 0.1284 0.1468 0.1384 0.1566
HEADL 0.0969 0.1335 0.1429 0.1239 0.0577 0.0699
HEADB 0.0651 0.1305 0.1521 0.1355 0.0555 0.1037

MFRONT 0.0219 0.0761 0.0317 0.0213 0.0338 0.0285BIZYGO 0.0648 0.1399 0.1794 0.1444 0.0577 0.1278
BIGON 0.0116 0.0942 0.1401 0.1107 0.0700 0.1196

HEADCR 0.0435 0.1353 0.1511 0.1253 0.0461 0.0652
UPARM 0. 1189 0.2057 0.2409 0.2058 0.1085 0.1914
CALFC 0.1168 0.1660 0.1969 0.1962 0.0820 0.1683

TRISKN 0.0431 0.0626 0.0365 -0.0097 0.0367 0.0288
SUBSKN 0 . 0468 0.0373 -0.0008 -0.0500 0.0344 0.0154

FOOTL TFACHT UFACHT NOSEL NOSEB BICHUM

E x hib it 14.1 P aren t O ffspring  c o r re la t io n s
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WRISTB 0.2188
HANDB 0. 1749 0.3112
HANDL 0. 0862 0. 1568 0.2500

BICFEM 0 .1 1 0 7 0 .0 7 7 2 0.0563 0.1502
FOOTB 0.1680 0. 2702 0 . 1 7 3 0 0.0726 0.2948
HEADL 0. 0801 0 . 1 1 0 9 0.0909 0.0277 0.0988 0.2330
HEADB 0. 1001 0.0676 0.0606 0.0678 0.0673 0.1116

MFRONT O.O303 0.0723 0.0239 0.0516 0.0634 0.0709
BIZYGO 0 .1 1 2 3 0.0444 0.0547 0.0975 0.0734 0.0731

BIGON 0.1010 0.0411 0.0232 0.0858 0.0339 0.0259
HEADCR 0.0780 0.0535 0.0369 0.0470 0.0441 0.1575

UPARM 0 .1915 0.1583 0.1119 0 . 1 0 9 3 0.1699 0.0976
CALFC 0. 1754 0 .1 5 9 0 0.0883 0 . 1 1 3 0 0.1668 0.0685

TRISKN 0.0202 0.0451 0.0883 0.0320 0.0540 0.0044
SUBSKN 0.0102 0.0664 0.0983 0.0323 0.0733 0.0073

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB 0.2333
MFRONT 0.0812 0.2622
BIZYGO 0.1769 0.0835 0.2614

BIGON 0 .1 2 9 1 0 . 0479 0.1591 0.2815
HEADCR 0.1870 0 . 0 9 4 0 0.1316 0.1194 0.2153

UPARM 0. 1694 0.0645 0.1896 0.1682 0.1085 0.2752
CALFC 0 . 1 3 7 2 0.0483 0.1435 0.1359 0.0967 0.2010

TRISKN 0.0691 0.0369 0.0653 0.0652 0.0238 0.0804
SUBSKN 0.0391 0.0581 0.0405 0.0508 -0.0018 0.0696

HEADB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 0.2265
TRISKN 0.0547 0.1950
SUBSKN 0.0298 0.1916 0.2300

CALFC TRISKN SUBSKN

E x h ib it 4.1 Parent O ffsp ring  c o r re la t io n s
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t r e a t s  d if fe re n c e s  in h e r i t a b i l i t y  between the p o p u la tio n s  as 

s t a t i s t i c a l  n o is e . The re tu rn  from th is  s a c r i f ic e  i s  much 

g re a te r  p re c is io n  in  the  h e r i t a b i l i t y  e s tim a te s , which made the  

c a lc u la t io n  o f g en e tic  c o r r e la t io n s  p r a c t i c a l .  Only the pooled 

w ith in-group  c o r re la t io n  m a tric e s  are  rep o rted  here  (e x h ib i ts  4.1 

-  4 . 3 ) .

The c o r re la tio n  between p a re n ts  and o ffsp r in g  (e x h ib it  4 .1 ) 

has  a lre ad y  been d iscussed  in  s e c t io n  1.2.3* The approach taken 

h e re  i s  th e  one c r i t i c i z e d  in  th a t  s e c t io n . I t  c o n s is ts  o f

s t a t i s t i c a l l y  c o n tro l l in g  fo r a g e - and s e x - re la te d  v a r ia t io n  in

c h ild re n  by l in e a r  re g re ss io n  ( f i t t i n g  te rm s fo r s ex , ag e , and 

age sq u ared ). A ccord ingly , th e  p a re n t-o f fs p r in g  c o r re la t io n s  a re  

n o t  examined fo r  p a t te rn s  in  tim e . The f i n a l  m atrix  i s  based on 

averag ing  the o ff-d ia g o n a l e lem ents o f  th e  p a re n t-o ffsp r in g  c ro s s  

c o r r e la t io n  m atrix  so t h a t  th e  p a re n t-o f fs p r in g  and 

o f f sp r in g -p a re n t c o r re la tio n  fo r  a given t r a i t  a re  th e  same.

The c o r re la t io n  between s ib s  may be examined by u sin g  

in t r a c la s s  c o r re la tio n  ( a n a ly s is  o f  v a rian ce  e s tim a to rs)  o r by 

pa irw ise  comparison o f  a l l  s ib s  in  each s ib s h ip . The d if fe re n c e  

between these  tech n iq u es  i s  d iscu ssed  by Donner and Koval (1980) 

who a lso  p resen t a maximum lik e lih o o d  e s tim a to r . They suggest 

th a t  fo r  low to  moderate (< 0 .5 ) va lu es  o f  c o r re la t io n  th e

a n a ly s is  o f  v a rian ce  e s tim a to r i s  p r e fe r re d ,  and th a t  th e i r

maximum lik e lih o o d  e s tim a to r i s  b e t te r  fo r  high c o r r e la t io n s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



WEIGHT 0.5668
SITHT 0.5285 0.4927

STAT 0.5374 0.5019
BIACROM 0.5387 0.5025
BICRIST 0.5387 0.5023

CHESTB 0.5280 0.4909
FOOTL 0. 5328 0 . 4 9 7 0

TFACHT 0.5111 0.4752
UFACHT 0.5077 0.4717

NOSEL 0. 5124 0.4769
NOSEB 0.5212 0.4852

BICHUM 0.5317 0.4954
WRISTB 0 . 5289 0.4925

HANDB 0.5306 0 . 4940
HANDL 0.5376 0.5012

BICFEM 0.5234 0.4871
FOOTB 0.5313 0.4955
HEADL 0.4885 0.4521
HEADB 0.4904 0.4538

MFRONT 0.4877 0.4516
BIZYGO 0.5114 0.4752

BIGON 0.5108 0.4748
HEADCR 0.4917 0.4554

UPARM 0.5361 0.4979
CALFC 0.5360 0.4995

TRISKN 0.3969 0.3592
SUBSKN 0.4857 0.4457

WEIGHT SITHT

FOOTL 0.5019
TFACHT 0.4795 0.4587Mir * 0.4758 0.4558

NOSEL 0.4812 0.4614
NOSEB 0.4894 0.4676

BICHUM 0.4996 0.4782
WRISTB 0.4969 0.4756

HANDB 0.4987 0.4766
HANDL 0.5060 0.4835

BICFEM 0.4912 0.4695
FOOTB 0.5001 0.4781
HEADL 0.4564 0.4347
HEADB 0.4579 0.4365

MFRONT 0.4557 0.4343
BIZYGO 0.4793 0.4579

BIGON 0.4785 0.4571
HEADCR 0.4595 0.4380

UPARM 0.5017 0.4804
CALFC 0.5035 0.4817

TRISKN 0.3622 0.3438
SUBSKN 0 . 4 4 9 0 0.4286

FOOTL TFACHT

E x h ib it 4.2

0.5113
0.5117 0.5127
0.5116 0.5122 0.5123
0.5000 0.5010 0.5008 0.4899
0.5063 0.5069 0.5067 0.4952
0.4843 0.4851 0.4850 0.4736
0.4806 0.4815 0.4815 0.4702
0.4859 0.4867 0.4871 0.4755
0.4944 0.4951 0.4947 0.4835
0.5045 0.5054 0.5054 0.4939
0.5016 0.5025 0.5024 0.4911
0.5032 0.5039 0.5037 0.4924
0.5107 0.5113 0.5110 0.4996
0.4962 0.4968 0.4968 0.4854
0.5048 0.5053 0.5054 0.4938
0.4614 0.4618 0.4617 0.4503
0.4630 0.4636 0.4633 0.4521
0.4607 0.4611 0.4609 0.4497
0.4844 0.4852 0.4848 0.4735
0.4838 0.4845 0.4839 0.4729
0.4646 0.4651 0.4649 0.4536
0.5068 0.5080 0.5078 0.4973
0.5085 0.5092 0.5092 0.4980
0.3669 0.3669 0.3674 0.3611
0.4542 0.4544 0.4559 0.4483

STAT BIACROM BICRIST CHESTB

0.4537
0.4594 0.4660
0.4642 0.4694 0.4798
0.4751 0.4807 0.4876 0.4993
0.4725 0.4783 0.4853 0.4960
0.4730 0.4784 0.4867 0.4970
0.4797 0.4848 0.4937 0.5037
0.4658 0.4712 0.4795 0.4899
0.4748 0.4801 0.4885 0.4982
0.4314 0.4368 0.4444 0.4548
0.4332 0.4384 0.4461 0.4565
0.4307 0.4360 0.4439 0.4543
0.4545 0.4597 0.4677 0.4780
0.4535 0.4584 0.4675 0.4774
0.4345 0.4398 0.4477 0.4580
0.4769 0.4816 0.4903 0.5010
0.4783 0.4833 0.4920 0.5022
0.3388 0.3425 0.3517 0.3622
0.4217 0.4252 0.4383 0.4484

UFACHT NOSEL NOSEB BICHUM

C o rre la tio n s
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WRISTB 0.4936
HANDB 0.4944 0.4965
HANDL 0.5010 0.5027 0.5107

BICFEM 0.4873 0.4884 0.4955 0.4821
FOOTB 0.4957 0.4978 0.5042 0.4899 0.4997
HEADL 0.4521 0.4533 0.4606 0.4465 0.4549 0.4118
HEADB 0.4537 0.4550 0.4622 0.4480 0.4566 0.4130

MFRONT 0.4515 0.4528 0.4598 0.4461 0.4544 0.4111
BIZYGO 0.4752 0.4763 0.4837 0.4696 0.4779 0.4345

BIGON 0. 4744 0.4755 0.4831 0.4692 0 . 4 7 7 0 0.4338
HEADCR 0.4553 0.4565 0.4638 0.4498 0.4581 0.4148

UPARM 0. 4980 0.4991 0.5065 0.4926 0.5002 0.4575
CALFC 0.4993 0.5008 0.5080 0.4941 0.5023 0.4589

TRISKN 0.3588 0.3594 0.3681 0.3566 0.3600 0.3261
SUBSKN 0.4456 0.4472 0.4562 0.4433 0.4473 0.4106

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB 0.4150
MFRONT 0.4128 0.4116
BIZYGO 0.4364 0.4342 0.4583

BIGON 0.4359 0.4339 0.4578 0.4587
HEADCR 0.4164 0.4145 0.4379 0.4375 0.4181

UPARM 0.4595 0.4570 0.4810 0.4810 0.4610 0.5056
CALFC 0.4608 0.4585 0.4822 0.4822 0.4624 0.5056

TRISKN 0.3274 0.3261 0.3450 0.3451 0.3290 0.3701
SUBSKN 0.4115 0.4109 0.4298 0.4292 0.4136 0.4575

HEADB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 0.5072
TRISKN 0.3668 0.2976
SUBSKN 0.4534 0.3763 0.4777

CALFC TRISKN SUBSKN

E x h ib it 4 .2  S ib -S ib  C o rre la tio n s
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WEIGHT 
SITHT 
STAT 

BIACROM 
BICRIST

0.0184
-0.0240
-0.0446

0.0274
-0.0035

0.0390 
-0 .0232 

0 . 0 1 1 9 
-0.0099

-0.0436 
-0 .0327 
-0 .0330

-0.0315
0.0273 -0.0563

CHESTB 0.0122 -0.0129 -0.0440 -0.0195 -0.0445 -0 . 0340
FOOTL 0.0156 0.0219 -0.0028 -0.0137 0.0144 0.0027TFACHT -0.0154 -0.0200 -0.0171 -0 .0040 0.0273 -0 . 0011

UFACHT -0.0077 0.0072 -0.0038 0.0188 0.0359 0.0460
NOSEL - 0 .0373 -0.0352 -0.0308 -0.0251 0.0439 -0.0144
NOSEB -0 . 0427 -0.0037 -0.0110 -0.0557 0.0120 -0.0681BICHUM -0.0207 -0 .0277 -0.0207 -0.0370 0.0197 -0.0493WRISTB -0.0020 -0.0125 0.0078 -0.0330 0.0222 -0.0492
HANDB -0.0752 -0.0564 -0.0588 -0.0923 -0.0357 -0 .0667
HANDL -0.0156 -0.0346 -0.0276 -0.0007 -0.0049 0.0001

BICFEM -0.0177 -0.0777 -0.0712 -0.0215 0.0006 -0 .0342
FOOTB -0.0494 0.0019 -0.0304 -0 .0766 0.0080 -0.0435
HEADL -0 . 0825 -0.0361 -0.0521 -0 .0487 -0.0552 -0.0722
HEADB -0.0587 -0.0636 -0.0745 -0 .0923 -0.0458 -0.0755MFRONT -0.0483 -0.0405 -0.0336 -0.0801 -0.0524 -0.0687

BIZYGO -0.0231 -0.0374 -0 .0018 -0.0529 0.0233 -0.0479
BIGON 0.0577 -0.0067 -0.0112 0.0168 0.0211 0.0266

HEADCR -0.0682 -0.0398 -0.0559 -0 .0640 -0.0473 -0.0611
UPARM 0.0736 -0.0482 -0 .0320 0.0545 0.0251 0.0690
CALFC 0. 0445 -0.0266 -0  . 0324 0.0569 0.0288 0.0665TRISKN 0.0332 -0.0519 -0.0491 0.0521 0.0178 0.0326

SUBSKN 0.0319 -0.0254 -0.0201 0.0578 -0.0040 0.0317

WEIGHT SITHT STAT BIACROM BICRIST CHESTB

FOOTL
TFACHT
UFACHT

NOSEL

0.0118 
0.0322 
0.0409 
0.0297

0.0479 
0.0678 
0.0703

0.1058
0.0722 0.0814

NOSEB 0. 0198 0. 0375 - 0 . 0 0 3 4 0.0253 -0.0395
BICHUM 0.0223 0.0575 0.0348 0.0268 0.0448 0.0247
WRISTB 0.0099 0.0028 -0.0044 0.0144 0.0590 0.0135

HANDB -0 •0517 -0.0204 -0 .0326 -0 .0100 -0.0368 -0.0167
HANDL 0.0126 0.0474 0.0614 0.0323 -0.0276 0.0114

BICFEM 0.0067 -0.0208 -0.0034 -0.0147 0.0030 0.0181
FOOTB 0.0097 0.0143 -0.0084 0.0344 -0.0408 0.0057
HEADL 0.0263 -0.0134 0.0294 -0 .0196 -0.0398 -0.0344
HEADB -0.0609 -0.0023 0.0252 0.0195 -0.0074 -0.0204

MFRONT -0 . 0589 0.0128 0.0231 0.0195 -0.0908 -0.0215
BIZYGO -0.0007 0.0533 0.0433 0.0578 -0.0201 0.0252

BIGON 0. 0508 0 .0 0 1 1 -0.0011 0.0431 -0.0075 0.0400
HEADCR 0.0014 0.0150 0.0454 0.0005 -0.0285 -0.0547

UPARM 0. 0348 0.0405 0.0100 -0.0100 -0.0072 0.0023
CALFC -0.0000 0.0307 0.0295 -0.0155 -0.0750 -0.0417

TRISKN 0.0048 0.0067 0.0383 0.0227 0.0431 0.0278
SUBSKN 0.0158 0.0011 0.0041 0.0284 -0.0274 0.0004

FOOTL TFACHT UFACHT NOSEL NOSEB BICHUM

E x h ib it 4 .3  Spouse c o r re la t io n s
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WRISTB
HANDB
HANDL

BICFEM
FOOTB

0 . 0288 
-0.0186 

0 . 0 2 2 0  
0.0285 
0.0043

-0.0759 
-0.0747 
-0.0436 
-0.0602

0.0397
0.0276

- 0 . 0 1 2 2
0.0218

-0.0056 - 0 . 0 0 9 8
HEADL -0.0051 -0.0243 -0.0075 -0.0572 -0.0503 -0.1714
HEAEB -0.0169 - 0 .0 3 1 6 -0.0394 - 0 . 0850 -0 .0530 -0.1271

MFRONT -0.0240 -0.0568 -0.0759 -0.0565 -0.0606 -0.0876
BIZYGO -0.0104 -0.0155 0.0185 0.0080 -0.0085 -0.0521

BIGON 0.0612 0.0523 0.0845 0.0485 -0.0014 -0.0226
HEADCR -0.0134 -0.0340 -0 .0103 -0.0774 -0.0789 -0 .1637

UPARM -0.0062 -0.0246 - 0 . 0 0 3 6 -0.0028 -0.0028 -0.0459
CALFC -0.0401 -0.0881 -0.0345 -0.0106 -0.0485 -0 . 0530

TRISKN -0.0105 -0.0223 0.0262 0.0141 -0.0052 -0.0479
SUBSKN 0.0104 - 0.030 1 0.0105 -0.0097 -0.0225 -0.0846

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB
MFRONT
BIZYGO

BIGON
HEADCR

-0.1054 
-0.1068 
-0.0668 
-0 . 0430 
-0.1531

-0.0240 
-0.0501 
- 0 .0291 
-0.1106

-0 .0007
-0.0155
-0.0731

-0.0344
- 0 . 0 2 1 2 -0 .1734

UPARM -0.0313 -0.0181 -0.0215 0.0462 - 0 . 0 3 0 2 0.1091
CALFC -0.0286 -0.0331 -0.0284 0.0463 -0.0429 0.0930

TRISKN 0.0414 -0.0226 -0.0054 0.0651 -0.0055 0.0769
SUBSKN 0.0014 -0.0191 -0.0262 0.1432 -0.0504 0.0675

HE Al® MFRONT BIZYGO BIGON HEADCR UPARM

CALFC
TRISKN
SUBSKN

0.0709
0.0264
0.0337

0.0581
0.0450 0.0213

*

CALFC TRISKN SUBSKN

E x h ib it 4 .3  Spouse c o r re la t io n s
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The pairw ise  c o r r e la t io n  ap p aren tly  d e c lin e s  in  r e l a t iv e  

e ffe c t iv e n e s s  as the  population  c o r r e la t io n  in c re a s e s .  However, 

th e  pa irw ise  c o r re la t io n  does have th e  p r a c t ic a l  advantage th a t  

i t  in c lu d es  fa m ilie s  w ith  only one ch ild  m easured. Because of 

th e  need to  keep sample s iz e s  as h ig h  as p o s s ib le  th e  pa irw ise  

c o r r e la t io n  c o e f f ic ie n t  was c a lc u la te d , based on th e  age- and 

sex -s tan d a rd ized  va lues for c h ild re n . The a n a ly s is  o f  variance  

e s tim a to rs  were a lso  o b ta in ed , b u t a re  n o t rep o rted  h e re . The 

p a irw ise  c o r re la t io n s  a re  used in  th e  e s tim a te s  o f  h e r i t a b i l i t y .

The c o r re la tio n  between spouses i s  more s tra ig h tfo rw a rd , as 

i t  in v o lv es  f u l l y  mature a d u l ts .  I t  i s  based on th e  pa irw ise  

method described  by Shedecor and Cochran (19671295). Examining 

th e  spouse c o r re la t io n s  (e x h ib it  4 .3 ) we see t h a t  most a re  near 

z e ro , and th e re  i s  a sp rin k lin g  o f  sm all p o s i t iv e  and n eg a tiv e  

v a lu e s .

One com plication  in  model f i t t i n g  concerns th e  independence 

o f  the th re e  c o r re la tio n  m a tric e s  used as in p u t to  th e  path  model 

f i t t i n g  ro u t in e .  S t r i c t l y  speak ing , th e  th re e  m a tr ic e s  do no t 

re p re se n t th re e  independent p ieces  o f  in fo rm ation  because th ey  

a re  based on the same measurements on th e  same in d iv id u a ls .  This 

problem o f  " c o r re la t io n s  between c o r re la t io n s "  has been examined 

by Elsdon (1975). Elsdon p rov ides e s tim a te s  fo r  v a ria n ce s  and 

co variances o f  fa m il ia l  c o r r e la t io n s  when th e  number o f  ch ild re n  

o f  each sex in  each fam ily i s  c o n s ta n t. Problems w ith  e stim atin g
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c o rre la tio n s  in  d if f e r e n t  s ized  fa m ilie s  are fo rm id ab le , and 

Elsdon suggests th a t com parisons be l im ite d  to  f i r s t  and second 

borns. The r e s t  o f  the o b se rv a tio n s  on s ib s  would be unused. He 

suggests  th a t pooled e stim a te s  be made on a l l  fa m ilie s  o f  a 

p a r t ic u la r  nunber o f c h ild re n  (so  long as th e re  i s  more than one 

fam ily in  a group). U n fo rtu n a te ly , t h i s  s o lu tio n  once again  

s a c r i f i c e s  some o f  the d a ta  fo r th e  sake o f  th e  data a n a ly s is  

model. There i s  obviously  much more work in  f a m ilia l  c o r re la t io n  

and age re la te d  changes which needs to  be un d ertak en . This p o in t 

w il l  be taken up again in  th e  f in a l  se c tio n  (s e c tio n  5 - 3 ) .  In 

th e  meantime th e  fa m ilia l  c o r re la t io n s  a r e  taken as g iv en , and 

e s tim a te s  o f covariance between th e  corresponding elem ents o f  the 

c o r re la t io n  m atrices are  n o t a v a i la b le .

4 .2  H e r i ta b i l i ty  o f  Anthropom etric T r a i t s

The th re e  c o rre la tio n  m a tric e s  ( e x h ib i ts  4 .1 -4 .3 )  a re  

supplied  as input to  a GENSTAT macro (shown in  Appendix 1) to  

so lve  th e  Li path  model e q u a tio n s . The macro re tu rn s  a m atrix  o f 

h e r i t a b i l i t y  v a lu es  ( in c lu d in g  c ro ss  t r a i t  h e r i t a b i l i t i e s ) ,  a 

m atrix  o f  gamma (common household environm ent param eter) v a lu e s , 

and the estim ated genetic  c o r r e la t io n s  between sp ouses. The 

h e r i t a b i l i t y  m atrix  (or gamma m atrix ) can be subm itted  to  a 

f u r th e r  GENSTAT macro ( a ls o  shown in  Appendix 1) to  c a lc u la te  a 

g enetic  c o r re la tio n  m a trix .
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The th ree  m atrices  r e s u l t in g  from the f i t t i n g  o f  the  path  

model a re  given in  e x h ib its  4 -5-4*7 . But b e fo re  we tu rn  to  an 

exam ination o f th ese  m atrices  we w il l  c o n cen tra te  on the  

in d iv id u a l t r a i t  h e r i t a b i l i t y  v a lu es  which appear in  e x h ib it  4 .4 . 

The f i r s t  column o f e x h ib it  4-4  p re sen ts  the  in d iv id u a l t r a i t  

h e r i t a b i l i t i e s ,  which a re  a lso  to  be found in  th e  d iagonal o f the  

h e r i t a b i l i t y  m a trix  o f e x h ib i t  4*5. Included w ith  the  

h e r i t a b i l i t y  e s tim a te s  in  e x h ib i t  4*4 a re  th e  approxim ate lower 

and upper 95$ confidence l im i ts  f o r  th e  h e r i t a b i l i t y .  A ll o f the  

v a r ia b le s  a l l  have non-zero h e r i t a b i l i t i e s .  S ta tu re  has the  

low est h e r i t a b i l i t y  w ith  the  confidence l im i t  running from 0.144 

to  0 .3 4 6 . The h ig h e s t value i s  ob ta ined  fo r  upper f a c i a l  h e ig h t 

w ith a confidence l im i t  ex tend ing  from 0.809 to  0 .8 7 2 . Even on 

th e  la rg e  sample ob ta ined  by p o o lin g  over the  s ix  groups the  

h e r i t a b i l i t y  e s tim a te s  have somewhat wide confidence l im i t s .

Comparing th e  h e r i t a b i l i t y  e s tim a te s  o f  e x h ib it  - 4 .4  w ith  

o th e r  s tu d ie s ,  th e  e s tim a te s  f o r  the  Solomon Is la n d e rs  look q u ite  

low. In  p a r t i c u la r ,  th ey  a re  low er than  th e  r e s u l t s  rep o rted  by 

Howells (1966), Vandenberg (1962), Susanne (1977). Osborne and 

DeGeorge (1959) and M ueller and Titcomb (1977). Although head 

and face  measurements tend to  have h ig h e r h e r i t a b i l i t i e s  than 

body p o r t io n s , th e  o th e r  p a t te rn s  observed by th e se  w orkers a re  

no t p re s e n t. C ontrary  to  e x p e c ta tio n s , l in e a r  measurements do 

no t have s ig n i f ic a n t ly  h ig h e r  va lues th an  b re a d th s  o r  

c ircum ferences. There i s  a lso  no sug g estio n  th a t  measures w ith  a  

lower p ro p o rtio n  o f bone in  them have lower h e r i t a b i l i t i e s .  In
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Pooled w ith in  group and to ta l  sample h e r i t a b i l i t y  e s tim a te s  w ith 
95% confidence l im i t s .

k9-
W ithin Lower Upper W2'

T otal Lower Upper

WEIGHT 0.420 0.327 0.504 0. 480 0. 341 0.540
SITHT 0.290 0.188 0.386 0.584 0.430 0.609
STATURE 0.248 0.144 0.346 0.417 0.285 0.494
BIACROM 0.301 0.200 0.396 0.590 0.435 0.613BICRIST 0.433 0-341 0.517 0.388 0.258 0.472
CHESTB 0.583 0.507 0.650 0.626 0.464 0.635FOOTL 0.430 0.338 0.514 0.618 0.457 0.630
TFACHT 0.520 0.437 0.594 0.867 0.631 0.758
UFACHT 0.843 0.809 0.872 0.871 0.633 0.759
NOSEL 0.775 0.729 0.815 0.805 0.592 0.730
NOSEB 0.438 0.347 0.521 0.688 0.511 0.671
BICHUM 0.404 0.310 0.490 0.898 0.649 0.771
WRISTB 0.425 0.333 0.510 0.818 0.601 0.736
HANDB 0.673 0.610 0.728 0.779 0.575 0.718
HANDL 0.481 0-394 0.560 0.548 0.400 0.586
BICFEM 0.294 0.193 0.389 0.539 0.393 0.581
FOOTB 0.595 0.521 0.661 0.720 0.534 0.688HEADL 0.562 0.484 0.632 0.656 0.487 0.653HEADB 0.521 0.439 0.596 0.673 0.500 0.662
MFRONT 0.557 0.456 0.610 0.556 0.407 0.592
BIZTGO 0.523 0.440 0.597 0.845 0.617 0.748
BIGON 0.583 0.507 0.650 0.727 0.539 0.691
HEADCR 0.521 0.438 0.595 0.781 0.577 0.719
UPARM 0.496 0.411 0.573 0.554 0.405 0.590
CALFC- 0.423 0.330 0.507 0.477 0.339 0.538
TRISKN 0.368 0.272 0.458 0.172 0.048 0.287
SUBSKN 0.450 0.360 0.532 0. 112 -0 .0 1 2 0.232

E xhib it 4 .4  H e r i t a b i l i ty  E stim ates
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WEIGHT
SITHT
STAT

BIACROM
BICRIST

0.4197
C.2237
0.2263
0.3040
0.3282

0.2901 
0.1854 
0.1638 
0.2382

0.2479 
0.1766 
0.2413

0.3008
0.2830 0.4330

CHESTB 0.4375 0.2400 0.2110 0.3621 0.3639 0.5830
FOOTL 0.2840 0.1790 0.2750 0.2239 0.2833 0.2676

TFACHT 0.3882 0.1896 0.2078 0.2731 0.3038 0.3980
UFACHT 0.4684 0.2316 0.2508 0.3492 O. 4 3 3 7 0.4899NOSEL 0. 4297 0.2670 0.2558 0.3327 0.424? 0.4790

NOSEB 0.1802 0.0912 0.0723 0.1587 0.1676 0.2075
BICHUM 0.3799 0.2450 0.2169 0.2848 0.3027 0.3945
WRISTB 0.3582 0.2330 0.1717 0.2843 0.2822 0.4100

HANDB 0.3714 0.2389 0.2421 0.3045 0.3126 0.4152
HANDL 0 . 2586 0. 1121 0.2564 0.2131 0.2101 0.2268

BICFEM 0.2275 0.2026 0.1319 0.1480 0.1518 0.2104
FOOTB 0.3840 0. 1762 0.2533 0.3019 0.3*117 0.3969HEADL 0.1906 0.1431 0.1541 0.1525 0.1478 0.2336
HEADB 0.3033 0.1328 0.1142 0.1931 0.1827 0.3172MFRONT 0.1103 0.0398 0.0283 0.0254 0.0225 0.0936

BIZYGO 0.3309 0.1522 0.1107 0.2253 0.1991 0.3203BIGON 0.2445 0.1423 0.0349 0.1279 0.0818 0.2006
HEADCR 0.1894 0.1367 0.0661 0.1119 0.1102 0.2138UPARM 0.4105 0.1874 0.1669 0.3112 0.2769 0.4382

CALFC 0.3766 0.2010 0.1586 0.2236 0.2952 0.3681
TRISKN 0.1521 -0.0094 0.0515 0.0943 0.0133 0.1112
SUBSKN 0.1079 -0.0655 0.0404 0.0783 -0 .0263 0.0549

WEIGHT SITHT STAT BIACROM BICRIST CHESTB

FOOTL
TFACHT
UFACHT

NOSEL

0.4298
0.2386
0.2736
0.2577

0.5198
0.5997
0.5242

0.8431
0.7605 0.7754

NOSEB 0 .1 3 9 0 0.1355 0.2076 0.2402 0.4385
BICHUM 0.2471 0.2679 0.3677 0.3813 0.1740 0.4037
WRISTB 0.2199 0.3100 0.4074 0.4357 0.2078 0.35 90

HANDB 0 . 3 2 0 7 0.2071 0.1993 0.2735 0.3031 0.3151
HANDL 0.3906 0.2020 0.1860 0.1456 0.1308 0.2001

BICFEM 0.1420 0 . 1 7 3 4 0.1473 0 . 1 7 4 9 0 . 1 2 7 2 0.2033
FOOTB 0.3347 0.2337 0.2590 0.2839 0.2886 0.3114
HEADL 0.1888 0.2706 0.2776 0.2527 0.1202 0.1448
HEADB 0.1386 0.2616 0.2968 0.2658 0.1118 0.2117

MFRONT 0.0466 0.1503 0.0620 0.0417 0.0744 0.0582
BIZYGO 0.1296 0.2657 0.3440 0.2730 0.1178 0.2493

BIGON 0.0222 0.1882 0.2806 0.2122 0.1412 0.2299
HEADCR 0.0868 0.2666 0.2890 0.2504 0.0948 0.1380
UPARM 0.2298 0.3954 0.4770 0.4158 0.2187 0.3819
CALFC 0.2336 0.3221 0.3826 0.3987 0.1773 0.3512

TRISKN 0.0858 0.1244 0.0703 -0.0190 0.0704 0.0560
SUBSKN 0.0921 0.0745 -0.0017 -0 .0973 0.07 08 0.0308

FOOTL TFACHT UFACHT NOSEL NOSEB BICHUM

E xhib it 4.5 H e r i ta b i l i ty  M atrix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180

WRISTB 0.4253
HANDB 0. 3565 0.6735
HANDL 0.1686 0.3389 0.4809

BICFEM 0.2152 0.1613 0.1095 0.2940
FOOTB 0.3345 0.5750 0.3503 0.1460 0.5954
HEADL 0. 1610 0.2273 0.1833 0.0587 0.2081 0.5624
HEADB 0.2037 0.1397 0.1262 0.1482 0.1421 0.2556

MFRONT 0.0620 0.1533 0.0518 0.1094 0.1349 0.1553BIZYGO 0.2269 0.0902 0.1074 0.1934 . 0.1480 0.1543
BIGON 0.1904 0.0780 0.0428 0.1637 0.0680 0.0531HEADCR 0.1582 0.1107 0.0745 0.1020 0.0958 0.3768
UPARM 0. 3854 0.3245 0.2247 0.2192 0.3407 0.2046
CALFC 0.3653 0.3488 0.1828 0.2284 0.3506 0.1446

TRISKN 0.0409 0.0923 0.1721 0.0632 0.1085 0.0092
SUBSKN 0.0202 0.1369 0.1946 0.0652 0.1499 0.0159

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB 0.5215
MFRONT 0.1818 0.5373
BIZYGO 0.3792 0.1758 0.5232

BIGON 0.2698 0.0987 0.3231 0.5832
HEADCR 0.4417 0.2113 0.2840 0.2440 0.5210

UPARM 0.3497 0.1313 0.3875 0.3216 0.2238 0.4962
CALFC 0.2824 0.0998 0.2955 0.2598 0.2021 0.3678

TRISKN 0.1327 0.0756 0.1314 0.1224 0.0480 0.1493SUBSKN 0.0780 0.1185 0.0832 0.0889 -0.0037 0.1305

HEADB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 0.4229
TRISKN 0.1067 0.3685
SUBSKN 0.0576 0.3668 0.4504

CALFC TRISKN SUBSKN

E x h ib it 4 .5  H e r i ta b i l i ty  M atrix
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f a c t ,  th e  sk in fo ld  measurements have as high a h e r i t a b i l i t y  as 

th e  l in e a r  or tra n sv e rse  measures do.

The la rge  d iffe re n c e  in  h e r i t a b i l i t y  between the  Solomons 

p o p u la tio n s  and o th e rs  may r e f l e c t  d if f e re n c e s  in  both th e  

g en e tic  and environm ental v a r ia t io n  w ith in  sam ples. Another 

p o ss ib le  cause o f  these d if f e r e n c e s  i s  the  p a r t i c u la r  technique 

used to  estim ate  h e r i t a b i l i t y .  One o b serv a tio n  which i s  o f  

p a r t i c u la r  importance i s  to  w atch what happens to  the  

h e r i t a b i l i t y  e s tim ate s  i f  they  a r e  based on the  t o t a l  

c o r re la t io n s  fo r  th e  Solomons sam ple, r a th e r  than  th e  pooled 

w ith in-group c o r r e la t io n s .  The h e r i t a b i l i t y  v a lu e s  were 

re c a lc u la te d  igno ring  p o p u la tio n  su b d iv is io n , and the  r e s u l t s  a re  

p resen ted  in  columns 4-6 o f  e x h ib i t  4 .4 . These to t a l  

h e r i t a b i l i t y  v a lu es  have a more f a m il ia r  look to  them: th e

values a re  g en era lly  h ig h e r , and th e  v a lu es  fo r th e  two s k in fo ld s  

a re  now s ig n if ic a n t ly  lower than  th e  r e s t .  One d if fe re n c e  

between th i s  r e s u l t  and o th e r s  s t i l l  rem ains, however. The 

l in e a r  measurements have lower h e r i t a b i l i t i e s  than  th e  tra n sv e rse  

measurements w ith  a la rg e  component o f  bone (b ico n d y la r humerus, 

w r is t  b re a d th ) . The m easures o f  th e  head and face  s t i l l  have 

g e n e ra lly  la rg e r  h e r i t a b i l i t y  v a lu e s  than  body components.

The most im portan t o b se rv a tio n  to  be made from the  pooled 

w ith in-group v e rsu s  t o t a l  h e r i t a b i l i t y  r e s u l t s  i s  th a t  igno ring  

lo c a l subpopulations in  a "n a tio n a l sample" produces in f la te d
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h e r i t a b i l i t y  e s t im a te s , a s  p re d ic ted  by Howells (1966). Although 

th e  Solomons may be an extreme c a se  because o f the  h ig h ly  d iv e rse  

subpopu lations found th e r e ,  t h i s  p o in t must be born in  mind when 

exan in ing  the r e s u l t s  o f  o th e r " n a tio n a l"  s tu d ie s .  I t  may a lso  

be th a t d i f f e r in g  le v e ls  o f  g e n e tic  and environm ental v a r ia tio n  

in  the Solomons g iv e  r i s e  to  much lower h e r i t a b i l i t y  e s tim a te s . 

N o netheless, th e  pooled w ith in  group so lu tio n  i s  taken  to  be the 

" c o r re c t"  one, and the pooled w ith in  group d a ta  i s  used in  th e  

fo llo w in g  d iscu ssio n  o f  th e  m atrix  r e s u l t s  from f i t t i n g  th e  Li 

model.

The f u l l  m atrix  o f  h e r i t a b i l i t y  v a lu es  i s  given in  e x h ib i t  

4 .5 . The d iagonal e lem ents a re  id e n t ic a l  to  th e  s in g le  t r a i t  

h e r i t a b i l i t y  e s tim a te s  we have j u s t  review ed, so a t te n t io n  i s  

focused on the o ff -d ia g o n a l e lem en ts . The g en era l im pression i s  

t h a t  c ro s s  t r a i t  h e r i t a b i l i t y  c o e f f ic ie n ts  a re  in  th e  same range  

a s  the d iagonal v a lu e s . There a re  a few n e g a tiv e  v a lu e s , b u t 

th ese  a re  no t s ig n i f i c a n t ly  d i f f e r e n t  from 0 .0 . The sk in fo ld  

va lues have h ig h  c ro ss  t r a i t  h e r i t a b i l i t y  r e l a t i v e  to  one 

a n o th e r , b u t low c ro s s  t r a i t  h e r i t a b i l i t y  r e l a t i v e  to  most o th e r  

measurem ents.

The m a trix  o f gamma v a lu es  (common household environm ent) i s  

shown in  e x h ib it  4 .6 . A ll th e  va lu es  a re  p o s i t iv e ,  and g e n e ra lly  

i n  the range  0.25 to  0 .4 5 . Thus the  s ib - s ib  c o r re la t io n  i s  

in f l a te d  by about 25-45% by th e  e f f e c t  o f  common home
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WEIGHT 0.3553
SITHT 0.4173 0.3460
STAT 0.4254 0.4097

BIACROM 0 . 3854 0.4204
BICRIST 0.3748 0.3834
CHESTB 0.3081 0.3712

FOOTL 0 .3 9 0 1 0.4071
TFACHT 0.3182 0.3808
UFACHT 0 . 2 7 4 3 0.3557

NOSEL 0 . 3 0 1 0 0 . 3447
NOSEB 0.4317 0.4397

BICHUM 0.3433 0.3737
WRISTB 0.3500 0.3764

HANDB 0.3501 0.3762
HANDL 0.4088 0.4453

BICFEM 0.4101 0.3874
FOOTB 0 . 3 4 3 0 0.4073
HEADL 0.3947 0 . 3809
HEADB 0. 3414 0.3879

MFRONT 0.4329 0.4317
BIZYGO 0.3473 0.3996

BIGON 0. 3868 0 . 4037
HEADCR 0.3982 0.3874
UPARM 0. 3246 0.4051
CALFC 0.3445 0.3995

TRISKN 0.3205 0.3639
SUBSKN 0.4316 0.4785

WEIGHT SITHT

0.3887
0.4239
0.3919

0.3638
0.3696 0 . 3 0 1 1

0.3955 0.3212 0.3218 0.2042
0.3689 0.3953 0.3645 0.3613
0.3808 0.3487 0.3319 0.2747
0.3553 0.3058 0.2613 0.2197
0.3590 0.3218 0.2708 0.2376
0.4583 0.4164 0.4108 0.3812
0.3965 0.3645 0.3531 0.3005
0.4156 0.3616 0.3605 0.2902
0.3839 0.3559 0.3492 0.2905
0.3834 0.4047 0.4060 0.3862
0.4309 0.4230 0.4208 0.3809
0.3791 0.3578 0.3340 0.2987
0 . 3849 0.3861 0.3884 0.3355
0.4064 0.3687 0.3727 0.2973
0.4466 0.4484 0.4497 0.4032
0.4290 0.3739 0.3848 0.3158
0.4664 0.4204 0.4429 0.3721
0.4317 0.4095 0.4101 0.3481
0.4238 0.3498 0.3684 0.2716
0.4296 0.3960 0.3603 0.3095
0.3412 0.3195 0.3607 0.3053
0.4340 0.4151 0.4690 0.4208

STAT BIACROM BICRIST CHESTB

FOOTL
TFACHT
UFACHT

NOSEL
NOSEB

BICHUM
WRISTB

HANDB
HANDL

BICFEM
FOOTB
HEADL
HEADB

MFRONT
BIZYGO

BIGON
HEADCR

UPARM
CALFC

TRISKN
SUBSKN

0.2859 
0.3593 
0.3375 
0. 3514 
0.4197 
0.3754 
0.3867 
0. 3410 
0.3097 
0.4201 
0.3322 
0.3615 
0.3892 
0.4324 
0.4145 
0.4674 
0.4161 
0.3858 
0.3868 
0.3192 
0.4029

FOOTL

0.1924 
0.1438 
0.1896 
0.3995 
0.3422 
0.3205 
0.3734 
0.3815 
0 . 3831 
0.3609 
0.2999 
0.3058 
0 . 3590 
0.3232 
0.3630 
0.3041 
0.2795 
0.3191 
0.2815 
0.3914

TFACHT

-0.0055 
0.0583 
0.3604 
0.2889 
0.2692  
0.3740 
0.3857 
0 . 3922 
0.3455 
0.2915 
0.2837 
0 . 3996 
0.2799 
0.3132 
0.2881 
0.2373 
0.2849 
0.3035 
0.4226

UFACHT

0.0538
0.3486
0.2881
0.2591
0.3420
0.4116
0.3840
0.3368
0 .3 1 1 0
0.3048
0.4151
0.3211
0.3513
0.3146
0.2745
0.2852
0.3520
0.4737

NOSEL

0.2643
0.4000
0.3801
0.3369
0.4285
0.4158
0.3459
0.3846
0.3902
0.4070
0.4089
0.3970
0.4004
0.3812
0.4045
0.3164
0.4029

NOSEB

0.2954
0.3157
0.3403
0.4034
0.3879
0.3423
0.3827
0.3511
0.4253
0.3526
0.3614
0.3896
0.3099
0.3291
0.3341
0.4329

BICHUM

E x h ib it 4.6 Common Environment (gamma) C o rre la tio n s
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WRISTB 0.2784
HANDB 0.3173 0.1770
HANDL 0.4163 0.3376 0.2657

BICFEM 0.3790 0.4083 0.4406 0.3341
FOOTB 0. 3282 0.2203 0.3298 0.4170 0.2037
HEADL 0.3717 0.3403 0.3691 0.4172 0.3519 0.1577
HEADB 0.3522 0.3854 0.3994 0.3748 0.3861 0.2893

MFRONT 0.4205 0.3768 0.4340 0.3917 0.3875 0.3345
BIZYGO 0.3620 0.4313 0.4298 0.3728 0.4040 0.3579
BIGON 0.3781 0.4363 0.4616 0.3867 0.4430 0.4073

HEADCR 0.3764 0.4013 0.4265 0.3992 0.4105 0.2381
UPARM 0.3057 0.3381 0.3942 0.3831 0.3300 0.3562
CALFC 0.3193 0.3318 0.4171 0.3801 0.3300 0.3871

TRISKN 0.3384 0.3133 0.2817 0.3249 0.3058 0.3215
SUBSKN 0.4355 0•3790 0.3587 0.4107 0.3726 0.4026

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB 0.1686
MFRONT 0.3236 0.1464
BIZYGO 0.2516 0.3471 0.1968

BIGON 0.3025 0.3847 0.2971 0 . 1 7 3 0
HEADCR 0.2105 0.3113 0.2988 0.3162 0.1811

UPARM 0.2866 0.3915 0.2889 0.3178 0.3498 0.2440
CALFC 0.3208 0.4088 0.3357 0.3507 0.3622 0.3154

TRISKN 0.2607 0.2883 0.2793 0.2834 0.3050 0.2946
SUBSKN 0 . 3725 0.3518 0.3882 0.3842 0.4155 0.3917

HEADB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 0.2894 T
TRISKN 0.3133 0.1094
SUBSKN 0.4245 0.1899 0.2503

CALFC TRISKN SUBSKN

E x h ib it 4 .6  Common Environment (gamma) C o rre la tio n s
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environm ent. T his v a lu e  i s  h ig h e r than th e  18% repo rted  by Rao, 

e t  a l .  (1975) fo r  h e ig h t and w eight in  B ra z il ,  a lthough  th e i r  

e s tim a te s  come from a d i f f e r e n t  model based on a "n a tio n a l"  

sam ple. D espite  th is  d if fe re n c e  in  ac tu a l v a lu e s , both r e s u l t s  

emphasize the im portance o f  the common environm ent. They a lso  

emphasize th a t  h e r i t a b i l i t y  v a lu es  based on s ib s  (o r  tw ins) would 

lead  to  in f la te d  h e r i t a b i l i t y  e s tim a te s .

Turning to  the m atrix  o f  g en e tic  c o r r e la t io n s  between 

spouses ( e x h ib i t  4 .7 ) we see th a t  most o f  th ese  a re  e f f e c t iv e ly  

ze ro . In  a popu la tion  w ith  low h e r i t a b i l i t y  fo r  most t r a i t s ,  the  

g en e tic  c o r re la t io n  between spouses which i s  caused by phenotypic 

a s s o r ta t iv e  m ating i s  v e ry  low. I t  seems th a t  in  th ese  

p o p u la tio n s  a t  l e a s t ,  th e  p a re n t-o ffsp r in g  c o r re la t io n  would be a 

re a so n ab le  e s tim a te  for h e r i t a b i l i t y .
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WEIGHT
SITHT
STAT

BIACROM
BICRIST

0.0077
-0.0054
-0.0101

0.0083
-0.0012

0.0113 
-0 .0043 

0.0019 
-0 .0023

-0.0108
-0.0058
-0.0080

-0.0095
0.0077 -0.0244

CHESTB 0.0054 -0.0031 -0.0093 -0.0071 -0.0162 -0.0198FOOTL 0.0044 0.0039 -0.0008 -0.0031 0.0041 0.0007TFACHT -0.0060 -0.0038 -0.0036 -0.0011 0.0083 -0.0004
UFACHT -0.0036 0.0017 -0.0010 0.0066 0.0156 0.0225NOSEL -0.0160 -0.0094 -0.0079 -0.0083 0.0187 -0.0069NOSEB -0 .0077 -0  . 0003 -0.0008 -0.0088 0.0020 -0.0141
BICHUM -0.0079 -0.0068 -0.0045 -0.0105 0.0060 -0.0195WRISTB -0.0007 -0.0029 0.0013 -0.0094 0.0063 -0.0202

HANDB -0 . 0279 -0.0135 -0.0142 -0.0281 -0.0112 -0 . 0277
HANDL -0.0040 -0.0039 -0.0071 -0.0001 -0.0010 0.0000

BICFEM -0.0040 -0.0157 -0.0094 -0.0032 0.0001 -0.0072
FOOTB - 0  .0190 0.0003 -0.0077 -0.0231 0.0027 -0.0172
HEADL -0.0157 -0.0052 -0.0080 -0.0074 -0.0082 -0.0169HEADB -0.0178 -0.0085 -0.0085 -0.0178 -0.0084 -0 .0239MFRONT -0.0053 -0.0016 -0.0009 -0.0020 -0.0012 -0.0064

BIZYGO -0.0077 -0.0057 -0.0002 -0 .0119 0.0046 -0 .0153BIGON 0.0141 -0.0010 -0.0004 0.0021 0.0017 0.0053HEADCR -0.0129 -0.0054 -0.0037 -0.0072 -0.0052 -0.0131UPARM 0.0302 -0.0090 -0.0053 0.0170 0.0070 0.0302
CALFC 0.0168 -0 . 0054 -0.0051 0.0127 0.0085 0.0245TRISKN 0.0051 0.0005 -0.0025 0.0049 0.0002 0.0036

SUBSKN 0.0034 0.0017 -0.0008 0.0045 0.0001 0.0017

WEIGHT SITHT STAT BIACROM BICRIST CHESTB

FOOTL
TFACHT
UFACHT

NOSEL

0.0051 
0.0077 
0.0112 
0. 0077

0.0249
0.0407
0.0368

0.0892
0.0549 0.0631

NOSEB 0. 0027 0.0051 -0.0007 0.0061 -0.0173BICHUM 0.0055 0.0154 0.0128 0.0102 0.0078 0.0100WRISTB 0.0022 0.0009 -0.0018 0.0063 0.0123 0.0049HANDB -0.0166 -0.0042 -0.0065 -0 .0027 -0 .0112 -0 .0053HANDL 0.0049 0.0096 0.0114 0.0047 -0.0036 0.0023BICFEM 0.0010 -0.0036 -0.0005 -0 .0026 0.0004 0.0037
FOOIB 0. 0033 0 . 0033 -0.0022 0.0098 -0.0118 0.0018
HEADL 0. 0050 -0.0036 0.0082 -0.0050 -0 .0048 -0 .0050
HEADB -0 . 0084 -0.0006 0.0075 0.0052 -0.0008 -0 . 0043

MFRONT -0.0027 0.0019 0.0014 0.0008 -0.0068 -0 .0013BIZYGO -0.0001 0.0142 0.0149 0.0158 -0.0024 0.0063
BIGON 0.0011 0.0002 -0.0003 0.0091 -0.0011 0.0092

HEADCR 0.0001 0.0040 0.0131 0.0001 -0.0027 -0.0075
UPARM 0. 0080 0.0160 0.0047 -0.0041 -0.0016 0.0009CALFC -0.0000 0.0099 0.0113 -0.0062 -0.0133 -0.0146

TRISKN 0.0004 0.0008 0.0027 -0.0004 0.0030 0.0016
SUBSKN 0.0015 0.0001 - 0 .0000 -0 .0028 -0 .0019 0 .0000

FOOTL TFACHT UFACHT NOSEL NOSEB BICHUM

E x h ib it 4 .7  G enetic c o r re la t io n s  between spouses
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WRISTB 0 . 0 1 2 2
HANDB - 0 . 0066 -0.0511
HANDL 0.0037 -0.0253 0.0191

BICFEM 0.0061 - 0 . 0 0 7 0 0 . 0 0 3 0 0.0064
FOOTB 0.0014 -0 . 0346 -0.0043 -0.0008 -0.0058
HEADL - 0 . 0008 -0.0055 -0.0014 -0.0034 -0.0105 -0.0964
HEAEB -0 . 0034 -0.0044 -0 .0050 -0.0126 -0.0075 - 0 .0325

MFRONT -0.0015 -0.0087 -0 .0039 -0.0062 -0.0082 - 0 . 0 1 3 6
BIZYGO -0.0024 -0.0014 0.0020 0.0015 -0.0013 -0.0080

BIGON 0.0116 0.0041 0.0036 0.0079 -0.0001 -0.0012
HEADCR -0.0021 -0.0038 -0.0008 -0.0079 -0.0076 -0.0617

UPARM -0.0024 -0.0080 -0.0008 -0.0006 -0.0010 -0.0094
CALFC -0.0146 -0.0307 -0.0063 -0.0024 -0.0170 -0.0077

TRISKN -0.0004 -0.0021 0.0045 0.0009 -0.0006 -0.0004
SUBSKN 0.0002 -0.0041 0.0021 -0.0006 -0.0034 -0.0014

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB -0 . 0550
MFRONT -0.0194 -0.0129
BIZYGO -0.0253 -0.0088 -0 .0004

BIGON -0 . 0116 -0 .0029 -0.0050 -0.0201
HEADCR -0 . 0676 -0.0234 -0.0208 -0.0052 -0.0904

UPARM -0 .0110 -0.0024 -0.0083 0.0149 -0.0067 0.0541
CALFC -0 .0081 -0.0033 -0.0084 0.0120 -0.0087 0.0342

TRISKN 0 . 0055 -0.0017 -0.0007 0.0080 -0.0003 0.0115
SUBSKN 0.0001 -0.0023 -0.0022 0.0127 0.0002 0.0088

HEAEB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 0.0300
TRISKN 0.0028 0.0214
SUBSKN 0.0019 0.0165 0.0096

CALFC TRISKN SUBSKN

E x h ib it 4 .7  G enetic c o r re la t io n s  between spouses
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4.3 Genetic C o rre la tio n s  Between T r a i t s

4 .3 . 1 Genetic and Environm ental C o rre la tio n  M atrices

The m atrix  o f c ro s s  t r a i t  h e r i t a b i l i t i e s  was converted to  a 

genetic  c o r re la t io n  m atrix  by the GENSTAT macro shown in  Appendix 

1. The re s u l t in g  m atrix  i s  shown in  e x h ib it  4 .8 . The genetic  

c o r re la tio n s  them selves a re  followed by a second m atrix  which 

g ives th e  s tandard  e r r o r s  fo r th e  genetic  c o r r e la t io n s ,  

c a lc u la te d  by th e  method o f  Turner and Young (1969 :127). B r ie f ly  

exanining the g e n e tic  c o r r e la t io n  m atrix  we note t h a t  i t  h as  a 

few s n a i l  n eg a tiv e  v a lu e s , but a l l  g en e tic  c o r re la t io n s  a re  in  

th e  th e o re t ic a l ly  a cc e p tab le  range o f  - 1 .0  to  1 .0 . The standard  

e rro rs  a re  a lso  reaso n ab ly  low r e l a t i v e  to  th e  s iz e  o f  the 

c o r re la t io n s .  T his g e n e tic  c o r re la t io n  m atrix  i s  b e t t e r  behaved 

than  those ob tained  by Leamy (1977) and Cheverud and B u ikstra  

(1981 b ) .

In c o n tr a s t ,  th e  environm ental c o r re la t io n  m atrix  (e x h ib it  

4 .9 ) i s  a complete m ess. Most o f  the  elem ents a re  o u ts id e  the  

accep tab le  range -1 .0  t o  1 .0 , and th e  standard  e r ro r s  a re  u su a lly  

u n ca lcu la teab le  because o f  n eg a tiv e  v a rian ce  e s tim a te s . C lea rly  

th e  use o f  the  gamma m atrix  as a b a s is  fo r e s tim a tin g  g enetic
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WEIGHT 
SITHT 

STAT 
BIACROM 
BICRIST

1.0000
0.6104
0.6145
0.6399
0.6104

1.0000
0.7715
0.5347
0.5922

1.0000
0.4987
0.6053

1.0000
0.6924 1.0000

CHESTB 0.7072 0.4127 0.3423 0.6643 0.4555 1.0000
FOOTL 0.6757 0.5786 0.7628 0.5588 0.6041 0.4919

TFACHT 0.5342 0.3388 0.3487 0.3088 0.3260 0.3783
UFACHT 0.4069 0.2529 0.2975 0.2682 0.4103 0.2864

NOSEL 0.3190 0.2172 0 . 2949 0.1592 0.3707 0.1492
NOSEB 0.1297 0.1592 0.0739 0.1451 0.1705 0.0386

BICHUM 0.7962 0.6700 0.6264 0.5684 0.5031 0.4743
WRISTB 0.6596 0.5425 0.4550 0.5609 0.3285 0.4493HANDB 0.7718 0.6245 0.5012 0.6219 0.3416 0.5809

HANDL 0.5596 0.5390 0.7605 0.5396 0.4681 0.3982
BICFEM 0.7503 0.6226 0.5433 0.5842 0.4974 0.5225FOOTB 0.7374 0.4897 0.4916 0.5471 0.5439 0.5511
HEADL 0.1785 0.2226 0.2334 0.1255 0.0813 0.2362
HEAEB 0.4448 0.2069 0.1988 0.2347 0.2432 0.3757MFRONT 0.2852 0.1513 0.0824 0.0440 0.0954 0.2447

BIZYGO 0.6079 0.3708 0.3048 0.4092 0.4209 0.4418
BIGON 0.4916 0 . 3947 0.2544 0.3025 0.2171 0.2983HEADCR 0.3383 0.2614 0.2596 0.2176 0.2183 0.3413UPARM 0. 7627 0.3020 0.2068 0.4278 0.2522 0.5099
CALFC 0.9119 0.4357 0.4025 0.4399 0.5429 0.5970

TRISKN 0.4119 0.0209 0.0188 0.1580 -0.0111 0.2321
SUBSKN 0.3049 -0.0047 0.0209 0.1553 -0.0905 0.1407

WEIGHT SITHT STAT BIACROM BICRIST CHESTB

FOOTL
TFACHT
11c ftr'trr
^  1  A v t l A

NOSEL

1.0000 
0.3342 
0.3036 
0.2510

1.0000 
0.8723 
0.7469

1 . 0000 
0.8644 1.0000

NOSEB 0.1959 0.0865 0.1716 0.2589 1.0000
BICHUM 0.5926 0.2052 0.0763 0.1560 0.1978 1.0000
WRISTB 0.5271 0.3455 0 . 1 3 4 7 0.2228 0.3176 0.6743

HANDB 0.5278 0.2213 0.0075 0.0118 0.3259 0.5655
HANDL 0.8867 0.3580 0.3174 0.2267 0.1012 0.5187

BICFEM 0.5250 0.3478 0.2174 0.2679 0.3230 0.6838
FOOTB 0.5852 0.2918 0.1438 0.1521 0.2501 0.5172
HEADL 0.2548 0.3139 0.2462 0.1440 0.1096 0.1008
HEAEB 0.2791 0.3042 0.2213 0.2040 0.0886 0.2067

MFRONT 0.1125 0.3608 0.1879 0.1459 0.0846 0.1678
BIZYGO 0.3356 0.2571 0.1929 0.1829 0.1940 0.4118

BIGON 0.2703 0,2151 0 . 1 9 7 2 0.1937 0.2799 0.4678
HEADCR 0.3130 0.4036 0.2956 0.2398 0.1702 0.1505

UPARM 0.3631 0.4063 0.2066 0.1420 0.2847 0.6221
CALFC 0.5848 0.5454 0.3729 0.3971 0 . 1 5 2 0 0.6640

TRISKN 0.0859 0.1521 0.0586 -0 .0467 0.0805 0.0873
SUBSKN 0.0781 0.1138 0.0054 -0.1085 0.0880 0.1191

FOOTL TFACHT UFACHT NOSEL NOSEB BICHUM

Exhib it 4.8 G enetic C o rre la tio n  M atrix
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WRISTB 1.0000
HANDB 0. 6421 1.0000
HANDL 0.5156 0.5618 1.0000

BICFEM 0.7249 0.5143 0.4180 1.0000
FOOTB 0.5797 0.7377 0.5252 0.5884 1.0000
HEADL 0. 1514 0.2177 0.2509 0.0715 0.1740 1.0000
HEADB 0. 1779 0.3124 0.2437 0.2598 0.2951 0.4108

MFRONT 0.2093 0.3028 0.0205 0.3189 0.2440 0.3230
BIZYGO 0.3538 0.3848 0.2441 0.4836 0.4587 0.2777
BIGON 0. 3443 0.4444 0.2769 0.4346 0.3340 0.2388

HEADCR 0.2216 0.3535 0.3119 0.1808 0.2866 0.8402
UPARM 0. 5992 0.6911 0.2954 0.5243 0.5754 0.1580
CALFC 0.6539 0.6666 0.4885 0.6877 0.7185 0.1606

TRISKN 0.0743 0.2229 0.1371 0.1964 0.0978 -0.0450
SUBSKN 0.2079 0.3794 0.0972 0.3125 0.1718 -0.0175

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB 1.0000
MFRONT 0.3869 1.0000
BIZYGO 0.5471 0.4503 1.0000

BIGON 0. 2703 0.2479 0.3949 1.0000
HEADCR 0.7438 0.4736 0.4457 0.3254 1.0000

UPARM 0. 4047 0.3017 0.4854 0.4677 0.2953 1.0000
CALFC 0.4714 0.2331 0.5658 0.4342 0.2943 0.7691

TRISKN 0.2169 0.0766 0.1578 0.1737 0.1062 0.3532
SUBSKN 0.1262 0.1570 0.1076 0.2350 0.0796 0.3537

HEADB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 1.0000
TRISKN 0.2992 1.0000
SUBSKN 0.2658 0.8868 1.0000

/ 'at r rwnu: v TRISKN SUBSKN

E x h ib it 4 .8  G enetic  C o rre la tio n  M atrix
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WEIGHT
SITHT
STAT

BIACROM
BICRIST

CHESTB
FOOTL

TFACHT
UFACHT

NOSEL
NOSEB

BICHUM
WRISTB

HANDB
HANDL

BICFEM
FOOTB
HEADL
HEAEB

MFRONT
BIZYGO

BIGON
HEADCR

UPARM
CALFC

TRISKN
SUBSKN

FOOTL
TFACHT
UFACHT

NOSEL
NOSEB

BICHUM
WRISTB

HANDB
HANDL

BICFEM
FOOTB
HEADL
HEADB

MFRONT
BIZYGO

BIGON
HEADCR

UPARM
CALFC

TRISKN
SUBSKN

0.2083 
0.2881 
0 .3 2 1 2  
0.1952 
0.1553 
0 .0946 
0.1778 
0.1192 
0.1004 
0 . 1210 
0,2165 
0.0935 
0.1227 
0 . 1023 
0 . 1734 
0.2826 
0.1035 
0.1696  
0.1499 
0.1934 
0.1337 
0. 1537 
0.1845 
0 . 1248 
0.1730 
0.2748 
0.2454

WEIGHT

0.1952 
0.1680 
0 .1095 
0.1197 
0.2224 
O.1991  
0.2048 
0.1147 
0.1267 
0.3280 
0.1208 
0.1664 
0.1893 
0.1950 
0.1898 
0 .1809 
0 .2002  
0 .1763 
0.1986 
0.2750 
0.2262

FOOTL

0.5334 
0.5792 
0.4305 
0.2542 
0.2046 
0.3114 
0.2521 
0.1608 
0.1744 
0.3380 
0.2557 
0.2613 
0.1830  
0 . 3 1 1 9
0.3744
0.2281
0.2527
0.2738
0.2894
0.2659
0.2441
0.2749
0.2623
0.2913
0.4245
0.3463

SITHT

0.1124 
0.0358 
0.0514 
0.1899 
0.1728 
0.1508 
0.1181 
0.1601 
0.2578
0 . 1 2 9 2  
0.1286 
0.1407 
0.1523 
0.1393 
0.1403 
0.1365 
0.1260 
0 . 1 5 0 3
0.2267
0 . 1 9 0 3

TFACHT

0.7739 
0.4805 
0.2797 
0.2474 
0.2773 
0.2749 
0 . 1 7 9 4  
0.1979 
0.3998 
0.3190 
0.3562 
0.2041 
0.2718 
0.5490 
0.2160 
0.2861 
0.3242 
0.3390 
0.3255 
0.3106 
0.3475 
0.3126 
0.3662 
0.4816 
0.3978

STAT

0.0140 
0.0156 
0 . 1187 
0.1133 
0 .1 0 5 1  
0.0781 
0 . 1 0 5 2  
0.1723 
0.0848 
0.0869 
0.0949 
0.1004 
0 .0 9 1 0  
0.0884 
0.0915 
0.0996 
0.1105 
0.1467 
0 .1 2 0 0

UFACHT

0.4887 
0.2029 
0.1270 
0.2662 
0.2078 
0.1492 
0.1661 
0.3024 
0 .2 0 2 1  
0 . 2 0 1 2  
0.1524 
0.2487 
0.4368 
0.1651 
0.2414 
0.2476 
0.2781 
0.2252 
0.2405 
0.2717 
0.1664 
0.2679 
0.3843 
0.3221

BIACROM

0.0236
0.1242
0.1137
0 . 1 0 3 3
0.0834 
0.1165 
0.1823 
0.0916 
0.0966  
0.1042 
0.1094 
0 .1 0 2 2  
0.0984
0 . 1 0 3 2
0.1164 
0.1233 
0.1582 
0 .1 2 7 6

NOSEL

0 .1 9 1 2  
0.1114 
0.1721 
0.1521 
0.0979 
0.1062 
0.2141 
0.1658 
0.1732 
0.1198 
0.1846 
0.3223 
0 .1 2 0 2  
0.1729 
0.1796 
0.1958 
0.1742 
0.1750 
0.1929 
0.1587 
0.1664 
0.2903 
0.2437

BICRIST

0.1847 
0.2259 
0.2070  
0.1254 
0.2016 
0.3201 
0.1396 
0.1749 
0 .1891 
0.1879 
0.1879 
0.1666 
0.1921 
0.1815 
0.2175 
0.2725 
0.2236

NOSEB

0.0776 
0 . 1433 
0.1065 
0.0828 
0.0944 
0.1609 
0.1111 
0.1041 
0.0818 
0.1392 
0.2164 
0.0897 
0.1219 
0.1191 
0.1413 
0.1150 
0.1227 
0.1316 
0.0791 
0.1138 
0.2037 
0.1795

CHESTB

0.2314
0 . 1 2 9 1  
0.1213 
0.2001  
0.3096 
0.1359 
0.1860 
0.1864 
0.2055 
0 .1 6 9 8  
0 .1632  
0.2003 
0.1107 
0.1311 
0.2981 
0.2467

BICHUM

E x h ib it 4.8b Standard E r ro rs  o f  G enetic C o rre la tio n s
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WRISTB 0. 2010
HANDB 0.1063 0.0455
HANDL 0.2026 0.1019 0.1420

BICFEM 0.2899 0.2074 0.3075 0.5165
FOOTB 0.1221 0.0383 0.1100 0.2381 0.0722
HEADL 0.1735 0.1072 0.1515 0.2703 0. 1218 0.0875
HEADB 0.1808 0.1233 0.1716 0.2650 0.1385 0.1296

MFRONT 0.1952 0.1187 0.1734 0.2699 0.1351 0.1408
BIZYGO 0.1695 0.1283 0.1741 0.2470 0.1373 0.1440

BIGON 0.1638 0.1147 0.1611 0.2342 0.1295 0.1375
HEADCR 0.1868 0.1268 0.1802 0.2828 0.1438 0.1154

UPARM 0.1111 0.1033 0.1621 0.2416 0.1110 0.1461
CALFC 0.1189 0.1094 0.1963 0.2712 0.1164 0.1772

TRISKN 0.2846 0.1771 0.2308 0.4106 0.1979 a a t Q r\ \JrnC. \ OU
SUBSKN 0.2351 0.1430 0.1901 0.3360 0.1594 0.1784

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB 0.1113
MFRONT 0.1468 0.1014
BIZYGO 0.1021 0.1488 0.1102

BIGON 0.1262 0.1409 0.1106 0.0775
HEADCR 0.0780 0.1435 0.1301 0.1292 0.1116

UPARM 0.1295 0.1609 0.1084 0.1251 0.1500 0.1294
CALFC 0.1606 0.1921 0.1490 0.1525 0.1778 0.1399

TRISKN 0.2210 0.2227 0.2187 0.2006 0.2335 0.2352
SUBSKN 0.1882 0.1784 0.1871 0.1679 0.1968 0.2027

HEAL© MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 0.2040 *

TRISKN 0.2812 0.2941
SUBSKN 0.2446 0.1624 0.1714

CALFC TRISKN SUBSKN

E x h ib it 4 .8b  Standard E rro rs  o f  Genetic C o rre la tio n s
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WEIGHT
SITHT
STAT

BIACROM
BICRIST

1.0000 
1.1900 
1.1447 
1.0721 
1.1459

1.0000 
1.1170 
1.1850 
1.1880

1.0000 
1.1273 
1.1455

1.0000 
1.1170 1.0000

CHESIB 1.1437 1 . 3964 1.4038 1.1786 1.2977 1.0000
FOOTL 1.2240 1.2943 1. 1067 1.2257 1.2425 1.4952TFACHT 1.2169 1 - 4759 1.3925 1.3182 1.3789 1.3860

UFACHT 0.4502 0.6047 0.5700 0.5070 0.4763 0.4862
NOSEL 2.1778 2.5267 2 . 4828 2.3007 2.1283 2.2677NOSEB 1.4087 1 - 4537 1.4298 1.3430 1.4561 1.6405BICHUM 1.0594 1.1687 1.1700 1.1118 1.1839 1.2234WRISTB 1.1128 1.2126 1.2635 1.1365 1.2452 1.2171HANDB 1.3959 1.5200 1.4636 1.4028 1.5126 1.5280
HANDL 1.3304 1.4687 1. 1931 1.3019 1.4356 1.6580

BICFEM 1.1903 1.1393 1.1957 1.2135 1.3270 1.4582
FOOTB 1.2750 1.5343 1.3473 1.3146 1.3489 1.4646
HEADL 1.6672 1.6305 1.5546 1.6120 1.7825 1.8695
HEADB 1.3949 1.6061 1.5874 1.4889 1.6542 1.6021

MFRONT 1.8978 1.9180 1.8721 1.9431 2.1418 2.3320
BIZYGO 1.3133 1.5314 1.5513 1.3975 1.5810 1.5756

BIGON 1.5604 1.6502 1.7987 1.6762 1.9410 1.9799HEADCR 1.5697 1.5475 1.6269 1.5954 1.7559 1.8098UPARM 1. 1025 1.3940 1.3761 1.1740 1.3591 1.2164
CALFC 1.0743 1.2625 1.2809 1.2204 1.2207 1.2729TRISKN 1.6254 1.8701 1.6544 1.6016 1.9874 2.0423SUBSKN 1.4471 1.6259 1.3913 1.3756 1.7086 1.8613

WEIGHT SITHT STAT BIACROM BICRIST CHESTB

FOOTL
TFACHT
UFACHT
NOSEL

1.0000 
1.5319 
0.6312 
2.8339

1.0000 
0.3278 
1.8640

-0.0055
0.2513 1.0000

NOSEB 1.5267 1.7716 0.7010 2 . 9237 1.0000
BICHUM 1.2916 1.4354 0.5315 2.2856 1.4312 1.0000
WRISTB 1 •3707 1.3848 0.5102 2.1176 1.4013 1.1008

HANDB 1.5158 2.0237 0.8889 3.5059 1.5573 1.4880
HANDL 1. 1238 1.6876 0.7482 3.4434 1.6170 1.4398BICFEM 1.3593 1.5111 0.6785 2.8650 1.3992 1.2347FOOTB 1. 3768 1.8230 0.7656 3.2182 1.4906 1.3952
HEADL 1.7026 1.7217 0.7340 3.3773 1.8836 1.7730
HEADB 1.7729 1.6980 0.6910 3.2015 1.8485 1.5730

MFRONT 2.1136 2.1391 1.0443 4.6779 2.0687 2.0446
BIZYGO 1.7477 1.6612 0.6310 3.1213 1.7930 1.4625

BIGON 2. 1021 1.9900 0.7532 3.6427 1.8566 1.5988
HEADCR 1.8286 1.6292 0.6770 3.1874 1.8300 1.6841
UPARM 1.4608 1.2899 0.4803 2.3964 1.5007 1.1540
CALFC 1.3446 1.3522 0.5296 2.2862 1.4625 1.1256

TRISKN 1.8048 1.9402 0.9175 4.5884 1.8605 1.8582
SUBSKN 1.5060 1.7836 0.8446 4.0828 1.5665 1.5920

FOOTL TFACHT UFACHT NOSEL NOSEB BICHUM

E xhib it 4.9 Environm ental C o rre la tio n  Matrix
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WRISTB 1.0000
HANDB 1.4293 1.0000
HANDL 1.5309 1.5567 1.0000

BICFEM 1.2428 1.6791 1.4787 1.0000
FOOTB 1.3783 1.1601 1.4177 1.5983 1.0000
HEADL 1.7737 2.0370 1.8028 1.8175 1.9635 1.0000
HEADB 1.6259 2.2310 1.8870 1.5793 2.0832 1.7743

MFRONT 2.0830 2.3405 2.2004 1.7712 2.2436 2.2015
BIZYGO 1.5468 2.3109 1.8800 1.4539 2.0181 2.0318

BIGON 1.7233 2.4938 2 . 1536 1.6089 2.3602 2.4661
HEADCR 1.6762 2.2413 1.9442 1.6226 2.1373 1.4085

UPARM 1.1729 1.6270 1.5483 1.3415 1.4801 1.8156
CALFC 1.1250 1.4658 1.5043 1.2225 1.3594 1.8121

TRISKN 1.9388 2.2514 1.6520 1.6994 2.0481 2.4470
SUBSKN 1.6499 1.8005 1.3909 1.4201 1.6501 2.0264

WRISTB HANDB HANDL BICFEM FOOTB HEADL

HEADB 1.0000
MFRONT 2.0597 1.0000
BIZYGO 1.3815 2.0450 1.0000

BIGON 1.7717 2.4173 1.6106 1.0000
HEADCR 1.2044 1.9117 1.5829 1.7862 1.0000

UPARM 1.4128 2.0712 1.3185 1.5468 1.6637 1.0000
CALFC 1.4521 1.9858 1.4068 1.5677 1.5819 1.1869

TRISKN 1.9191 2.2779 1.9037 2.0601 2.1663 1.8029
SUBSKN 1.8132 1.8376 1.7494 1.8466 1.9511 1.5848

HEADB MFRONT BIZYGO BIGON HEADCR UPARM

CALFC 1.0000 •

TRISKN 1.7606 1.0000
SUBSKN 1.5773 1.1476 1.0000

CALFC TRISKN SUBSKN

E x h ib it 4 .9  Environm ental C o rre la tio n  Matrix
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c o rre la tio n s  has fared no b e t te r  than  o ther analyses based on the  

r e s id u a ls  a f te r  c a lc u la tin g  g en e tic  c o r re la tio n s  (Leamy 1977; 

Cheverud and B u ikstra  1981b). This very po o rly  formed 

environm ental c o r re la t io n  m atrix may have arisen  fo r  any number 

o f  re a so n s . I  have not y e t been a b le  to  find  a more su cc e ss fu l 

so lu tio n  to  the problem. Since th e  environmental c o r re la t io n  

m atrix  obv iously  c o n ta in s  no u s e fu l in form ation , i t s  s tru c tu re  

w i l l  n o t be examined by any o f  th e  subsequent d a ta  a n a ly s is  

te c h n iq u e s .

4 .3 .2  C lu s te r  A nalysis o f  G enetic  C o rre la tio n s

A c e n tro id  c lu s te r  a n a ly s is  o f  th e  g en e tic  c o r re la t io n  

m atrix  i s  presented  in  e x h ib it  4 .10 . As in  the  case c f  th e  

phenotypic c o rre la tio n  m a tr ix , a transform  was used to  p lace  a l l  

th e  c o r re la t io n s  in  the range 0 -1 .  The transfo rm  used here  

re p la c e s  n egative  c o r re la t io n s  w ith  a a n a ll  p o s i t iv e  v a lu e . A 

d i f f e r e n t  transform  (a b so lu te  va lue) was a p p a ren tly  used by 

B u ik stra  and Cheverud (1979), a lthough  they d o n 't  m ention i t  in  

th e i r  a r t i c l e .  I t  can be in fe rre d  from th e  f a c t  th a t  la rg e  

n e g a tiv e  c o rre la tio n s  re p o rte d  on page 54 appear as p o s i t iv e  in  

th e  c lu s t e r  diagram two pages l a t e r !  I f  n eg a tiv e  c o r r e la t io n s  

a re  q u ite  sm all then e i th e r  an a b so lu te  value tran sfo rm , o r the  

one used h e re , w i l l  have no s ig n if ic a n t  e f f e c t  on th e  r e s u l t s .  

I f  however, th e  la rg e s t  value (ig n o rin g  th e  sign) in  a row or
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(Levels) 9 5 .0  85 .0  75.0 65.0 55 .0  45-0 35 .0  25.0 15.0

WEIGHT
CALFC . . ) ...............
UPARM ..................... ) ..........
BICHUM .................................... )
HANDB ............................. )
FOOTB .............................) . . ) . .
WRISTB ............................  )
BICFEM .............................) ......... ) ..........
BIACROM ...................................  )
BICRIST ...................................) ..........  )
CHESTB ................................................ ) . . )
SITHT ......................  )
STATURE ...................... ) ..........  )
FOOTL .........  ) )
HANDL .........) .......................) ................ ) .................
BIGON ..........................................................................) ...........
HEADL ................ )
HEADCR ...............) .............................. )
HEAEB ................................................ ) ................  )
MFRONT   ) )
BIZYGO ............................................................ ) . . ) .................)
TFACHT .........  )
UFACHT  ) . .  )
NOSEL ...............) .................................................................... ) ...........
NOSEB .....................................................................................................) . .
TRISKN .........  )
SUBSKN ........) ................................................................................................)

E xh ib it 4.10 C lu s te r  a n a ly s is  o f  g e n e tic  c o r r e la t io n s
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column o f th e  m atrix i s  n eg a tiv e  then such a transfo rm  may be 

q u e s tio n a b le . I t  r a is e s  th e  issu e  o f  what a n e g a tiv e  g en e tic  

c o r r e la t io n  a c tu a lly  means. This i s  not d iscussed  by Cheverud 

and B u ik s tra  (1979). In  the p re se n t s tu d y  a l l  o f  the  sm all 

n e g a tiv e  g en e tic  c o r re la tio n s  may be transform ed w ithout 

a f f te c t in g  the  r e s u l t s .

Examining the t r e e  in  e x h ib it  4 .10 th e re  a re  a number o f  

c lu s te r s  which a re  obvious in  the diagram . Prim ary c lu s t e r s  are 

made up o f  the  fo llow ing  v a r ia b le  p a i r s :  (1 ) w eight and c a l f

c ircu m feren ce , (2 ) t r i c e p s  sk in fo ld  and subscapu lar s k in fo ld , (3) 

fo o t le n g th  and hand le n g th , (4 ) head le n g th  and head

c ircum ference . The t r i o  o f  f a c i a l  h e ig h t measurements ( t o t a l  

f a c ia l  h e ig h t ,  upper f a c ia l  h e ig h t ,  nose len g th ) a lso  forms a 

prim ary c l u s t e r .

At a s l ig h t ly  lower le v e l o f  s im i la r i ty ,  upper arm

c irc u n fe ren e e  jo in s  in  w ith  w eight and c a l f  c ircum ference in  

forming a "bulk and circum ference" c lu s t e r .  S i t t in g  h e ig h t and

s ta tu r e  a re  linked  as a p a i r , and in  tu rn  a re  jo ined  by th e  fo o t

length-hand le n g th  p a ir  in  a " l in e a r "  c lu s t e r .  Hand b read th  and 

fo o t  b read th  jo in  in  w ith th e  "bu lk  and circum ference" c lu s te r  

ra th e r  th a n  the corresponding  len g th  m easures. The tra n sv e rse  

d iam eters  o f  lim bs a lso  form a c lu s t e r .  W rist b read th  and 

b ico n d y la r femur a re  most c lo se ly  a sso c ia te d  w ith one a n o th e r , 

and b ico n d y la r humerus jo in s  in  w ith  th is  p a i r .
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There is  a lo o se  a sso c ia tio n  between the  tra n sv e rse  

d ia n e te rs  of th e  trunk  and sh o u ld ers  (b iac ro m ia l d iam eter, 

b i c r i s t a l  d iam eter, c h e s t  b readth) and t h i s  c lu s te r  i s  r e la t iv e ly  

independent o f th e  o ther major c lu s te r s  o f  th e  body.

The head measurements (o th e r  than head len g th  and head 

circum ference) a re  only  lo o s ly  in te g ra te d ,  y e t they  a re  more 

s im ila r  to  one ano ther th an  they a re  to  o th e r  c lu s te r s .  The 

f a c ia l  h e ig h t c lu s t e r  i s  d i s t i n c t  from the head m easures, and in  

f a c t  q u i te  d i s t i n c t  from th e  o th er c lu s t e r s .  Both b ig o n ia l 

d iam eter and nose b read th  a c t  independen tly  a s  w e ll, and they  a re  

n o t c lo s e ly  a sso c ia te d  w ith  any o th e r  m easurem ents. The two 

s k in fo ld s  as a p a i r  a re  a ls o  q u ite  independent o f th e  o ther 

m easures.

4 .3 .3  Genetic v e c to rs  and PCA

The m atrix o f  g en e tic  c o r r e la t io n s  i s  u n su ita b le  fo r PCA 

becuase i t  has la rg e  n eg a tiv e  l a t e n t  ro o ts  ( i s  n o t p o s i t iv e  

s e m id e f in i te ) . However, Hashiguchi and Morishima (1969) have 

p resen ted  a method o f  a n a ly s is  which allow s la te n t  ro o ts  and 

v ec to rs  to  be ex tra c te d  from the phenotypic c o rre la tio n  m atrix  

and then transform ed to  "g en e tic  v e c to r s " .  This p rocess bypasses 

th e  d i f f i c u l t i e s  o f  perform ing an e ig en an a ly sis  on a g en e tic
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c o rre la tio n  m a trix . In  th e i r  a r t i c l e ,  gen etic  v ec to rs  were 

e x tra c te d  by t h i s  method from th e  phenotypic c o r re la t io n  m a trix , 

and compared to  la t e n t  v e c to rs  ob ta ined  d i r e c t ly  from the g enetic  

c o r r e la t io n  m a tr ix . In th e  p a r t ic u la r  d a ta  s e t  th ey  used , PCA 

could be done on th e  g en e tic  c o r re la t io n  m a tr ix . The two s e t s  o f 

v e c to rs  were ex trem ely  c lo s e .  However, th e  au th o rs  p o in t out 

th a t  th e  perform ance o f th e  method cannot be guaranteed when the  

g en e tic  c o r re la t io n  m atrix  has elem ents w ith  v a lu es  g re a te r  than 

one an d /o r la rg e  n eg a tiv e  la te n t  ro o ts .

A GENSTAT macro to  perform  g en e tic  vec to r a n a ly s is  i s  given 

in  Appendix 2 . T his macro was used to  o b ta in  the so lu tio n  g iven  

in  e x h ib it  4 .1 1 . Ihe f i r s t  10 g enetic  v e c to rs  ( a f t e r  Varimax 

ro ta t io n )  are shown along with th e  estim ated  h e r i t a b i l i t y  fo r  

each v e c to r .

In  d esc rib in g  th e  PCA o f  phenotypic c o r r e la t io n s ,  v a r ia b le s  

were considered  im portan t i f  th ey  had a lo ad in g  w ith  an a b so lu te  

value o f  0.3 o r g r e a te r .  Examining th e  g enetic  v e c to r s ,  th e re  

a re  very few lo ad in g s  in  t h i s  ra n g e . I t  i s  as i f  a l l  th e  

lo ad in g s  are  sca led  down in  the  p rocess o f  t r a n s la t io n  in to  

"g en e tic  space". A ccordingly , v a r ia b le s  w ith a load ing  g re a te r  

than 0 .1  w il l  be included  in  th e  d iscu ss io n  o f  th e  g en e tic  

v e c to rs .
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H e r i ta b i l i ty  o f  G enetic V ectors (1 -  27)

0.32 0.28 0.46 0 .38 0.29 0.25 0.29 0.32
0.41 0.40 0.39 0.29 0.27 0.32 0.22 0.19
0.27 0 . 1 9 0. 18 0.20 0.12 0.16 0.20 0.25
0 . 1 9 0.35 0. 16

G enetic V ectors

1 2 3 4 5 6

WEIGHT -0.0771 -0.0125 0.0074 0.0378 -0.0603 0.0099SITHT -0.0624 -0.0465 -0.0552 -0 .0147 -0.0016 0.0620
STAT -0 . 0596 -0.0582 -0.0715 0.0030 0.0326 0.0554

BIACROM -0.0448 -0.011 9 -0.0334 0.0171 -0.0176 0.0275
BICRIST -0.0591 -0.0531 -0.0405 0.0336 -0.0026 0.0791

CHESTB -0.0658 -0.0070 0.0164 0.0220 0.0011 -0.0120
FOOTL -0.0833 -0.0580 -0.0768 0.0038 0.0240 0.0098

TFACHT -0.0657 -0.1205 0.1217 0.1431 0.0177 -0.0087
UFACHT -0.0554 -0.1564 0.1224 0.1844 0.0240 0.0631

NOSEL -0.0433 -0.1452 0.0869 0.1449 -0.0321 0.0516
NOSEB -0.0331 -0.0266 0.0292 -0 .0369 -0.1341 -0.0178BICHUM -0.0619 -0.0043 -0.0590 -0.0091 -0.0725 0.0388

WRISTB -0.0592 -0.0144 -0.0369 -0 .0004 -0.0813 -0.0383
HANDB -0.0762 0.0175 -0.0216 -0 .0406 -0.0486 -0.0721
HANDL -0.0776 -0.0632 -0.0833 0.0131 0.0372 0.0036

BICFEM -0.0723 -0.0089 -0.0186 0.0113 -0.1033 0.0451
FOOTB -0 . 0708 - 0 . 0 1 0 3 -0.0277 -0 .0123 -0.0525 -0.0708
HEADL -0.0564 -0 .0917 0.1743 -0 .1432 0.1881 -0.1333HEAEB -0 . 0671 -0.0348 0.1790 -0.094 9 0.0490 -0.0113

MFRONT -0.0571 -0.0371 0.1981 -0 .1070 -0 . 0086 -0.0641
BIZYGO -0.0709 -0.0182 0.0952 -0 .0737 -0.0548 0.0519

BIGON -0.0667 -0.0135 0.0633 -0 .0514 -0.1200 0.1112
HEADCR -0.0760 -0.0851 0.2189 -0 .1446 0.1403 -0.0939UPAFM -0 . 0637 0.0181 0.0450 0.0144 -0.1000 -0.0522

CALFC -0.0821 -0.0179 0.0252 0.0524 -0.0910 -0.0255
TRISKN -0.0326 0.0931 0.0850 0.0783 -0.0552 0.0351SUBSKN -0.0317 0.0934 0.0697 0.0538 -0.0853 -0.0064

E xh ib it 4.11 G enetic Vector S o lu tio n
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7 8 9 10 11 12

WEIGHT 0.0810 - 0 . 0 5 3 2 0.0036 -0.0270 0.0599 -0.01 81SITHT 0.0276 - 0 . 0 2 9 2 0.0529 -0 .0219 -0.0430 0.0142STAT -0 . 0224 -0.0251 0.0295 -0.0245 0.0839 0.0009BIACROM 0.0410 0.0161 -0.0388 0.0349 0.0344 0.0152BICRIST 0.0430 0.0568 -0.0992 -0.0362 0. 0400 0 .1 3 0 1CHESTB 0.1129 -0.0213 -0.0676 0.0485 0.0398 0.0178FOOTL -0.0093 0 . 0 2 3 2 0.0174 -0 .0169 0.2325 -0 .0196TFACHT 0.0340 -0.0341 0.0462 -0.0553 0.0026 -0.0023UFACHT 0.0125 0.0664 0.0440 -0.0382 0.0391 0.0345NOSEL 0.0120 0.0814 0.0215 -0.0372 -0.0146 0.0269NOSEB -0.0583 0.2733 0.1172 -0 .0688 -0.0636 -0.0620BICHUM 0.0534 -0.0324 0.0346 0.0017 -0.0264 -0.0217WRISTB 0.0303 -0.0119 0.0423 0.0069 -0.0315 -0.0342
HANDB 0.0891 -0  . 0064 0 . 0794 -0 .0472 0.0443 -0.0733HANDL - 0 . 0 2 0 9 -0  . 0062 0.0649 0.0203 0.2838 -0.0843BICFEM 0.0315 -0.0144 0.0125 -0 .0575 -0.0398 0.0406
FOOTB 0.1044 0 . 0189 -0.0098 -0 .0569 0.0731 0.0620HEADL -0  . 0577 -0 .0127 0.1360 0.2638 0.0272 0.0329HEADB 0.0810 -0  . 0574 -0.1581 0.0596 0.1339 -0.1494

MFRONT 0.0620 -0.1893 -0.0105 -0 .2742 -0.0943 0.1337BIZ TGO 0.1221 -0.0403 -0 .0837 -0 .0502 0.0407 0.0335BIGON 0. 1569 -0.0059 0.2838 0.0811 0.0494 0.0156HEADCR -0.0081 -0.0320 0.0219 0.1711 0.0950 -0 . 0424
UPA&i 0. 1050 -0.0262 0.0446 -0 .0199 0.0031 - 0 . 0 9 0 2
CALFC 0. 1108 - 0 . 0 3 9 0 -0 .0147 -0 .0166 0.0771 -0.0206

TRISKN -0.1068 -0.0571 0.0822 -0.0541 0.1805 -0.1578
SUBSKN -0.1051 -0.0841 0.1304 -0 .0600 0.1416 -0.1186

E xh ib it 4.11 G enetic V ector S o lu tio n
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WEIGHT
SITHT

STAT
BIACROM
BICRIST

CHESTB
FOOTL

TFACHT
UFACHT

NOSEL
NOSEB

BICHUM
WRISTB

HANDB
HANDL

BICFEM
FOOTB
HEADL
HEADB

MFRONT
BIZTCO

BIGON
HEADCR

UPARM
CALFC

TRISKN
SUBSKN

13

0.073^ 
0 . 0927 
0.0880 

-0.0125 
0.0966  

-0.0150 
0.0697 

-0.0154
0 .0 0 9 0  
0 . 0571

- 0  .0013  
0.0620 
0.0014 
0.0155 
0.0548 
0.0420 
0. 0850 

-0.0366 
0.1385 

-0.2375 
0.0150 
0.0375 
0.0114 
0 . 0306 
0.1279 

-0.0169 
-0.0606

14

0.0365
- 0  .0213

0.0276 
-0.0488 

0.0662 
-0.0029 
0.1165 
0.1093 
0.1380 
0 .1 7 1 3

-0.0205 
0 .1121 
0.0480

- 0 .0 9 3 1
0.0426 
0.0677 

-0.0160 
0.0611 
0.0486 
0.1254 
0.1165 
0.0084 
0.0247 
0.0459 
0.1079 

-0.2279 
-0.2639

15

0.0043 
0 . 0250
0 . 0 3 2 0
0.0140
0.0893
0.0039
0 . 0347

-0 .0507 
-0.0089 
-0.0289 
-0.0343 

0.0521 
-0 .0819 

0.0238 
0.0298 

-0.1611 
-0.0081 

0.1144 
0.0076 

- 0 .0362  
-0 .0170 

0 . 0370 
0.0864 
0.0174 

- 0 .0190  
-0 .1056 
-0 .1453

16

0.0502 
0.0206 
0.0439 
0.0035 

-0.0358 
0.0803 
0.0444 
0.0046 

-0 .0218 
-0.0347 
-0.0324 

0.0638 
-0.0431 

0.0337 
0.0363 
0.0639 
0.0249 
0.0548 
0.0591 
0.1388 

-0.0934 
0.1234 
0.0579 
0.0106 

-0 .0023 
0.1093 
0.1286

17

0.0228 
0.0188 
0.0060 
0.0137 

-0.0162 
0.1031 
0.0778 
0.1341 
0.0984 
0.0596 
0.0514 
0.0216 
0.0956  
0.1061 
0.0767 
0.0792 
0.0158 
0.0118 
0.0814 
0 .2 3 2 0  

-0 .1574 
0.1249 
0.0955 
0.0561 
0.0484 

-0 .0368 
0.0134

18

0.0451
0.0752
0.0451
0.0461

-0 .0117
0 . 1 5 4 9
0.0019 

- 0 .0 2 1 2  
-0 .0612 
-0 .1469 
-0 .0635 
-0 .0129  
- 0 .0 3 6 2  

0.0588 
0.0390 
0 .0020  
0.0173 
0.0508 

-0 .1146 
-0 .0433 

0.0974 
-0 .0760 
-0 .0452  
-0 .0083 

0.0053 
-0 .0123 
-0 .0242

E xh ib it 4.11 G enetic Vector S o lu tion
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19 20 21 22 23 24

WEIGHT 0 .0 2 0 2 0.0276 -0.1189 0.0051 -0.0611 -0.0492
SITHT -0.0337 - 0 .0 2 2 2 -0.0083 -0.0524 -0.1500 -0 .1828STAT -o . 0031 -0.0031 0.0370 -0.0323 -0.0167 0.0280

BIACROM -0.0285 0.0264 - 0 . 0 0 9 0 - 0 . 0187 -0 . 0342 - 0 . 1412
BICRIST -0.0485 0.0277 -0.0554 0 .0 3 0 1 -0 . 0946 - 0 . 1211CHESTB 0.1223 -0.0914 -0.1228 0.0123 -0.0032 - 0 . 2 3 1 6

FOOTL 0 . 0745 0.0305 - 0  . 0648 - 0 . 1 1 2 9 -0 .0689 - 0 .1523TFACHT 0.0400 0.1270 -0.0138 0.1011 -0 .0377 - 0 . 0 1 0 2UFACHT -0.0177 0 .0 6 3 0 - 0 . 0 1 2 2 0.1377 0.0378 -0 .0427NOSEL - 0 . 0 6 7 8 -0.0645 -0.0567 0.1724 -0.0142 0.0756
NOSEB -0.1048 -0.0333 -0.0976 -0.0175 0.0894 -0.1817

BICHUM 0.0245 -0.0073 0.0014 -0.0613 -0 . 0775 - 0 .0675
WRISTB 0.0471 0.0001 0.0256 -0.0625 - 0 . 0 9 6 0 -0.0562

HANDB -0.0649 -0.0449 0.0261 -0.0743 - 0 .1699 -0 . 0774
HANDL 0.0543 0.0799 0.0328 0.0158 - 0 .1 2 0 1 - 0 . 1 2 0 2

BICFEM - 0 . 0 0 7 8 - 0 . 0 3 2 6 0.0085 -0.0982 -0.0873 -0.0645
FOOTB 0.0423 0.0040 0.0407 -0.0203 -0.0705 -0.0683HEADL 0.0204 0.0621 0.0317 -0.0146 0.0667 -0.0763HEADB - 0 . 0 1 7 3 0.0359 -0.0996 0.0748 -0.0423 -0.0594

MFRONT -0 . 0064 -0.0965 0.0499 -0.0373 0.0317 -0.0750BIZYGO 0.0511 -0.0574 -0.0629 -0.0489 0.0082 -0.0543BIGON -0.1137 -0.0078 -0.0235 -0.0059 -0.0906 -0.1167HEADCR -0.0232 0.0451 -0.0210 0.0518 0.0124 -0.1114
UPARM -0 . 0054 0.0893 -0.0597 -0.0287 0.0483 -0.1286
CALFC 0.0271 0.0424 -0.1212 0.0091 -0.1525 -0.0123TRISKN 0.0265 0.0532 -0.1437 0.0390 -0.1582 0.1033SUBSKN -0.0585 0.0499 -0.0511 -0.1141 -0.1445 0.1804

E x h ib it 4.11 Genetic Vector S o lu tion
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WEIGHT 
SITHT 

STAT 
BIACROM 
BICRIST 

CHESTB 
FOOTL 

TFACHT 
UFACHT 

NOSEL 
NOSEB 

BICHUM 
WRISTB 

HANDB 
HANDL 

BICFEM 
FOOTB 
HEADL 
HEADB 

MFRONT 
BIZYGO 

BIGON 
HEADCR 

UPARM 
CALFC 

TRISKN 
SUBSKN

25

-0.0373 
0 . 0 1 2 0  
0.0340 

-0.0680 
-0 .1427 
-0.0941 
-0.0591 
-0.0484 
- 0 .2996  
-0 . 0855 
-0 .0238 

0.1042 
0.1164 
0.1228 

-0 .0839 
0.0638 
0.0915 
0 . 0081 

-0 . 0563 
0.1372 
0.0123 
0.0258 
0.0003 
0.1007 
0.0585 

- 0 .1 2 0 1  
- 0.0861

26

-0.0337 
0.0026 

-0.0118 
-0.0014 

0.1007 
-0.0686 
-0.1056 

0 .0230  
-0 .0663 

0.0954 
0.0541 

-0.0911 
-0.0075 

0.0608 
-0.0143 
-0.0469 

0.0237 
-0.3513 

0.2041 
0.0698 

-0.0831 
0.0258 
0.2308 

-0.0743 
-0.1253 

0.0904 
0.0328

27

0 .1516  
0.0621 
0 .1 0 3 6  
0.0533 
0.1169 
0.1820 
0.2021  
0 .2196  
0.0830 
0.1374 
0 .2610  
0 .0212  
0.1711 
0.2303 
0.2708 
0.2404 
0.2269 
0.2894 
0.2733 
0.3073 
0.1224 
0.2161 
0.2913 
0.2570 
0.2519 
0.2410 
0.5396

E x h ib it 4.11 G enetic  V ector S o lu tio n
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Variraax Rotated Genetic V ectors

1 2 3 4 5 6

WEIGHT -0.0206 -0.0248 0.0412 0.0301 -0.1108 0.0240
SITHT 0.0015 -0.1143 0.0082 0.0211 -0.0288 0.0561
STAT -0 . 0005 -0.1330 0.0146 0.0199 0.0148 0.0075

BIACROM 0.0351 -0.0232 0.0059 0.0151 -0.0253 0.0055
BICRIST 0.0714 -0.054 0 0.0548 0.0799 0.0073 -0 . 0295

CHESTB 0.0569 0.0162 0.0224 -0.0272 -0.0787 -0.0031FOOTL 0. 0246 -0.1220 0.0158 0.0047 -0.0202 -0.0234
TFACHT -0.0418 -0.0244 0.2274 -0.0322 -0.0559 -0.0088
UFACHT -0.0157 -0.034 9 0.2927 -0.0057 0.0125 0.0160

NOSEL 0.0026 -0 . 0221 0.2403 0.0225 -0.0088 0.0118
NOSEB -0.0162 0.0072 0.0550 0.0248 -0.0442 0.0329

BICHUM -0.0104 -0.0636 -0 . 0224 0.0407 -0.0830 0.0610
WRISTB -0.0143 -0.0344 - 0 . 0 0 9 0 0.0025 -0.1083 0.0161

HANDB - 0 .0 0 3 1 -0.0335 -0.0294 -0.0106 -0.1594 0.0280
HANDL 0.0054 -0.1383 0.0148 -0.0284 -0.0169 0.0033

BICFEM -0.0413 -0.0454 0.0185 0.0748 -0.0857 0.0302
FOOTB 0.0496 -0.0129 0.0000 0.0255 -0.1495 -0.0245
HEADL 0. 0193 -0.0118 -0.0003 -0.4449 0.0563 0.0453
HEADB 0.0625 0.0818 0.0166 -0.1498 -0.0086 -0.0379

MFRONT -0 . 0830 0.0157 0.0481 -0.0101 -0.1278 -0.0554
BIZYGO 0.0320 0.0280 0.0150 0.0052 -0.0812 0.0346

BIGON -0.0630 -0.0493 0.0378 -0.0694 -0.1482 0.3346
HEADCR 0.0289 0.0283 0.0221 -0.3602 0.0283 0.0064

UPARM -0 .0301 0.0352 0.0250 -0.0022 -0.1675 0.0415
CALFC -0 . 0038 0.0110 0.0583 0.0239 -0.1538 0.0113

TRISKN -0.2201 0.0209 0.0374 0.0262 0.0070 0.0108
SUBSKN -0.2361 0.0119 0.0096 0.0135 -0.0406 0.0239

Exhibit 11 G enetic Vector S o lu tio n
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7 8 n
7 10

WEIGHT -0.0055 -0.0405 -0.0332 -0.0469
SITHT -0 . 0024 -0.0083 -0.0028 -0.0201

STAT -0.0049 -0.0128 -0.0021 -0.0023
BIACROM -0.0056 -0.0077 -0.0805 -0.0047
BICRIST 0.0101 0.0187 -0.0953 -0.0609CHESIB 0. 0211 -0.0637 -0.0897 -0.0436

FOOTL 0. 0075 0.0254 -0 . 0211 0.0154
TFACHT 0.0095 -0.0425 0.0299 -0.0304
UFACHT 0. 0160 0.0251 -0  . 0231 -0.0045

NOSEL -0 . 0226 0.0573 -0.0316 -0.0057
NOSEB 0. 0007 0.3304 0.0169 0.0492

BICHUM -0.0271 -0.0067 -0.0383 -0.0102
WRISTB -0.0393 0.0200 -0.0125 0.0220

HANDB 0. 0381 0. 0307 0. 0396 -0.0078
HANDL -0.0024 -0.0013 -0.0080 0.0553

BICFEM -0.0317 0.0282 -0.0299 -0 .0500
FOOTB 0.0248 0.0253 -0.0010 - o .0 303
HEADL 0.0015 -0 .0027 0.0386 0.0450
HEADB -0.0040 -0.0667 -0.0699 -0 .2087

MFRONT 0. 0240 -0 . 0594 0.2268 -0.3000
BIZYGO , -0.0024 -0 .0139 -0.0404 -0 .1999

BIGON 0.0023 0.0562 -0.0031 0.0052
HEADCR 0.0001 -0 .0147 0.0127 -0 .0900

UPARM 0.0014 0.0022 -0.0042 -0.0288
CALFC -0.0160 -0 .0337 -0.0488 -0 .0449

TRISKN 0.0083 0.0062 0.0221 0.0008
SUBSKN -0.0134 0.0098 0.0667 0.0205

E x h ib it 4.11 G enetic V ector S o lu tion
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The f i r s t  g en e tic  v ec to r in c lu d es  the fou r v a r ia b le s  

re p re se n tin g  l in e a r i ty  ( s i t t i n g  h e ig h t, s t a t u r e ,  fo o t le n g th , 

hand le n g th ) .  The second re p re se n ts  the  s k in fo ld s , and the  th ird  

i s  the f a c ia l  h e ig h t m easures ( t o t a l  f a c ia l  h e ig h t ,  upper f a c ia l  

h e ig h t, nose le n g th ) . General m easures o f head size  a re  

im portan t in  g e n e tic  v ec to r fo u r . The m ajor co n trib u tio n  comes 

from head leng th  and head c ircum ference , w ith a le s s e r  one fo r 

head b re a d th . Head measurements reappear in  the  te n th  g en e tic  

vector where head b re a d th , minimum f r o n ta l  diam eter and 

bizygom atic d iam eter make alm ost equal c o n tr ib u tio n s .

G enetic vec to r number f i v e  c o n ta in s  a m ix tu re  o f  v a r ia b le s  

which a re  se p a ra te  in  th e  dendrogram. Bulk and c irc u m fe re n tia l 

measures appear (w eigh t, upper arm c ircum ference , c a l f  

c ircu n fe ren ce) along w ith  ex trem ety  b re a d th s  ( f o o t  b re a d th , hand 

b re a d th ) . Although t h i s  grouping p a r a l l e l s  the c lu s te r  r e s u l t s  

so f a r ,  w r is t  b re a d th , b ig o n ia l  d iam eter and minimum f ro n ta l  

d iam eter a lso  appear in  th e  component. B igon ia l d iam eter and 

minimum f ro n ta l  d iam eter appear in  th e  s ix th  and ninth  

components, r e s p e c tiv e ly , w ith  much la rg e r  lo ad in g s  than they  do 

in  th is  component. T heir in c lu s io n  in  th e  f i f t h  component i s  

le s s  s t r ik in g  than  th e ir  independence as expressed in  each having 

a component to  i t s e l f .  Nose b read th  i s  a ls o  an independent 

v a r ia b le  and has th e  e igh th  component to  i t s e l f .

There a re  no v a r ia b le s  which c o n tr ib u te  s ig n if ic a n t ly  to  the
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seventh g en e tic  v e c to r . My experience w ith o th e r  g en e tic  vector 

s o lu tio n s  suggests th a t t h i s  i s  n o t uncommon. S evera l o th e r data  

s e ts  a ls o  produced what a re  e s s e n t ia l ly  l a t e n t  v e c to rs  w ith no 

v a r ia b le s  loading on them. These "dud" g en e tic  v e c to rs  a lso  tend 

to  have q u ite  low h e r i t a b i l i t i e s ,  a lthough  a low h e r i t a b i l i t y  fo r 

a gen etic  vector does not au to m a tica lly  im ply th a t  th e re  w i l l  be 

no s ig n if ic a n t  lo ad in g s . For example, th e  second and f i f t h  

genetic  v ec to rs  have lower h e r i t a b i l i t e s  than  the sev en th .

4 .3 .4  C lu s te r  A nalysis and Genetic V ectors Compared

The c lu s te r  and genetic  vecto r s o lu tio n s  have some p o in ts  o f  

s im i la r i ty ,  bu t they g iv e  some d i f f e r e n t  d e ta i l s  to  the  p ic tu re  

o f  the  genetic  c o r r e la t io n s  between t r a i t s .  Nose b readth  i s  

picked up as  an independent in  bo th  r e p re s e n ta t io n s .  The 

dendrogram p laces b ig o n ia l d iam eter a s  an independent m easure, 

bu t th e  gen etic  vecto r so lu tio n  p re se n ts  a more com plicated 

p ic tu r e .  B igonial d iam eter appears  alone in  the  s ix th  g en e tic  

v e c to r . I t  appears again in  the heterogeneous component f iv e .

The genetic  vector so lu tio n  and c lu s t e r  a n a ly s is  a re  in

c lo se  agreement in  the  independence o f th e  s k in fo ld s ,  and th e

c lo se  a sso c ia tio n  o f  head len g th  and head c ircum ference . In th e

g enetic  vector s o lu t io n ,  head b read th  i s  a sso c ia te d  with two
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d i f f e r e n t  components. F i r s t ,  head b read th  i s  im portan t in  the 

general head s iz e  component (a long  with head le n g th  and head 

c ircu m fe ren ce ). Secondly, head breadth  i s  a sso c ia ted  w ith  the 

face  b read th  m easures (g e n e tic  v ec to r 10: minimum fro n ta l

d iam eter and bizygom atic d ia m e te r) .

The g en e tic  vecto r so lu tio n  id e n t i f i e s  minimum f ro n ta l  

d iam eter as an independen t. Although minimum f r o n ta l  d iam eter i s  

f a i r l y  independent in  th e  dendrogram, i t  does sh are  some 

s im i la r i ty  with th e  o th er head m easurem ents.

There i s  a c o n tra s t  between th e  g e n e tic  v e c to r  so lu tio n  

(which p ick s  o u t an in te g ra te d  h e a d /fa c : b read th  com ponent), and 

th e  c lu s t e r  a n a ly s is  which leav es  head b read th  and th e  measures 

o f  face/head  b read th  o n ly  lo o s e ly  a s s o c ia te d . In t h i s  in s ta n ce  

th e  a b i l i t y  o f a PCA s o lu tio n  to  s p l i t  the  in flu en c e  o f  v a r ia b le s  

adds g re a te r  c l a r i t y .

The in te g ra tio n  o f  bu lk /c ircum ference  measures p lus 

ex trem ety  b read th s  (hand b re a d th , fo o t b read th ) i s  found in  both 

s o lu t io n s .  The g en e tic  v ec to r s o lu tio n  i s  le s s  d is c r im in a tin g , 

however, as i t  in c lu d es  some a d d itio n a l v a r ia b le s  (w r is t  b re a d th , 

minimum f ro n ta l  d iam e te r , b ig o n ia l d iam eter) in  th e  f i f t h  g enetic  

v e c to r . M issing e n t i r e ly  from th e  genetic  vector so lu tio n  a re  

most o f  th e  tra n sv e rse  m easures o f  th e  body (b iac ro m ia l d iam eter.
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b ic r i s t a l  d iam eter, c h e s t b re a d th , b ico n d y la r humerus, b icondy lar 

fem ur).

The c lu s te r  a n a ly s is  and g en e tic  v e c to rs  seem to  be in  

general agreem ent, e s p e c ia l ly  concerning th e  more c lo se ly  r e la te d  

c lu s te r s  o f  v a r ia b le s .  Thus a c o n s is te n t p ic tu re  i s  a v a ila b le  o f 

th e  g en e tic  r e la t io n s h ip s  among th e  v a r ia b le s  measured. This 

genetic  c o r re la t io n  s t r u c tu r e  can now be compared w ith th a t  

obtained from phenotypic c o r r e la t io n s .
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Chapter 5

Syn thesis

5.1 G enetic and Phenotypic C o rre la tio n s  Compsrsd

Having generated  phenotypic and g en e tic  c o r re la tio n  

m a tr ic e s , we can now compare them . The two c o r re la t io n  m a trices  

a re  independent in  the  sense  th a t  th e y  a r i s e  from .d if f e r e n t  

sources ( in d iv id u a l v s . fa m il ia l  c o r r e la t io n s ) .  However, a s  th e  

measurements them selves a re  a l l  made on th e  same in d iv id u a ls  the  

two m a tric e s  cannot be t r u e ly  in d ependen t. At t h i s  ex p lo ra to ry  

s tag e  i t  i s  w orthw hile to  use measurements on th e  same 

in d iv id u a ls  so th a t  we can be su re  th a t  th e  two m a tr ic e s  r e f e r  to  

th e  same gene p o o l. R ep lica tio n  on o th e r p o p u la tio n s  can be 

undertaken  a t  a l a t e r  s ta g e .

The phenotypic and g enetic  c o r r e la t io n  m a trices  have each
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been summarized by c lu s te r  a n a ly s is  and la t e n t  v e c to rs . The 

e a s ie s t  way to compare the  tvro s e t s  o f  s o lu tio n s  i s  to  begin by 

comparing the  two c lu s te r  d iagram s, follow ed by a comparison of 

th e  l a t e n t  v ec to rs  (com ponents).

The two dendrograms are  p resen ted  s id e  by s id e  in  e x h ib it

5 .1 . Ignoring d if fe re n c e s  in  secondary s t r u c tu r e ,  th e  two tre e s  

show th e  same prim ary c lu s t e r s .  These common prim ary c lu s te r s  

a re : (1 )  w eight, c a l f  c ircum ference , (2) t o t a l  f a c ia l  h e ig h t,

upper f a c i a l  h e ig h t, nose le n g th , (3 ) head le n g th , head b read th , 

(4 ) b icondy lar humerus, w r is t  b re a d th , b ico n d y la r fem ur, (5) 

t r i c e p s  s k in fo ld , subscapular s k in fo ld , (6 ) s t a t u r e ,  s i t t i n g  

h e ig h t, and (7) fo o t le n g th , hand le n g th . The two independent 

v a r ia b le s  b ig o n ia l d iam eter and nose b read th  remain sep a ra te  from 

th e  o th e r c lu s te r s  in  both t r e e s ,  a lthough  b ig o n ia l diam eter 

s h i f t s  i t s  p o s it io n . However, th e  p o s itio n in g  o f  v a r ia b le s  which 

have low s im ila r i ty  w ith  a l l  o th e rs  i s  f i c k l e .  Thus the

ap p a ren tly  la rg e  movement o f  b ig o n ia l d iam eter sim ply se rv e s  to

emphasize i t s  d is t in c t iv e n e s s ,  r a th e r  th a n  suggesting  a major 

d if fe re n c e  between the t r e e s .  For th e  same rea so n , th e  lo c a tio n s  

o f  the t e r t i a r y  c lu s te r s  may change from one t r e e  to  th e  nex t

w ithout im plying a r a d ic a l ly  d i f f e r e n t  s t r u c tu r e .  For th i s

reason th e  s h i f t  o f  the  sk in fo ld s  c lu s te r  from being c lo se ly  

linked  w ith  w e ig h t/c ircu m feren ce /tru n k  b re a d th s  in  the  phenotypic 

t r e e ,  to  being com pletely  alone in  th e  g e n e tic  t r e e  i s  not 

p a r t ic u la r ly  w orrying. Again t h i s  em phasizes th e  r e la t iv e  

independence o f  th e  sk in fo ld  measurements from a l l  o th e rs , in
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WEIGHT
CALFC
UPARM ......... ) .................
CHESTB ............................ ) .................
BIACROM ................................................
BICRIST ....................................................... )
TRISKN ................ )
SUBSKN ................) ................................... ) ...........
SITHT .......... )
STATURE .........) .......................  )
FOOTL   ) )
HANDL ................) ................ ) .................  )
BICHUM   ) )
WRISTB  ) ) )
BICFEM ..........................................) ............ ) )
HANDB   ) )
FOOTB ...................................) ................ ) ........... ) . .
HEADL . .  )
HEADCR . . ) ...........................................................  )
MFRONT  ) )
HEADB   ) )
BIZYGO ................................................) . . ) .................. ) . .
BIGON . . . . .........  ) . .
NOSEB  ) . .
TFACHT .........  )
UFACHT ......... ) ..........  )
NOSEL ..............* . . . ) ....................................................................) ...............

WEIGHT
CALFC . . ) ..................
UPARM ......................) ...........
BICHUM .................................... )
HANDB .............................  )
FOOTB .............................
WRISTB ............................. )
BICFEM ............................ ) ..........) ..........
BIACROM ...................................  )
BICRIST ...................................) ..........  )
CHESTB ................................................ ) . . )
SITHT ......................  )
STATURE ....................... ) .........  )
FOOTL .......... ) )
HANDL ......... ) ...................... ) ................ ) .................
BIGON .......................................................................... ) ..........
HEADL ................  )
HEADCR ................) .............................  )
HEAEB ................................................ ) ................  )
MFRONT .............................................................  ) )
BIZYGO .............................................................) . . ) ..................)
TFACHT .......... )
UFACHT ......... ) . .  )
NOSEL ................) ..................................................................... ) .........
NOSEB ..................................................................................................... ) . .
TRISKN .........  )
SUBSKN ......... ) ............................................................................................... )

E x h ib it 5 .1  Phenotypic (above) and Genotypic C lu s te rs
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both th e  genetic  and phenotypic c a se s . I t  a lso  c a s ts  doubt on 

th e  idea o f  a common gen etic  in flu en ce  on w eigh t/c ircum ference  

and s k in fo ld s .

A f in a l  d if fe re n c e  between the  two t r e e s  l i e s  in  th e  

p o s it io n in g  of extrem ety  b re a d th s . In th e  t r e e  fo r  g e n e tic  

c o r r e la t io n s  extrem ety b read th s  a re  lin k e d  to  th e  

w eigh t/c ircum ference  c lu s t e r .  There i s  a s e p a ra te  c lu s t e r  

c o n ta in in g  trunk  and shoulder b read th s  (b iac ro m ia l d iam e te r , 

b i c r i s t a l  d iam eter, c h e s t  b read th ) which i s  not p re sen t in  th e  

phenotyp ic  t r e e .  In  c o n tr a s t ,  th e  phenotypic t r e e  h as  the  tru n k  

and sh o u ld er b read th s  o n ly  ten u o u sly  r e la te d  to  th e  

w eigh t/c ircum ference  c lu s te r  and th e re  i s  no suggestion  o f  a 

" tru n k  and shoulder b read ths"  c l u s t e r .  The view from g e n e tic  

c o r r e la t io n s  suggests  t h a t  the  tru n k  and shoulder b read th  a re a  i s  

more c lo s e ly  in te g ra te d  th an  i s  apparen t in  phenotypic 

c o r r e la t io n s .  S im ila r ly , the  g e n e tic  t r e e  su g g ests  - a l in k  

between ex trem ety  b read th s  and w e ig h t/c irc u n fe ren c e  which i s  n o t 

ap p aren t in  the phenotypic c o r r e la t io n s .  D esp ite  th ese  

d i s t i n c t io n s ,  th e  o v e ra ll  im pression  i s  th a t  o f  a c lo se  

s im i la r i ty  o f  th e  prim ary c lu s t e r s .

Turning to  the l a t e n t  v ec to r s o lu tio n s  (e x h ib i ts  3*^8 and 

4 .1 2 ) i t  i s  obvious th a t  th e  o rd e rin g  o f  th a  components has 

changed in  the  two s o lu t io n s .  For th i s  reason  P ro c ru s te s  

ro ta t io n  i s  o f  l i t t l e  h e lp .  However, th e re  i s  a c le a r
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correspondence between most o f  the  components. These a re  l i s te d  

by an id e n tify in g  la b e l ,  followed by th e  g enetic  vec to r number 

and phenotypic v e c to r  number, r e s p e c t iv e ly .  The s im ila r  

components a re : (1) l in e a r i ty  [ 1 ,3 ] ,  (2) f a c ia l  h e ig h t [ 3 ,2 ] ,

(3) head s ize  [U,*t], (M) head and face  b read th s  [1 0 ,5 ] , (5 )

sk in fo ld s  [ 2 ,7 ] ,  (6 )  nose b read th  [ 8 ,8 ] ,  and (7) b ig o n ia l

d iam eter [6 ,9 1 . C o n trasts  between th e  two s o lu tio n s  appear in  

th e  o th e r components.

Minimum f ro n ta l  diam eter i s  spread over two (phenotypic) 

versus th re e  (g en e tic ) components in  th e  two s o lu t io n s . I t  

appears on i t s  own in  the n in th  g e n e tic  v e c to r , suggesting  th a t  

i t  i s  independent in  a t  l e a s t  a p o rtio n  o f  i t s  v a r ia n c e . Minimum 

f r o n ta l  diam eter a lso  p la y s  a p a r t  in  th e  te n th  phenotypic 

component, where i t  i s  co n tra s ted  w ith  b iacrom ia l d iam eter and 

ch es t b re a d th . In  the phenotypic so lu tio n  b i c r i s t a l  diam eter 

s p l i t s  i t s  in flu en ce  between limb c ircu m ference /ex trem ety  b read th  

(component 1) and th is  te n th  component, b u t n e i th e r  load ing  i s  

above 0 .3 . In  c o n tr a s t ,  the g en e tic  v e c to r  s o lu t io n  excludes 

b iacro m ia l d iam eter, b i c r i s t a l  d iam eter and c h e s t  b read th  

e n t i r e ly .  This suggests th a t  the g en e tic  s im i la r i ty  o f  the  tru n k  

b read th  m easures ( r e f le c te d  in  th e  dendrogram) i s  o u ts id e  o f  the  

g en e tic  vec to r s o lu tio n .

The g enetic  v ec to r so lu tio n  has a m ixture o f  

w eigh t/c ircum ference w ith  extrem ety b read th s  on component f iv e
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(along with some o th e r  v a r ia b le s ) .  T his echoes the c lu s t e r  

so lu tio n  fo r g e n e tic  c o r r e la t io n s ,  and i s  s im ila r  to  the  

phenotypic component which lin k s  extrem ety b read th s  and 

c irc u n fe re n c e s . D iffe ren ces  c reep  in ,  however, because the  

genetic  vecto r a lso  has s ig n i f ic a n t  lo ad in g s  fo r w r is t  b re a d th , 

minimum f r o n ta l  d iam e te r , and b ig o n ia l d iam e te r. These l a s t  two 

v a r ia b le s  are  in d ep en d en ts , and minimum f r o n ta l  d iam eter has 

a lread y  been mentioned as spread ing  i t s  in flu en c e  acro ss  sev e ra l 

v a r ia b le s ,. The e x is tan c e  o f  w r is t  b read th  on th i s  f i f t h  g e n e tic  

vecto r h ig h l ig h ts  a fu r th e r  d iffe re n c e  between th e  genetic  and 

phenotypic s o lu t io n s . The phenotypic s o lu t io n  in c lu d e s  a 

component r e f le c t in g  tra n sv e rse  d iam eters  o f  lim bs (component 7 ; 

b ico n d y la r hunerus, w r is t  b re a d th , b icondy lar fem ur). This 

component does n o t appear in  the  g en e tic  s o lu t io n .  W rist b read th  

jo in s  in  w ith  th e  mixed f i f t h  g e n e tic  v e c to r , w h ile  b icondy lar 

humerus and b ico n d y la r femur do n o t occur in  the so lu tio n  a t  a l l .  

N o n e th e less , th e se  th re e  do appear to  be re la te d  in  th e  g en e tic  

t r e e .  Once again  i t  may b e  th a t  th e  s im i la r i ty  o f  the- m easures 

o f  tra n sv e rse  lim b d iam eters i s  o u ts id e  th e  g en e tic  v ecto r 

s o lu t io n .

One o th er to p ic  which was in troduced  b r ie f ly  in  Chapter

1 .2 .M i s  the  c o r re la t io n  o f  two p h y sica l measurements due to  

t h e i r  d e f in i t io n  as  p a rt and whole. Examples o f  t h i s  s i tu a t io n  

in  the v a r ia b le  s e t  used in  th i s  s tu d y  a re :  (1) t o t a l  f a c ia l

h e ig h t ,  upper f a c i a l  h e ig h t ,  nose le n g th , and (2) s t a t u r e ,  

s i t t i n g  h e ig h t. These a re  defined as  p a r ts  and wholes in  one
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in d iv id u a l, and i t  may be t h a t  high phenotypic c o r re la t io n s  

between them are  due to  t h i s  confounding. However, when s ta tu re  

i s  measured on one member o f  a fam ily  and s i t t i n g  h e ig h t on a 

d i f f e r e n t  member the  p a r ts  and wholes dependency i s  not p re s e n t.

Thus th e  genetic c o r r e la t io n s  a llo w  a check a g a in s t s e r io u s

dependency due to  the  d e f in i t io n  o f  m easurem ents. The f a c t  th a t  

both o f  th ese  v a r ia b le  s e t s  show le v e l s  o f  g en e tic  c o r re la t io n  

s im ila r  to  th a t fo r  phenotypic c o r r e la t io n  can be taken  as

evidence ag a in s t the in f lu e n c e  o f  measurement d e f in i t io n

dependency. This argument can on ly  be developed fu r th e r  once 

reasonab le  e s tim a te s  o f  environm ental c o r r e la t io n  have been 

o b ta in e d .

Summarizing what we have learned  so f a r ,  th e re  i s  a f a i r l y  

c lose  agreement between th e  g en e tic  and phenotypic c o r re la t io n  

m a tr ic e s , a s  summarized by c lu s te r  a n a ly s is  and PCA-genetic 

v e c to rs . This i s  a re a s su r in g  f in d in g  given  th e  long h is to ry  o f  

using phenotypic c o r r e la t io n s  w ith o u t examining th e i r  g en e tic  

b a s is . I t  i s  a ls o  in  marked c o n tra s t  to  th e  r e s u l t s  rep o rted  by 

Cheverud and B u ikstra  (1981b) fo r nonm etric s k e le ta l  t r a i t s ,  

where th ey  re p o r t  la rg e  d if fe re n c e s  between g en etic  c o r re la t io n s  

and phenotypic c o r r e la t io n s .  This may be because o f  sm aller 

sample s iz e s  in  th e i r  s tu d y , th e  use o f  m o th er-o ffsp rin g  

c o r re la t io n s  to e s tim a te  h e r i t a b i l i t y  ( l e s s  l ik e ly ) ,  and a 

fundamental d if fe re n c e  in  nonm etric versus continuous t r a i t s .  I t  

emphasizes the need fo r  t h i s  study  to  be re p lic a te d  in  o th e r 

a re a s .
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5-2 D iscrim ian t A nalysis and Between Group H e r i ta b i l i ty

I t  i s  now tim e to  re tu rn  to  an exam ination o f between group 

v a r i a t io n .  The p a tte rn  o f  between group v a r ia t io n  has a lread y  

been examined by d isc r im in a n t a n a ly s is .  S ince th a t  po in t we have 

t r a v e l le d  through a m u lt iv a r ia te  maze examining th e  g en e tic  b a s is  

o f  w ith in  popu la tion  v a r ia t io n .  Can th e  in s ig h ts  gained by 

stu d y in g  the h e r i t a b i l i t y  o f  w ith in  popu la tion  var\g£jtion a id  in  

th e  in te r p r e ta t io n  o f  th e  g en e tic  b a s is  o f  between popu la tion  

v a r ia t io n ?

R ecalling  th e  d iscu ss io n  o f  between group h e r i t a b i l i t y  in  

Chapter 1 .3 .1* we see  th a t  th e re  i s  l im ite d  value  in  u s in g  the 

w ith in  group h e r i t a b i l i t y  e s t im a te s .  Making a l i s t  o f h ig h ly  

h e r i t a b le  t r a i t s  and then see ing  how many o f  these f ig u re  in  the  

between group v a r ia t io n  i s  a le s s  th an  s a t i s f a c to r y  approach from 

a th e o re t ic a l  s ta n d p o in t. However, i t  i s  p o s s ib le  to  use 

equation  [1 .1 0 ] to  d e riv e  e s tim a te s  fo r  th e  h e r i t a b i l i t y  o f  group 

means. T his between group component o f  h e r i t a b i l i t y  can be 

compared more p ro d u c tiv e ly  w ith th e  p a t te rn  o f  between group 

v a r ia t io n .

The c a lc u la tio n  o f  th e  h e r i t a b i l i t y  o f  group means re q u ire s  

e s tim a te s  fo r r  ( th e  genotypic in t r a c la s s  c o r re la t io n )  and t  ( th e
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phenotypic in t r a c la s s  c o r r e la t io n ) ,  a s  w ell as the  pooled w ithin 

group h e r i t a b i l i t y  which was obtained  in  c h a p te r  4 .2 .  The values 

fo r  pooled w ith in  group h e r i t a b i l i t y  appear in  the  f i r s t  column 

o f  e x h ib it  5 .2 ,  followed by th e  phenotypic in t r a c la s s  c o rre la tio n  

( t ) . The v a lu e s  o f t  a re  q u ite  s tra ig h tfo rw a rd  to  o b ta in , as 

they  a re  based on phenotypic v a lu e s . A v a lu e  fo r th e  genetic  

in t r a c la s s  c o r re la t io n  ( r )  re q u ire s  a l o t  more d e te c tiv e  work, 

s in ce  genotypic v a r ia t io n  cannot be observed d i r e c t ly .

A value f o r  r  can be c a lc u la te d  as tw ice  the average F value 

(F alconer 1960:233) in  the  sam ple. F v a lu e s  can be obtained from 

in d iv id u a l p ed ig rees , and averaged over th e  study  popu la tion . 

F r ied lae n d e r (1975:70) r e p o r ts  a value o f  F = 0.008 fo r  seven 

neighboring  v i l la g e s  in  th e  Siwai area o f  B ougainv ille  (an area 

n o t included  in  t h i s  s tu d y ) . He comments th a t  th e  Siwai 

g en ea lo g ica l d a ta  i s  the b e s t  a v a ila b le  f o r  B ougainv ille , bu t 

t h a t  th e r e  a re  s t i l l  many shallow  g en ea lo g ie s  ( lim ite d  to  two 

g e n e ra tio n s ) . Under th e se  c ircum stances many ped ig rees  w ill  have 

an F v a lu e  o f  0, and the  average over a l l  p ed ig rees  i s  a b e s t a 

lower bound. The value o f  F=0.008 i s  c e r ta in ly  in  the r ig h t  

range given o th e r e s tim a te s  fo r non-W estern s o c ie t ie s  (Spuhler 

1967).

The g en ea lo g ica l in form ation  from th e  s ix  study populations 

was checked fo r v a l id i ty  and co n sis te n cy , and loaded in to  a data  

base by sp e c ia l  purpose program s. F v a lu e s  were computed fo r
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C alcu la tio n  o f  between group h e r i t a b i l i t y  e s tim a te s  and the  
e ta -sq u a red  v a lu es  fo r  each v a r ia b le  fo r  males and fem ales.

K1-
W ithin T F ac to r Between Eta'M Eta^F

WEIGHT 0.420 0.181 0.562 0.236 0.149 0.189
SITHT 0.290 0.068 1 .702 0.494 0.101 0.030
STATURE 0.248 0.129 0.839 0.208 0.099 0.141
BIACROM 0.301 0.277 0.324 0.098 0.190 0.294
BICRIST 0.433 0.141 0.757 0.328 0.100 0.162
CHESTB 0.583 0.294 0.298 0.174 0.235 0.290
FOOTL ' 0.430 0.193 0.519 0.223 0.153 0.210
TFACHT 0.520 0.139 0.769 0.400 0.089 0.168
UFACHT 0.843 0.353 0.228 0.192 0.252 0.389
NOSEL 0.775 0.347 0.234 0.181 0.243 0.374
NOSEB 0.438 0.096 1.170 0.513 0.062 0.130
BICRUK 0.404 0.246 0.381 0.154 0.207 0.240
WRISTB 0.425 0.248 0.377 0.160 0.177 0.259
HANDB 0.673 0.374 0.208 0.140 0.293 0.400
HANDL 0.481 0.292 0.301 0.145 0.251 0.280
BICFEM 0.294 0.108 1 .026 0.302 0.086 0.110
FOOTB 0.595 0.311 0.275 0.164 0.252 0.334
HEADL 0.562 0.149 0.709 0.399 0.175 0.106
HEADB 0.521 0.074 1 -554 0.811 0.068 0.102
MFRONT 0.537 0.037 3.233 1 .737 0.042 0.028
BIZYGO 0.523 0.172 0.598 0.313 0.136 0.188
BIGON 0.583 0.177 0.578 0.337 0.100 0.199
HEADCR 0.521 0.051 2.311 1.204 0.035 0.078
UPARM 0.496 0.283 0.315 0.156 0.213 0.305
CALFC 0.423 0.083 1.372 0.580 0.060 0.095
TRISKN 0.368 0.172 0.598 0.220 0.055 0.147
SUBSKN 0.450 0.112 0.985 0.444 0.143 0.150

( 1 -  t  ) r
F ac to r = -------------------

( 1 -  r  ) t

E x h ib it 5*2 Between Group H e r i ta b i l i ty
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each in d iv id u a l by a program which accessed the in fo rm ation  in 

th e  g en ea lo g ica l data  b a se . In th re e  o f th e  popu la tions (R eefs, 

Kwaio, Lau) th e  g en ea log ica l reco rd s  were so shallow  th a t  a l l

in d iv id u a ls  had F v a lu e s  o f  0.0. In the remaining groups the  

va lu es  were:

Nagovisi F(ave) = 0.0167

A ita  F(ave) = 0.002

Baegu F(ave) = 0.0005

These values can be tak en  as a low er bound on the  t r u e  value 

o f  F (av e ), and combined in to  an o v e ra ll  average F o f  0.0064. 

T his i s  com forting ly  c lo se  to  F rie d la e n d e r1s e s tim ate  fo r  the  

S iw ai.

This value o f  F(ave) i s  th e  inbreeding  o f  in d iv id u a ls  

r e l a t i v e  to  th e i r  subpopulation ( F ( i s ) ) .  In a d d itio n , members o f  

a subpopulation w il l  sh a re  more genes in  because o f  the  

subdiv ided  popu la tion  s t r u c tu r e  (W right 1968-1977). This 

a d d i t io n a l  source o f  inb reed ing  can be in co rp o ra ted  in to  th e  

e s tim a te  by c a lc u la tin g  F ( s t ) ,  th e  inbreed ing  o f  a subpopulation  

r e l a t i v e  to  the t o t a l .  The value we use fo r  F ( s t)= 0 .04916 i s  

based on F r ie d la e n d e r 's  work on B ougainv ille  (F rie d la e n d e r , e t  

a l .  1971; F ried laen d er 1975). In using th i s  value we t a c i t l y  

assume th a t  i t  i s  a reasonab le  e s tim ate  from M alaita and th e  Reef
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Is lan d s  as w e ll. The equation  fo r  e s tim a tin g  the  inb reed ing  of 

the  in d iv id u a l r e la t iv e  to  the  t o t a l  p o p u la tio n  ( F ( i t ) )  i s :

F ( i t )  = F ( s t )  + F ( i s )  (1 - F ( s t ) ) .  [ 5 . 1 ]

Doubling the  value o f  l? ( i t )  we o b ta in  th e  e s tim a te  o f the  

param eter r= 0 .11049* The c a lc u la t io n s  invo lved  in  s u b s t i tu t in g  

th e  v a lu e  fo r  r  in to  the  ex p ress io n  fo r  h e r i t a b i l i t y  o f group 

means a re  shown in  the n ex t two columns o f e x h ib it  5*2. The 

e s tim a te s  fo r  between group h e r i t a b i l i t y  range from 0 .09  to  1.73* 

th e  l a t e r  va lue  serv ing  to  remind us th a t  th e se  e s tim a te s  a re  f a r  

from p e r fe c t .  In  f a c t ,  co n sid e rin g  the number o f assum ptions (o r  

educated guesses) involved  in  o b ta in in g  an  e s tim a te  f o r  the  

param eter r ,  we have probab ly  been q u ite  lu ck y . The e s tim a tio n  

eq u ation  fo r  the  h e r i t a b i l i t y  o f  group means i s  one o f  the  "n as ty  

eq u atio n s"  o f  p o p u la tio n  b io logy  which m u lt ip l ie s  and d iv id e s  

very  sm all numbers by o th e r  e q u a lly  sm all numbers (which a re  both 

im p rec ise ly  e s tim a te d ) , and hopes to  come up w ith  an answer in  

th e  expected range o f  0-1! A ccordingly , th e  v a lu es  fo r  h^ must 

be seen as  very  approxim ate, and perhaps on ly  worthy o f g ro ss  

d i s t in c t io n s  such as  "h ig h " , "medium" o r  "low ". N onetheless i t  

i s  im possib le  to  r e s i s t  the  tem p ta tio n  to  tak e  them a t  face v a lu e  

and compare them to  th e  le v e ls  o f phenotypic v a r ia t io n  between 

g roups.

The re la t io n s h ip  between the  pooled w ith in  group 

h e r i t a b i l i t y  and th e  h e r i t a b i l i t y  o f group means i s  p lo tte d  in
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BETWEEN
2.10+

1.40+

0.70+
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2 POINTS OUT OF BOUNDS

E x h ib it 5-3 P lo t o f  w ith in  v s . between group h e r i t a b i l i t y
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e x h ib it 5-3- Two v a r ia b le s  w ith between-group h e r i t a b i l i t y  

e s tim ates  over one tend to  dominate the  d is p la y . I f  these  p o in ts  

a re  d e le ted  the  rem aining 25 show l i t t l e  re la t io n s h ip  between

w ith in - and between-group h e r i t a b i l i t y  ( th e  lower p lo t ) .  The 

l in e a r  re la t io n s h ip  accounts fo r  le s s  than  11^ o f  the v a r ia t io n  

in  e i th e r  v a r ia b le .  There i s  a lso  l i t t l e  r e la t io n s h ip  between 

the  in t r a c la s s  phenotypic c o r re la t io n  ( t )  f o r  a g iven v a r ia b le , 

and i t s  w ith in  group h e r i t a b i l i t y  (e x h ib it  5*4). The l in e a r  

re la t io n s h ip  between t  and w ith in  group h e r i t a b i l i t y  accounts fo r  

only y}> o f  the  v a r ia t io n  in  e i th e r  v a r ia b le .  These two p lo ts

emphasize the  danger o f  s u b s t i tu t in g  w ith in  group h e r i t a b i l i t y  

when the  h e r i t a b i l i t y  o f group means should be used .

Turning to  the  r e la t io n s h ip  between the  h e r i t a b i l i t y  o f

group means and the phenotypic v a r ia t io n  between groups, we 

examine the  l a s t  two columns o f e x h ib it  5 -2 . These columns

con ta in  th e  e ta -sq u a red  v a lu es  fo r  m ales and fem ales fo r  each 

v a r ia b le .  This s t a t i s t i c  i s  th e  r a t io  o f  between group to  t o t a l  

v a r ia t io n  in  each t r a i t , la rg e r  va lu es  in d ic a tin g  g re a te r  

v a r i a b i l i t y  between groups (B la lock  1960:266). As shown in  

e x h ib it  5*5 th e re  i s  a c lo se  a s s o c ia t io n  between th e  e ta -sq u ared  

v ec to rs  fo r  m ales and fem ales, p a r t ic u la r ly  among the  v a r ia b le s  

w ith  la rg e r  e ta -sq u a red  v a lu es  (> 0 .2 5 ). This reconfirm s the  

g en era l s im i la r i ty  o f  the  p a t te rn s  o f  male and female between 

group v a r ia t io n .  The two noted excep tions a re  s i t t i n g  he ig h t and 

head len g th  which have d i f f e r e n t  le v e ls  o f between group 

v a r ia t io n  judged by u n iv a r ia te  e ta -sq u a red  v a lu e s . Note however
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E xh ib it 5*4 P lo t o f  t  v s .  w ith in  group h e r i t a b i l i t y
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th a t the u n iv a r ia te  p a tte rn  based on e ta -sq u a red  va lues does not 

reproduce the p a t te rn  o f m u lt iv a r ia te  re s id u a ls  fo llow ing a 

P ro cru stes  ro ta t io n  of two d isc rim in an t an a ly ses  (see  pages 

132-134).

Between group h e r i t a b i l i t y  i s  p lo tte d  a g a in s t  e ta-sq u ared  

values fo r  fem ales (e x h ib it  5 .6 )  and males ( e x h ib i t  5*7)• There 

i s  obviously some n eg ativ e  r e la t io n s h ip  between e ta -sq u ared  value 

and between group h e r i t a b i l i t y .  Once ag a in  the  two la rg e s t  

values o f  between-group h e r i t a b i l i t y  dominate the  p lo t s .  When 

these  v a lu es  a re  d e le ted  th e  p a t te rn  o f  the  n e g a tiv e  re la t io n s h ip  

i s  c le a re r  (low er p lo t ) .  In  bo th  sexes th is  l i n e a r  re la t io n s h ip  

accounts fo r  about 50? o f  th e  v a r ia t io n  in  e ta -sq u a re d . Although 

th i s  i s  a  com forting percen tag e  in  some ways, i t  s t i l l  leaves 

h a l f  o f th e  v a r ia t io n  unexp lained .

The 27 e s tim a te s  o f between group h e r i t a b i l i t y  may be ranked 

and then d iv ided  in to  th re e  s e t s .  These groups w i l l  be re fe rre d  

to  as "h igh” , "medium" and "low" between group h e r i t a b i l i t y  s e t s .  

Values g re a te r  then  0 .6  a re  c la sse d  as "h ig h " . V alues le s s  than 

0.19 a re  c la ssed  as "low ". Remaining values a re  termed "medium".

The h igh  between group h e r i t a b i l i t y  s e t  co n ta in s  the  

fo llow ing v a r ia b le s :  minimum f r o n ta l  d iam eter, head

circum ference and head b re a d th . The low h e r i t a b i l i t y  s e t
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co n ta in s: b iacro m ia l d iam eter, c h es t b re a d th , nose le n g th ,

b ico n d y la r humerus, w r is t  b re a d th , hand b re a d th , hand le n g th , 

fo o t b read th , and upper arm circum ference .

Examining those  v a r ia b le s  w ith the  h ig h e r e ta -sq u a re d  v a lu es  

(say the  ranked upper th i r d  in  both  males and fe m a le s ) , the  

fo llow ing  betw een-group phenotypic v a r ia t io n  appears to  be 

p rim arily  environm ental in  o r ig in :  ch es t b re a d th , nose le n g th ,

b ico n d y la r humerus, hand b re a d th , fo o t b re a d th , and upper arm 

circum ference . The v a r ia b le s  w ith  h ig h  between-group 

h e r i t a b i l i t y  v a lu e s  a re  conspicuous by t h i e r  absence from the  

l i s t  o f  h igh  e ta -sq u a re d  v a r ia b le s .  T his s i tu a t io n  in  f a c t  

p o in ts  up a danger in  re ly in g  on u n iv a r ia te  e ta -sq u a re d  v a lu es  in  

judging  which v a r ia b le s  make a c o n tr ib u tio n  to  betw een-group 

v a r ia t io n .  In  th e  p rev ious d isc r im in a n t a n a ly se s  head shape 

(rep resen ted  most o f te n  by head le n g th  and head c ircum ference) 

played an im portan t ro le  i n  between group v a r ia t io n .  This 

in fo rm atio n  has been l o s t  in  th e  exam ination  o f e ta -sq u a re d  

v a lu es  f o r  one v a r ia b le  a t  a tim e.

Note th a t  th e  h igh  between group h e r i t a b i l i t y  s e t  co n ta in s  

head b re a d th , which has proved im portan t in  the  d is c r im in a n t 

fu n c tio n s  fo r  both  sex es , and in  d isc r im in a n t fu n c tio n s  deriv ed  

by F r ied lae n d e r (1975) f o r  B ougainv ille  m ales. In  F r ie d la e n d e r 's  

d isc r im in a n t fu n c tio n s , head le n g th  i s  p a ire d  w ith  head b re a d th , 

and h ig h lig h ts  d if f e re n c e s  in  head shape ( c r a n ia l  index in  f a c t)
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between groups. Head b read th  was g e n e ra lly  le s s  im portan t in  the  

d isc rim in an t a n a ly s is  r e s u l t s  in  th is  s tu d y , and ap p a ren tly  

rep laced  in  im portance by head circum ference . F ried lae n d e r 

(1975:158) in te r p r e t s  d iffe re n c e s  in  head shape as r e f le c t in g  

g e n e tic  v a r ia t io n ,  on th e  (p o ssib ly  m islead ing) grounds th a t  head 

len g th  and head b read th  have r e la t iv e ly  h igh  w ith in  group 

h e r i t a b i l i t y  v a lu es  in  some o th e r p o p u la tio n s . This conclusion  

i s  supported by th e se  r e s u l t s ,  which a re  c o r r e c t ly  based on the  

h e r i t a b i l i t y  o f group means. This r e s u l t  looks prom ising fo r  

those  who would claim  th a t  d isc rim in an t a n a ly s is  i s  p ick in g  up 

p r im a rily  g e n e tic  d if fe re n c e s  in  th e  second d isc r im in a n t fu n c tio n  

f o r  both males and fem ales. U n fo rtu n a te ly  t h i s  sim ple view i s  

co n tra d ic ted  by th e  o b serv a tio n  th a t  hand b read th  and fo o t 

b read th  a re  a lso  im portan t in  th e  same fu n c tio n . Between-group 

v a r ia t io n  in  hand b read th  and fo o t b read th  i s  judged to  be 

p r im a rily  environm ental in  o r ig in !  Taken a t  face  v a lu e , t h i s  

suggests  th a t  th e  d isc rim in an t fu n c tio n  mixes v a r ia b le s  which 

re p re se n t both g e n e tic  and environm ental group d if f e r e n c e s .  This 

may in  f a c t  be a  v ery  su cc e ss fu l s t r a te g y  f o r  maximizing g en e tic  

between group d if f e r e n c e s . Given a  p o s i t iv e  g e n e tic  and 

phenotypic c o r r e la t io n  between head measures and extrem ety 

b read th s  the  c o n tra s t  o f th ese  two measurement p a ir s  in  th e  

d isc r im in a n t fu n c tio n  may su c c e ss fu lly  e x tr a c t  th e  environm ental 

v a r ia t io n  in  extrem ety b read ths (as  i f  c o v a r ia te s )  from th e  

g e n e tic  c o n tra s t  based on the head measurements. This would mean 

th a t  the  canon ica l v a r ia te  formed as a  weighted com bination o f  

th e  o r ig in a l v a r ia b le s  might re p re se n t p r im a rily  g e n e tic  

d if fe re n c e s . U n fo rtu n a te ly , the  u n iv a r ia te  s tu d y  o f
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between-group h e r i t a b i l i t y  cannot illu m in a te  th i s  a rea  f u r th e r .  

What i s  req u ired  here i s  some m u ltiv a r ia te  g e n e ra l iz a t io n  o f 

between group h e r i t a b i l i t y  which can in c lu d e  the  

in te r r e la t io n s h ip s  between the v a r ia b le s .  Such a fo rm u la tio n  

might s t a r t  w ith c ro ss  t r a i t  in t r a c la s s  c o r r e la t io n s  and c ro ss  

t r a i t  h e r i t a b i l i t i e s .  However, th is  i s  som ething to  be l e f t  fo r  

fu tu re  work.

Summarizing th e  o b serv a tio n s  made in  th i s  s e c t io n ,  between 

group h e r i t a b i l i t y  p re sen ts  a  d i f f e r e n t  p ic tu re  from th a t  o f  

w ith in  group h e r i t a b i l i t y .  The claim  th a t  between group 

v a r ia t io n  i s  g e n e tic  in  o r ig in  fo r  t r a i t s  w ith  s ig n i f ic a n t  w ith in  

group h e r i t a b i l i t y  may be s e r io u s ly  m is le ad in g . In  t h i s  study 

upper f a c ia l  h e ig h t i s  an example o f  a  v a r ia b le  w ith  a 

s u b s ta n t ia l  w ith in  group h e r i t a b i l i t y  (0 .8 4 ) h u t a low between 

group h e r i t a b i l i t y  (0 .19)*  The phenotypic v a r ia t io n  between the  

s ix  popula tions s tu d ied  does appear to  have a s ig n i f ic a n t  g en e tic  

b a s is  as judged by the  between group component o f  h e r i t a b i l i t y .  

In  p a r t iu la r ,  v a r ia t io n  in  head c ircum ference , minimum f r o n ta l  

diam eter and head b read th  between th e se  groups seems to  r e f l e c t  

g en e tic  d if f e re n c e s . Between group v a r ia t io n  in  extrem ety 

b re a d th s , b iacrom ia l d iam eter, ch es t b read th  and upper arm 

circum ference appears to  be p rim a rily  environm ental in  o r ig in .  

Severa l f a c ia l  measures (bizygom atic d iam e te r , b ig o n ia l  d iam eter, 

t o t a l  f a c ia l  h e ig h t)  appear to  be in te rm e d ia te  in  the  g en e tic  

component of between group v a r ia t io n . Some s tro n g  c o n tra s ts  

appear in  a s in g le  organ. This i s  dem onstrated in  the  nose where
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n o  s o  b r e a d t h  h a s  s l ig h t ly  h ig h er va lu es  folr between ( 0 - 5 1  ) than 

fo r  w ith in  (0 .44) group h e r i t a t i b i l i y .  In  c o n t r a s t ,  nose len g th  

has a s u b s ta n t ia l  value fo r  w ith in  group h e r i t a b i l i t y  (0 .77 ) but 

a low between group h e r i t a b i l i t y  value (0 .1 8 ) . C le a rly  th e re  i s  

s t i l l  much work to  be done in  r e la t in g  between group h e r i t a b i i ty  

to  phenotypic d if fe re n c e s , e sp e c ia lly  when s e v e ra l  v a r ia b le s  are  

in te r r e la te d  in  some fa sh io n .

5*3 P ro sp ec ts

This work has been d ire c te d  by two themes concerning the  

n a tu re  o f anthopom etric v a r ia t io n .  The f i r s t  theme concerns 

anthropom etric  v a r ia t io n  and c o v a r ia tio n  w ith in  p o p u la tio n s , and 

might be summarized as fo llow s:

phenotypic (c o )v a r ia t io n  = g en e tic  ( c o )v a r ia t io n

+

environm ental (c o )v a r ia t io n  

+

re s id u a l  ( c o )v a r ia t io n .

This i s  a r a th e r  bald summary o f a  very  complex p ro c e ss , b u t i t  

i s  g iven  here to  emphasize the  need to  look beyond phenotypic 

v a r ia t io n  and c o v a r ia tio n . In  p a r t i c u la r ,  th e  phenotypic 

c o r re la t io n  between t r a i t s  must be decomposed in to  i t s  component
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p a r ts  i f  p rogress is  to  be made on the underly ing components o f 

p h y sica l v a r ia t io n .  The exam ination o f genetic  c o r r e la t io n s  in  

th e  Solomon Is la n d s  da ta  se t led  to  the  same p ic tu re  o f

c o v a r ia tio n  between v a ria b le s  as d id  the phenotypic c o r r e la t io n s .  

This i s  c e r ta in ly  re a ssu rin g , b u t does n o t excuse us from 

examining g enetic  and environm ental components o f  phenotypic 

v a r ia t io n  in  o th e r popu la tions.

The c a lc u la tio n  o f an environm ental c o r re la tio n  m atrix  

between t r a i t s  was e n t i r e ly  unsuccessfu l in  the Solomon Is la n d s  

d a ta  s e t .  I t  i s  n o t c lea r why the p ro cess  f a i l e d ,  b u t more work 

c le a r ly  needs to  be done in  th is  a r e a .  In f a c t ,  th e  whole 

problem o f  d e fin in g  and c o l le c t in g  s u i ta b le  m easures o f

environment ream ains the  most p re ss in g  problem in  the  study  o f  

physica l v a r ia tio n  and i t s  causes. Although environm ental 

indexing (Morton 197**; G ulbrandsen, Morton, Rhoads, Kagan and 

Lew 1977; Morton and Chung 1978; Morton and Rao 1978; • Rao e t  

a l .  1975,1976) makes a s t a r t ,  i t  i s  bu t a sm all beg inn ing . One 

p a r t i c u la r ly  d i f f i c u l t  problem i s  th a t  th e  ’’environment" 

experienced  by a growing ch ild  i s  a c tu a lly  a s e r ie s  o f  re la te d

events ordered in  tim e. When measurements on c h ild re n  a re

included in  e stim ates  o f  h e r i t a b i l i t y ,  th e  c a lc u la tio n s  w i l l  

in e v ita b ly  become involved with q u a n t i t ie s  which v ary  over tim e. 

For th is  reason th e  c a lc u la tio n  o f  fa m ilia l  c o r re la t io n s  must 

sooner o r la te r  consider tem poral v a r ia t io n  in  more d e t a i l . 

S tu d ie s  o f  tem poral v a r ia tio n  in  p a re n t-o ffsp r in g  and s ib - s ib  

c o r re la t io n s  produce a v a r ie ty  o f  in te r e s t in g  p a tte rn s  suggesting
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t r a n s ie n t  environm ental e f f e c t s  and age lim ited  genes. L ikew ise, 

c a re fu l a t te n t io n  to  the sex o f in d iv id u a ls  in  c a lc u la t in g  

c o r r e la t io n s  has led  to observed p a t te r n s  su g g estin g  m aternal 

e f f e c t s  and sex lin k ed  g en es . At p re s e n t, however, th e re  i s  no 

way to b r in g  th i s  view o f  th e  causes o f  v a r ia t io n  in  fa m il ia l  

c o r r e la t io n s  in to  l in e  w ith  th e  r a th e r  s t a t i c  concept o f 

h e r i t a b i l i t y .  The pop u la tio n  norm or range o f re a c t io n  (Lewontin 

1974, 1975) may u lt im a te ly  p rove a more u se fu l concept th an  

h e r i t a b i l i t y .  L on g itu d in al s tu d ie s  o f c h i ld  grow th, which 

in c lu d e  a p p ro p ria te  m easures o f  environm ent p lu s  p a re n ts  

m easurem ents, may e v e n tu a lly  prove o f  g re a te r  va lue  to  

u n d erstand ing  th e  causes o f  p h y sica l v a r ia t io n  than  s tu d ie s  o f 

a d u l t s .

The p a th  models them selves may need to  be extended to  

in c lu d e  fa c to rs  such as gene-environm ent co v arian ce , m aternal 

e f f e c t s ,  dominance, and genotype-environm ent in te r a c t io n s .  

However, i t  seems to  me th a t  sim pler m odels are more l ik e ly  to  be 

su c c e ss fu l in  th e  study o f  anthropom etric  v a r ia t io n .  Very la rg e  

sam ples (and o b se rv a tio n s  on more rem ote b io lo g ic a l 

re la t io n s h ip s )  a re  req u ired  to  f i t  th e  more s o p h is tic a te d  m odels. 

But in  o rd e r to  g e t these l a r g e r  samples i t  may be neccessary  to  

in c lu d e  in d iv id u a ls  from d i f f e r e n t  su b p o p u la tio n s , a procedure 

which r a i s e s  i t s  own problem s (se e  below ).

The second theme which has guided t h i s  work c o n sid e rs
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v a r ia t io n  between p o p u la tio n s  versus v a r ia t io n  w ith in  

p o p u la tio n s . The c a lc u la tio n  o f h e r i t a b i l i t y  e s tim a te s  based on 

" n a t io n a l” samples (which ignore the d i f f e r e n t i a t io n  o f  

subpopu lations) has been shown to  give in f la te d  h e r i t a b i l i t y  

e s tim a te s . In a d d itio n , the  d a ta  from th e  Solomon Is la n d s  has 

been used to  show th a t  the  h e r i t a b i l i t y  o f  a t r a i t  w ith in  a 

p o p u la tio n  i s  n o t very u se fu l in  p re d ic tin g  the  p ro p o rtio n  o f  

v a r ia t io n  between groups which i s  g enetic  in  o r ig in .  The c o r r e c t  

s t a t i s t i c  fo r e stim atin g  th e  g en e tic  p ro p o rtio n  o f  betwen group 

v a r ia t io n  i s  th e  h e r i t a b i l i t y  o f  group m eans. The h e r i t a b i l i t y  

o f  group means i s  examined in  a u n iv a r ia te  fash ion  in  th is  s tu d y , 

bu t i t  i s  c lea r  th a t  a m u lt iv a r ia te  g e n e ra liz a tio n  i s  n ecce ssa ry . 

This should  be an im portan t goal in  fu tu re  work on between group 

v a r ia t io n .

The pooling  o f d a ta  from s ix  p o p u la tio n s  was neccessary  in  

th e  Solomon Is la n d s  d a ta  s e t  in  o rder to  o b ta in  reaso n ab le  

e s tim a te s  fo r g e n e tic  c o r re la t io n  m a tr ic e s . This a r i s e s  in  p a r t  

because th e  asym ptotic behaviour o f  the  g en e tic  c o r r e la t io n  

c o e f f ic ie n t  i s  to  tend  to  i n f i n i t y  when i t  should  tend to  z e ro . 

A lso, th e  p ro b a b ility  o f  o b ta in in g  g en etic  c o r re la t io n s  o u ts id e  

th e  range -1 .0  to  1 .0  in c re a se s  as th e  number o f  measurements 

in c re a se s  (H il l  and Thompson 1978). These o b se rv a tio n s  r a is e  two 

p o in ts ,  th e  f i r s t  concerning the  need fo r more robust e stim atio n  

te ch n iq u es  and th e  second concerning the number o f  v a r ia b le s  

exam ined.
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My experiences w ith the  c a lc u la tio n  o f  innum erable 

c o r re la t io n  c o e f f ic ie n ts  i s  th a t  th ey  a re  to o  su sc e p tib le  to  

o u t l i e r s  and non-norm ally d is tr ib u te d  d a ta . Although Tukey 

(1977) and o th e rs  (D ev lin , Gnanadesikan and K e tten rin g  1975) have 

exanined the  perform ance o f a number o f ro b u st c o r r e la t io n - l ik e  

c o e f f ic ie n t s ,  th e re  is  s t i l l  a need fo r fu r th e r  work in  th i s  

a re a . There is  a lso  a need fo r a genera l re fo rm u la tio n  o f th e  

gen etic  and environm ental c o r re la t io n  eq u a tio n s  in  ways which 

render them le s s  s u s c e p tib le  to  g iv in g  o u trageously  la rg e  r e s u l t s  

f o r  t r a i t s  o f  e s s e n t ia l ly  zero h e r i t a b i l i t y .

The s ize  o f  the v a r ia b le  s e t  used in  t h i s  study  has proved a 

burden, as 27 X 27 m a trices  are n o t easy to  take in  a t  a g la n ce , 

o r  even summarize with a m u lt iv a r ia te  te ch n iq u e . The id ea  o f  

m easuring every th ing  p o s s ib le  because we never know what w i l l  be 

im portan t ( th e  "shotgun approach") must be rep laced  by th e  use o f  

a few s e le c te d  v a r ia b le s  ( l e s s  than  10 i f  th e  m a tr ic e s  a re  to  be 

m anageable). One suggestion  which a r is e s  from th e  a n a ly s is  o f  

th e  Solomons d a ta  i s  th a t  c ra n io fa c ia l  v a r ia b le s  be analyzed 

s e p a ra te ly . There appears to  be o n ly  a low phenotypic o r g en e tic  

c o r re la t io n  between c ra n io fa c ia l  v a r ia b le s  and the r e s t  o f  th e  

body. S epara te  a n a ly s is  o f  c ra n io fa c ia l  and body v a r ia b le s  using  

th e  s e t  o f  m u ltiv a r ia te  h e r i t a b i l i t y  techn iques would lead  to  two 

sm aller and more manageable m a tr ic e s . C arefu l c o n s id e ra tio n  

should a lso  be given to  choosing th e  minimal s e t o f  v a r ia b le s  

which a re  neccessary  in  a p a r t ic u la r  a n a ly s is .  U n fo rtu n a te ly , 

however, the  in te r e s t in g  data on r e l a t iv e  p ro p o rtio n s  i s  on ly
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l ik e ly  to emerge when a s u f f ic ie n t  number o f  v a r ia b le s  are  

in c lu d e d .

F in a lly , th e  most im portan t p ro sp ec t fo r  fu tu re  work i s  th a t  

th e se  tech n iques be re p lic a te d  on o th e r p o p u la tio n s . As Sewell 

W right (1968:1^1) has observed: "The s c i e n t i f i c  p rocess c o n s is ts

to  a la rg e  ex ten t o f  an i n d e f in i t e ly  extended a l te r a t io n  o f  a 

p r io r i  in fe re n c e s  and em p irica l t e s t s . "  The a ttem pt to  app ly  

th ese  tech n iques to  o th e r p o p u la tio n s  w i l l  h e lp  to  id e n t i fy  th e  

d e f ic ie n c ie s  and weaknesses o f th e  p re se n t models and 

c o n c lu s io n s .
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The follow ing is  th e  t e x t  o f  a GENSTAT macro to  so lve the  m atrix  
equations fo r h e r i t a b i l i t y  based on th e  path  model proposed by 
C.C. L i. The f i r s t  macro i s  follow ed im m ediately by a second 
macro which takes the  c ro ss  t r a i t  h e r i t a i l i t y  m atrix  and converts  
i t  to a genetic  c o r re la t io n  m a trix . S u ita b le  changes to  th e  
d e c la ra tio n s  in  th e  second macro a llow  i t  to  produce an 
environmental c o r r e la t io n s  m a trix .

'MACRO' LISOLVE $
i i

SOLVING LI EQUATIONS FOR HERITABILITY

THIS MACRO EXPECTS THE FOLLOWING STRUCTURES TO HAVE BEEN 
DECLARED IN THE CALLING PROGRAM:

'POINTER' P = TRAITS P POINTS TO A LIST OF THE TRAITS.
' SYMMAT' RPP $ P CORRELATION BETWEEN PARENTS
'SYMMAT' RPO $ P CORRELATION BETWEEN PARENTS AND

OFFSPRING
•SYMMAT' ROO $ P CORRELATION BETWEEN OFFSPRING
'SYMMAT' HSQUARED $ P HERITABILITES TO BE RETURNED

11
'LOCAL' P,MO,GAMMA 
'POINTER' P = TRAITS 
'SYMMAT' MO $ P 
'SYMMAT' GAMMA $ P 
"SOLVE FOR H SQUARED VALUES"
'CALC' HSQUARED = RPO /  (0 .5  * (1 .0  + RPP))
’LINES' 5
'CAPTION' "MATRIX OF H SQUARED VALUES"
'PP.INT' HSQUARED $ 9.4
"SOLVE FOR” GENETIC "CORRELATION BETWEEN SPOUSES (MO)" ,
'CALC' MO = HSQUARED « RPP 
'LINES' 5
'CAPTION' "MATRIX OF GENETIC CORRELATIONS BETWEEN SPOUSES" 
•PRINT' MO $ 9 .4
"SOLVE FOR CCMMON ENVIRONMENT FACTOR GAMMA"
'SYMMAT' GAMMA $ P
•CALC' GAMMA = ROO -  (0 .5  * (1 .0  -tMO) * HSQUARED)
'LINES' 5
'CAPTION' "COMMON ENVIRONMENT FACTOR GAMMA"
'PRINT' GAMMA $ 9 .4  
'DEVALUE' P,MO.GAMMA 
'ENDMACRO'
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’MACRO* GMATRIX $
t t

RETURNS A GENETIC CORRELATION MATRIX WHEN SUPPLIED WITH A 
MATRIX OF CROSS TRAIT HERITABILITY VALUES.

THIS MACRO EXPECTS THE FOLLOWING STRUCTURES TO HAVE 
BEEN DECLARED IN THE CALLING PROGRAM:

’SYMMAT' RG GENETIC CORRELATION MATRIX RETURNED
’SYMMAT’ HSQUARED HERITABILITIES TO BE SUPPLIED
’SYMMAT' SERROR STANDARD ERRORS OF GENETIC CORRELATIONS
’POINTER' P = TRAITS P POINTS TO A LIST OF THE TRAITS
’ SYMMAT' R PHENOTYPIC CORRELATIONS TO BE SUPPLIED
•SCALAR' N NUMBER OF OBSERVATIONS

RETURNS STANDARD ERROR = 10 FOR NEGATIVE VARIANCE ESTIMATES
t t

’LOCAL’ DVEC,DENOM .TEMPI, HVEC, DRECIP, HVALS, HVALST, SUMS, SIGLEV 
'MATRIX' SIGLEV $ P,P 
'DIAGMAT' DVEC $ P
"EXTRACT DIAGONAL OF H SQUARED VALUES"
'CALC' DVEC = HSQUARED
"FORM A MATRIX OF SUITABLE DENOMINATORS"
' VARIATE ’ HVEC $ P 
'MATRIX' DENOM $ P ,P  

, 'EQUATE' HVEC = DVEC
•CALC' DENOM = PDTT(HVEC;HVEC)
'CALC' DENOM = SQRT(DENOM)
' 'ELEMENT DIVIDE H SQUARED BY DENOMINATOR' ’
' CALC' RG = HSQUARED/DENOM 
'LINES' 5
'CAPTION' "GENETIC CORRELATION MATRIX"
'PRINT' RG $ 9 .4  
11

COMPUTE THE STANDARD ERRORS FOR GENETIC CORRELATIONS USING THE 
FORMULA GIVEN BY TURNER AND YOUNG P. 127 
PLACE HiHj IN DENOM FOR C

11
'CALC' DENOM = PDTT(HVEC;HVEC)
"SE T UP RECIPROCAL OF D "
'SYMMAT' DRECIP $ P
'MATRIX' SUMS*HVALS, HVALST $ P ,P
'EQUATE' HVALST = 27 (DVEC)
'CALC' HVALS = TRANS(HVALST)
'CALC' HVALS = 1 .0  /  HVALS
'CALC' HVALST = 1 .0  /  HVALST
'CALC' SUMS = HVALS + HVALST
'CALC' DRECIP = 0 .5  * SUMS
'DEVALUE' SUMS .HVALS, HVALST
"WORK ON STANDARD ERRORS IN SEVERAL STEPS"
'CALC' SERROR = ((  RG * DRECIP ) -  ( R /  DENOM ))
'CALC' SERROR = 4 * SERROR * SERROR "LAST TERM"
'SYMMAT' TEMPI $ P
'CALC' TEMPI = 2*( 1 -  (RG*RG))*(1 -  (R*R)) /  (DENOM*DENOM)
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'CALC' TEMPI = (0 .5  * ((1 -  (RG * RG))**2)) + TEMPI 
' ’ FIRST TERM ' ’
'CALC' SERROR = (TEMPI + SERROR) /  N 
"SET VARIANCE TO 100 IF .LE. 0 "
'CALC' SERROR = (SERROR.GT.0)*SERR0R + (SERROR. LE. 0)*100.0 
'CALC' SERROR = SQRT(SERROR)
'LINES' 5
'CAPTION' "STANDARD ERRORS FOR GENETIC CORRELATIONS"
'PRINT' SERROR $ 9-4
'DEVALUE' P,DVEC,HVEC,DENOM,DRECIP,TEMPI 
'LINES' 5
'CAPTION* "NON ZERG ELEMENTS OF RG MARKED AS 1 .0 "
i i

TEST SIGNIFICANCE OF ELEMENTS OF (XNETIC CORRELATION MATRIX 
AGAINST THE STANDARD ERROR OF THAT ELEMENT

11
'CALC' SIGLEV = (RG .GE. (2 .0  * SERROR))
'PRINT' SIGLEV $ 3.0 
'ENDMACRO'
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The te x t  o f  a GENSTAT macro to  perform  e x tra c tio n  o f  gen e tic  
v ec to rs  by the method o f H ashiguchi and Morishima (1969) i s  
included here . I t  a lso  e x tr a c ts  l a te n t  ro o ts  and v ec to rs  from 
th e  phenotypic c o r r e la t io n  m atrix  fo r  comparison w ith  the  g en e tic  
v e c to r s .

’MACRO’ GENVEC $
11

GENETIC VECTORS BY THE METHOD OF HASHIGUCHI AND MORISHIMA 
BIOMETRICS 25:9-15. (1969).

THE MACRO ASSUMES THE FOLLOWING STRUCTURES HAVE BEEN DECLARED IN 
THE CALLING PROGRAM:

’SCALAR' NUMVEC NUM OF GENETIC VECTORS TO ROTATE
'SCALAR' TOTVEC TOTAL NUMBER OF VARIATES IN ANALYSIS
' SYMMAT' R $ TRAITS PHENOTYPIC CORRELATIONS
’SYMMAT’ RG $ TRAITS GENETIC CORRELATIONS
’NAME’ TRAITS POINTS TO NAMES OF TRAITS
' VARIATE' HVEC $ TRAITS VECTOR OF HERITABILITY ESTIMATES

FOR TRAITS
’MATRIX' ROTATED $ TRAITS»NUMVEC ROTATED GENETIC VECTORS 
’MATRIX’ ROTATEDP $ TRAITS,NUMVEC ROTATED PHENOTYPIC VECTORS 
’MATRIX’ GVECTORS $ TRAITS,TRAITS FULL GENETIC VECTORS MATRIX

» i
’LOCAL’ LOADINGS, VECTORS, EVALUES,TRCE, GVEC(1 . . . TOTVEC),

PERCENT,HI,H2,LROOT(1. ..TOTVEC),BITS(1. ..TOTVEC),
1 iMP(1. . .TOTVEC),TRANSLOA D, GENHS QR 

’VARIATE' GENHS QR 
’MATRIX’ VECTORS $ TRAITS, TRAITS 
'DIAGMAT' EVALUES, PERCENT $ TRAITS
t c r n T A o i  T o r e
I I

EIGEN ANALYSIS OF R
II
•LRV’ R;VECTORS,EVALUES,TRCE 
’LINES’ 5
’CAPTION' " * *  PHENOTYPIC LATENT ROOTS AND PERCENT OF TRACE «*”  
'PRINT/LABC=1 ' EVALUES $ 9.*»
'LINES’ 1
’CALC’ PERCENT = 100.0  « EVALUES /  TRCE 
'PRINT/LABC=1’ PERCENT $ 9 .2  
’LINES’ 2
’CAPTION’ "  ** PHENOTYPIC LATENT VECTORS (COLUMNWISE) *» "
'PRINT/LABC=1' VECTORS $ 9 .4  
11

FIND HERITABILITY OF LATENT ROOTS 

BEGIN BY BUILDING K*SIGMA-G*K IN H1
i »
'CALC' HVEC = SQRT(HVEC)
’MATRIX’ H1,H2 $ TRAITS,TRAITS
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'EQUATE' HI = HVEC 
'CALC' H2 = TRANS (HI)
'CALC' H1 = H1 *H 2 * RG
1 f

NOW PREMULT BY THE TRANSPOSE OF VECTORS TO GET THE (ROW WISE) 
GENETIC VECTORS

t  t

'CALC' GVECTORS = TPDT(VECTORS;H1)
» t

NOW SCALE THE GENETIC VECTORS BY THE LATENT ROOTS FROM R
i  i

•VARIATES' GVECCl ...TOTVEC) $ TRAITS 
’SCALAR’ LROOTCl... TOTVEC)
» T

UNRAVEL ROW WISE INTO VARIATES
t  i

’EQUATE’ GVECCl. ..TOTVEC) = GVECTORS 
’EQUATE’ LROOT(1...TOTVEC) = EVALUES
’ CALC’ GVECd . ..TOTVEC) = GVEC(1. .  .TOTVEC) /  LROOT(1. .  .TOTVEC)
i  t

TRANSPOSE BACK INTO GVECTORS SO A COL IS A GENETIC VECTOR
i  i

’EQUATE' GVECTORS = GVEC ( 1 . . .  TOTVEC)
’CALC’ GVECTORS = TRANS(GVECTORS)
’LINES’ 5
’CAPTION' ”  *« GENETIC VECTORS (COLUMNWISE) ** ”
' PRINT/LABC=1’ GVECTORS $ 9 .4
i  i

COMPUTE HERITABILITY OF GENETIC VECTORS 

UNRAVEL VECTORS INTO VARIATES GVEC
11
’CALC' VECTORS = TRANS(VECTORS)
’VARIATES1 TEMP( 1 . . . TOTVEC) $ TOTVEC 
'SCALAR' BITS( 1 . ..TOTVEC)
’EQUATE’ GVEC(1. ..TOTVEC) = VECTORS
’CALC’ TEMPd...TOTVEC) = PDT(H1;GVEC(1. ..TOTVEC))
’CALC’ BITS( 1 . . . TOTVEC) = TPDT(TEMP(1. . .TOTVEC);GVEC(1. . .TOTVEC))
t  t

SCALE BITS BY EIGENVALUES IN LROOT
i  t

’CALC’ BITS(1...TOTVEC) = BITS(1. . .TOTVEC) /  LROOT(1. . .TOTVEC) 
'EQUATE' GENHS QR = BITS(1. .  .TOTVEC)
'LINES' 3
’CAPTION’ ”  *» HERITABILITY OF GENETIC VECTORS «« ’ ’
’PRINT/LABR=1,VAR=1' GENHS QR $ 9 .4
I I

PREPARE TO VARIMAX ROTATE THE FIRST NUMVEC GENETIC VECTORS 
SAVING THE LOADINGS VECTORS IN MATRIX ROTATED

t  i

'MATRIX' LOADINGS $ TRAITS , NUMVEC 
'MATRIX' TRANSLOAD $ NUMVEC , TRAITS
i  t

PLACE GVECTORS BACK INTO GVEC AND THEN GRAB THE FIRST NUMVEC
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COLS FOR THE ROTATION
I f
•CALC1 GVECTORS = TRANS(GVECTORS)
•EQUATE' GVECCl ...TOTVEC) = GVECTORS 
•EQUATE' TRANSLOAD = GVEC(1 . . . NUMVEC)
•CALC’ LOADINGS = TRANS(TRANSLOAD)
• FACROT • LOADINGS -.ROTATED
•CAPTION' ’ • GENETIC VECTORS ***** »t
•PRINT' ROTATED $ 9.
II

PREPARE TO VARIMAX ROTATE THE FIRST NUMVEC PHENOTYPIC VECTORS

UNRAVEL VECTORS COLUMNWISE INTO VARIATES GVEC REMEMBERING 
THAT VECTORS HAVE ALREADY BEEN TRANSPOSED

i t
•EQUATE' GVEC(1...TOTVEC) = VECTORS 
•EQUATE' TRANSLOAD = GVEC(1. . .NUMVEC)
•CALC' LOADINGS = TRANS (TRANSLOAD)
•FACROT' LOADINGS;ROTATEDP
'CAPTION' "  PHENOTYPIC VECTORS ***•» »'
'PRINT' ROTATEDP $ 9 -1*
'DEVALUE' LOADINGS,GVECCl...TOTVEC),LROOT(1. . .TOTVEC),

PERCENT,BITS(1 . .  .TOTVEC) .TEMPO . .  .TOTVEC) ,
T RANSLOA D, GENHS QR,
H1, H2, VECTORS, EVALUE S, TRCE

'ENDMACRO'
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