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Abstract Allele frequencies from seven polymorphic red cell an
tigen loci (ABO, Rh, MN, S , P, Duffy, and Diego) were examined 
in 144 Native American populations. Mean genetic distances (Nei’s 
D) and the fixation index Fsr are approximately equal for the North 
and South American samples but arc reduced in the Central Amer
ican geographic area. The relationship between genetic distance and 
geographic distance differs markedly across geographic areas. The 
correlation between geographic distance and genetic distance for the 
North and Central American data is twice as large as that observed 
for the South American samples. This geographic difference is con
firmed in spatial autocorrelation analyses; no geographic structure 
is apparent in the South American data but geographic structure is 
prominent in North and Central American samples. These results 
confirm earlier observations regarding differences between North and 
South American gene frequency patterns.

T e c h n o lo g ic a l  a d v a n ce s  in  tw o  a re a s  in  th e  1 9 8 0 s  h a v e  p ro v id ed  n ew  
to o ls  fo r  a s se s s in g  g e n e t ic  v a r ia b ility  in  h u m a n  p o p u la tio n s  at a  le v e l  o f  
re s o lu tio n  p re v io u s ly  u n a tta in a b le . M o le c u la r  b io lo g y  re s tr ic t io n  f ra g 
m e n t le n g th  p o ly m o rp h ism s  ( R F L P s )  an d  D N A  s e q u e n c e  d a ta  h a v e  p ro 
d u ced  n ew  and  im p o rta n t in s ig h ts  in to  h u m a n  e v o lu tio n  [ e .g . ,  C a n n  et 
a l. ( 1 9 8 7 )  and  D i R ie n z o  and  W ils o n  ( 1 9 9 1 ) ]  and  m o s t re c e n tly  h a v e  
b e g u n  to  b e  u sed  to  e x a m in e  th e  e v o lu tio n a ry  d y n a m ic s  and  b io lo g ic a l  
h is to ry  o f  N a tiv e  A m e r ic a n  p o p u la tio n s  [ e .g . ,  K id d  e t  a l. ( 1 9 9 1 ) ,  W a l
la c e  (th is  is s u e ) ,  W a rd  e t  a l. ( 1 9 9 1 ) ,  P a a b o  ( 1 9 8 6 ) ,  P a a b o  e t  a l. ( 1 9 8 8 ) ,  
and  S h e a r in  e t a l. ( 1 9 8 9 ) ] .  S im u lta n e o u s  d e v e lo p m e n ts  in  c o m p u te r  te c h 
n o lo g y , e s p e c ia lly  c o m p u te r  g r a p h ic s , n o w  p e rm it v isu a l d isp la y  o f  c o m 
p le x  p a tte rn s  o f  v a r ia tio n  n o t o b v io u s  in  tra d itio n a l fo rm s  o f  s ta tis t ic a l 
a n a ly s is  [ e .g . ,  B a r n h il l  ( 1 9 7 7 ,  1 9 8 3 ) ,  O ’R o u rk e  e t a l. ( 1 9 8 6 ) ,  and  P ia z z a  
e t a l. ( 1 9 8 1 a ) ] .  In  c o n ju n c t io n  w ith  th e  n ew  c o m p u te r  te c h n o lo g ie s ,  m u l-
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t iv a r ia b le  an d  m u ltiv a r ia te  m e th o d s  fo r  a n a ly z in g  sp a tia l p a ttern  in  p o p 
u lation  d ata h av e  a lso  p rov ed  b e n e fic ia l [ e .g . ,  S o k a l and O d en  ( 1 9 7 8 a ,b ) ,  
S o k a l and  W a rte n b e rg  ( 1 9 8 3 ) ,  S o k a l  e t  a l. ( 1 9 8 6 ) ,  W a rte n b e rg  ( 1 9 8 5 ) ,  
and B a r b u ja n i  ( 1 9 8 7 ) ] .

D e s p ite  th e  re c e n t a d v a n ce s  in  m o le c u la r  g e n e t ic  m e th o d s  and 
m a rk e rs , th e  m o st e x te n s iv e  g e n e tic  d ata  o n  N a tiv e  A m e r ic a n  p o p u la 
tio n s  fo r  c o m p a ra tiv e  p u rp o se s  an d  fo r  a n a ly s is  b y  the n e w e r  a n a ly tic a l 
te ch n iq u e s  a re  th e  tra d itio n a l m a rk e rs , e s p e c ia lly  red  c e l l  a n tig e n s . R e 
c e n t  su m m a rie s  o f  v a r ia tio n  in  th e  h ig h ly  p o ly m o rp h ic  H L A  lo c i  ( B la c k  
1 9 8 0 ,  1 9 8 4 ,  1 9 9 1 ;  B la c k  e t a l. 1 9 8 3 )  and  in  th e  G M  and  K M  s y s te m s  
[ e .g . ,  S c h a n f ie ld , ( th is  is s u e )]  a re  a v a ila b le  an d  w ill  n o t b e  d ea lt w ith  
h e re .

G e o g r a p h y  o f  G e n e  F r e q u e n c i e s

T h e  e a r lie s t  re p o rts  o f  g e n e  fre q u e n c y  v a r ia tio n  in  A m e rin d ia n  p o p 
u la tio n s  a re  th o se  o f  G .A .  M a tso n  and  c o lle a g u e s  o n  th e  B lo o d , B la c k -  
fo o t ,  C h ilc o t in , an d  o th e r  g ro u p s o f  M o n ta n a  an d  A lb e r ta , C a n a d a  (M a t
so n  and  S c h ra d e r  1 9 3 3 ;  M a tso n  e t  a l .  1 9 3 6 ;  M a tso n  1 9 3 8 ) .  S in c e  th e n , 
h u n d red s o f  rep o rts  o f  g e n e  fre q u e n c y  v a r ia tio n  in  A m e rin d ia n s  o f  b o th  
N o rth  and  S o u th  A m e r ic a  h a v e  a p p e a re d , in c lu d in g  se v e ra l in te rp re tiv e  
su m m aries (S p u h ler 1 9 7 9 ; S zath m ary  1 9 8 4 ; S a lz a n o  and C a lle g a ri-Ja cq u e s  
1 9 8 8 ;  B la c k  1 9 9 1 ;  B a r ra n te s  e t  a l. 1 9 9 0 ;  C ra w fo rd  and  E n c is o  1 9 8 2 )  
fo c u s in g  o n  s p e c if ic  g e o g ra p h ic  re g io n s  o r  m a rk e r  s y s te m s . T h is  w e a lth  
o f  g e n e tic  d a ta , in c lu d in g  th e  e m e rg in g  d ata  fro m  R F L P s  and  D N A  s e 
q u e n c e s , d e m o n s tra te s  th e  m a rk e d  h e te ro g e n e ity  o f  N a tiv e  A m e r ic a n  
p o p u la tio n s .

In  a  s e r ie s  o f  e a r lie r  a r t ic le s ,  w e  a ttem p ted  (1 )  to  d e fin e  th e  g e o 
g ra p h ic  p a tte rn  o f  g e n e  fre q u e n c y  v a r ia tio n  in  n a tiv e  N o rth  A m e r ic a  
(S u a re z , C r o u s e , an d  O ’R o u rk e  1 9 8 5 ;  O ’ R o u rk e  and  L ic h ty  1 9 8 9 )  and 
S o u th  A m e r ic a  ( O ’R o u rk e  and S u a re z  1 9 8 5 )  an d  (2 )  to  ad d ress  so m e  o f  
th e  h y p o th e se s  re g a rd in g  e v o lu tio n a ry  m e c h a n is m s  th a t m ig h t h a v e  g iv e n  
r is e  to  th e  o b se rv e d  p a ttern s  (S u a r e z , O ’R o u rk e , and  C ro u s e  1 9 8 5 ; 
O ’R o u rk e  e t  a l .  1 9 8 5 ) .  T h e  m e th o d  u sed  to  ca p tu re  th e  g e o g ra p h ic  d is 
tr ib u tio n  o f  g e n e  fre q u e n c ie s  in  th e se  s tu d ies  w a s th at o f  s y n th e tic  g e n e  
freq u en cy  m ap s (M e n o z z i e t a l. 1 9 7 8 ; P ia z z a  e t a l. 1 9 8 1 a ; S u a re z , C ro u se , 
and  O ’R o u rk e  1 9 8 5 ;  O ’R o u rk e  an d  S u a re z  1 9 8 5 ;  O ’R o u rk e  and  L ic h ty  
1 9 8 9 ) .

North America. In  g e n e r a l, th e re  a re  p ro n o u n ce d  n o rth -so u th  c lin e s  
in  red  c e l l  a n tig e n  fre q u e n c ie s  in  n a tiv e  N o rth  A m e r ic a  [ e .g . ,  S u a re z , 
C r o u s e , and  O ’R o u rk e  ( 1 9 8 5 ) ] .  F o r  s o m e  lo c i  th is  m a y  b e  th e  re su lt o f  
n a tu ra l s e le c tio n  o p e ra tin g  th ro u g h  m e c h a n is m s  c o rre la te d  w ith  e c o lo g 
ic a l  z o n e s , as  in d ic a te d  b y  s tro n g  a s s o c ia t io n  w ith  p a tte rn s  o f  c lim a tic
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variation  (P ia z z a  e t a l. 1 9 8 1 b ; A nan th akrish n an  and W a lter  1 9 7 2 ; O ’R o u rk e  
e t a l. 1 9 8 5 ) ,  w h ich  a lso  are  c h a ra c te r iz e d  b y  la titu d in a l c l in e s .  F o r  lo c i  
th at sh o w  n o  a s s o c ia tio n  w ith  e c o lo g ic a l  o r  c lim a tic  fa c to r s  su ch  c lin a l 
p a ttern s  m u st o r ig in a te  fro m  o th e r  m e c h a n is m s , su ch  as m ig ra tio n  and  
a d m ix tu re .

S p u h le r  ( 1 9 7 9 )  d o cu m e n te d  th e  c o r re la t io n  o f  N o rth  A m e rin d ia n  
g e n e  fre q u e n c ie s  w ith  la n g u a g e  fa m il ie s ,  w h ich  m ig h t a lso  im p o se  a  g e o 
g ra p h ic  p a ttern  to  th e  g e n e t ic  v a r ia b le s . R e c e n t  w o rk  b y  C a v a ll i -S fo r z a  
e t  a l. ( 1 9 8 8 )  o n  th e  ro le  o f  la n g u a g e  a ff in it ie s  re la tiv e  to  the  e v o lu tio n  
o f  g e n e  fre q u e n cy  p a tte rn s  h a s  o c c a s io n e d  c o n s id e ra b le  d eb a te  Le g - , 
B a te m a n  e t a l. ( 1 9 9 0 ) ,  Z e g u ra  e t a l. ( 1 9 9 0 ) ,  N ic h o ls  ( 1 9 9 0 ) ,  and W ile y  
e t  a l. ( 1 9 9 0 ) ] .  A lth o u g h  n o t n e w , th e  stu d y o f  th e  re la tio n sh ip  b e tw e e n  
l in g u is t ic  v a r ia tio n  and  g e n e t ic  d iv e rs ity  h a s  se e n  re n e w e d  in te re s t in  
re c e n t  y e a rs .

A m o n g  all N orth  A m e rica n  pop u lations the E sk im o  groups are c lea rly  
g e n e tic a lly  d is t in c t  fro m  A m e rin d  p o p u la tio n s , p r in c ip a lly  th ro u g h  th e ir  
lo w e r  A B 0 * 0  and  h ig h e r  A B O * A  a l le le  f r e q u e n c ie s . T h is  d is t in c tiv e n e ss  
is a p p aren t in  th e  v isu a l p a tte rn in g  o f  sy n th e tic  g e n e  fre q u e n c y  m ap s 
(S u a re z , C r o u s e , and  O ’R o u rk e  1 9 8 5 ;  M e n o z z i e t  a l. 1 9 7 8 )  and  in  m o re  
c o n v e n tio n a l fo rm s  o f  a n a ly s is  and w o u ld  s e e m  to  c o n fir m  th e  sep a ra te  
and  re c e n t o r ig in  o f  E s k im o  g ro u p s in  th e  N o rth  A m e ric a n  A r c tic .  S tro n g  
c lin a l  d is tr ib u tio n s  fo r  in d iv id u a l g e n e  f re q u e n c ie s  and p r in c ip a l c o m 
p onen ts o f  a lle le  fre q u en cie s  south  o f  th e  A rc tic  w ere d em onstrated  through 
sp a tia l a u to c o rre la tio n  a n a ly s is  ( O ’R o u rk e  and  L ic h ty  1 9 8 9 ) .

T h e  c le a r  g e o g ra p h ic  (c lin a l)  s tru ctu re  se e n  in  g e n e  fre q u e n c y  d ata  
fro m  n o rth e rn  N o rth  A m e r ic a  is le ss  c le a r  in  s im ila r  d a ta  o n  C e n tra l 
A m e ric a n  g ro u p s [s e e , e . g . ,  S u a re z , C r o u s e , and  O ’R o u rk e  ( 1 9 8 5 ,  F ig 
u res 2  and  3 ) J .  In  th is  re g a rd  th e  g e o g ra p h ic  p a tte rn in g  o f  g e n e  fre q u e n c y  
d a ta  in  C e n tra l A m e r ic a  is  in te rm e d ia te  b e tw e e n  the p a ttern s  o b se rv e d  
fo r  th e  N o rth  and  S o u th  A m e r ic a n  c o n tin e n ts  ta k e n  in d iv id u a lly .

South America. A s  is  th e  c a s e  w ith  N o rth  A m e r ic a , p o p u la tio n  g e 
n e tic  stu d ies  o f  S o u th  A m e r ic a  h a v e  a  lo n g  and  p ro d u ctiv e  h is to ry . T h re e  
r e c c n t  w o rk s  h a v e  a tte m p te d  to  su m m a riz e  th e  p attern s  o f  g e n e tic  v a r i
a tio n  fo r  th e  c o n tin e n t ( B la c k  1 9 9 1 ;  S a lz a n o  an d  C a lle g a r i- Ja c q u e s  1 9 8 8 ;  
O ’R o u rk e  and  S u a re z  1 9 8 5 ) .  T h e  re su lts  o f  th e se  sy n th e se s  a re  n o t a l
to g eth er co n co rd a n t. B y  co n stru ctin g  syn th etic  gen e  freq u en cy  m ap s fro m  
red  c e l l  a n tig e n  fr e q u e n c ie s ,  O ’R o u rk e  and  S u a re z  ( 1 9 8 5 )  c o n c lu d e d  that 
th e re  w e re  no  g e o g ra p h ic  tre n d s in  th e  S o u th  A m e ric a n  g e n e  fre q u e n c y  
d ata . R a th e r , th e y  co n c lu d e d  th a t “ th e  g e o g ra p h y  o f  g e n e  f re q u e n c ie s  in 
S o u th  A m e rin d ia n s  s e e m s  to  b e  irre g u la r , n o n p re d ic ta b le  and d eriv e d  
p r in c ip a lly  fro m  iso la te d  p o p u la tio n s  d riftin g  in d e p e n d e n tly ” (p . 2 4 ) .  In  
c o n tra s t, S a lz a n o  and  C a lle g a r i- Ja c q u e s  ( 1 9 8 8 ) ,  u s in g  m u ltip le  re g re s 
s io n  m e th o d s  and  an  e x p a n d e d  se t o f  g e n e t ic  m a rk e rs , fo u n d  s ig n if ic a n t
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north -sou th  c lin e s  fo r  so m e a lle le s . S im ila r ly , O ’R o u rk e  and S u a rez  (1 9 8 5 )  
fo u n d  n o  re la tio n sh ip  b e tw e e n  g e n e  fre q u e n c y  d is tr ib u tio n s  an d  lo c a l  c l i 
m a tic  c o n d itio n s , w h e re a s  S a lz a n o  and  C a lle g a r i- Ja c q u e s  ( 1 9 8 8 )  rep o rted  
s ig n if ic a n t  c o r re la tio n s  b e tw e e n  s o m e  g e n e  f re q u e n c ie s  and  m o n th ly  te m 
p era tu re  ra n g e .

M o re  re c e n t ly , B la c k  ( 1 9 9 1 )  h a s  arg u ed  fo r  so m e  g e o g ra p h ic  s tru c 
ture to  a lle le  fre q u en cie s  o f  the H L A  sy stem  in So u th  A m erin d ian  groups. 
In  th is  c a s e  h e  su g g e sts  th a t re c e n t  p o p u la tio n  h is to ry  and  l in g u is t ic  a f 
f ilia t io n  are m o re  im p o rta n t th an  g e n e ra lly  a c cre d ite d  in  p re v io u s  a n a l
y se s  o f  th is  ty p e . B a rra n te s  e t  a l. ( 1 9 9 0 )  a lso  rep o rt g e o g ra p h ic  s tru ctu re  
in  C e n tra l A m e r ic a n  g e n e  fre q u e n c y  d a ta  and  th e  im p o rta n t ro le  o f  l in 
g u is tic  d iv e rs ity  in  th is  p a tte rn .

T h e s e  a lte rn a tiv e  in fe re n c e s  re g a rd in g  th e  p a ttern in g  o f  g e n e  f r e 
q u e n cy  v a r ia tio n  in  S o u th  A m e r ic a  in d ic a te  th e  c o m p le x ity  o f  S o u th  
A m erin d ian  p op u lation  g e n e tic s , em p h asize  the d iffe re n ce  b e tw een  N orth  
an d  S o u th  A m e r ic a  w ith  re s p e c t  to  th e  g e o g ra p h y  o f  g e n e  fre q u e n c ie s ,  
and  su g g e st th at a d d itio n a l a n a ly s e s  a re  w a rra n ted . T h e  re m a in d e r  o f  th is  
a r t ic le  fo c u s e s  o n  a  c lo s e r  e x a m in a tio n  o f  th e  g e o g ra p h ic  p a tte rn in g  o f  
g e n e  f re q u e n c ie s  in  N a tiv e  A m e r ic a n  p o p u la tio n s .

M e t h o d s

T h e  d a ta  c o m e  fro m  the se v e n  red  c e l l  a n tig e n  lo c i  u sed  to  c o n s tru c t  
g en etic  m ap s in  e a rlie r  p u b lica tio n s (S u a re z , C ro u se , and O ’R o u rk e  1 9 8 5 ; 
O ’R o u rk e  and  S u a re z  1 9 8 5 ) .  In c lu s io n  o f  p o p u la tio n  sa m p le s  in  th e  a n a l
y s is  re q u ire d  sa m p le  s iz e s  g re a te r  th an  2 0  and  rep o rted  fre q u e n c ie s  fo r  
at le a s t  5 o f  th e  7  sy s te m s  e x a m in e d  ( A B O ,  R h , M N , S ,  P , D u ffy , and 
D ie g o ) .  I f  th e re  w e re  m is s in g  d a ta , g e o g ra p h ic  d is ta n c e s  w e re  c a lc u la te d  
b e tw e e n  a  p o p u la tio n  w ith  a  m is s in g  fre q u e n c y  and a ll  o th e r  p o p u la tio n s  
and  a  d is ta n c e  w e ig h te d  a v e ra g e  w as c o m p u te d . T h is  m e th o d  a ss ig n s  
g re a te s t w e ig h t to  g e o g ra p h ic a lly  p ro x im a l p o p u la tio n s  and  a ssu m e s  litt le  
c o n tr ib u tio n  fro m  d is ta n t o n e s . In  th e  N o rth  A m e r ic a n  sa m p le s  2 9  p o p 
u lations requ ired  the estim a tio n  o f  fre q u en cie s  fo r  a  s in g le  sy stem  (S u a re z , 
C r o u s e , and  O ’R o u rk e  1 9 8 5 ) ,  w h e rea s  in  th e  S o u th  A m e ric a n  sa m p le s  
o n ly  6  f re q u e n c ie s  n eed ed  to  b e  e s tim a te d  ( O ’R o u rk e  an d  S u a re z  1 9 8 5 ) .

F o r  th e  p re s e n t a n a ly s e s  3  g e o g ra p h ic  a re a s  a re  d e fin e d : N o rth  
A m e r ic a , w ith  4 4  p o p u la tio n s  (in c lu d in g  7  E s k im o  s a m p le s ) ; C e n tra l 
A m e r ic a , w ith  3 0  g ro u p s ; and  S o u th  A m e r ic a , w ith  7 0  s a m p le s . T h e  
g e o g ra p h ic  d is t in c tio n  b e tw e e n  N o rth  A m e r ic a  and C e n tra l A m e r ic a  is 
ta k e n  to  b e  2 2 °  n o rth  la titu d e . F ig u re  1 illu s tra te s  th e  g e o g ra p h ic  lo c a tio n  
o f  th e  N o rth  and  C e n tra l A m e r ic a n  s a m p le s , an d  F ig u re  2  g iv e s  the  lo 
c a tio n  o f  th e  7 0  S o u th  A m e ric a n  p o p u la tio n s .

A lle le  f re q u e n c ie s  fo r  th e  s e v e n  lo c i  e x a m in e d  are u sed  to  co m p u te  
N e i ’ s ( 1 9 8 5 )  g e n e t ic  d is ta n c e  b e tw e e n  a ll p a irs  o f  p o p u la tio n s  in  e a ch
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Figure 1. Geographic locations o f  4 4  North A m erican and 30  Central A m erican populations 
used in analysis.

o f  th e  th re e  g e o g ra p h ic  re g io n s . N e i ’ s g e n e t ic  d is ta n c e  s ta tis tic  is  d e fin e d  
as

D  =  J  x y !  ( J x x J  k v ) 1' 2 ) ( 1 )

w h e re  J Xy is  th e  p ro b a b ility  o f  ra n d o m ly  s e le c tin g  an  a lle le  id e n tic a l in 
s ta te  fro m  tw o  se p a ra te  p o p u la tio n s  (X  an d  Y )  and  Jxx and  J Yy  are  th e 
p ro b a b ilit ie s  th a t tw o  ra n d o m ly  sa m p le d  a lle le s  fro m  th e  sa m e  p o p u la tio n  
are  id e n tic a l. T h e  g e n e t ic  d is ta n c e s  a re  re la te d  to  th e  c o rre sp o n d in g  g re a t 
c ir c le  a rc  d is ta n c e s  b e tw e e n  sa m p le s  b y  s im p le  le a s t-s q u a re s  re g re ss io n .

S p a tia l a u to c o rre la t io n  a n a ly s is  w as u sed  to  a s se s s  g e o g ra p h ic  
s tru ctu re  in  th e  a lle le  fre q u e n c y  d ata  (S o k a l  an d  O d en  1 9 7 8 b ;  S o k a l  and
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Figure 2. Geographic locations of 70 South American populations used in analysis..

W a rte n b e rg  1 9 8 3 ;  S o k a l  c t  a l. 1 9 8 6 ) .  M o r a n ’ s 1, th e  m e a su re  o f  sp atia l 
a u to c o rre la tio n , is  d e fin e d  as

/ =  W i f j Z j / W  2  z j  (2 )

w h ere  n  is  th e  n u m b e r  o f  p o p u la tio n s  u n d er a n a ly s is , W  is  th e  c o n n e c 
tiv ity  m a tr ix  w ith  e le m e n ts  w„, and  th e  z te rm s  re p re se n t th e  d e v ia tio n  
o f  th e  a lle le  fre q u e n c y  o f  e a c h  p o p u la tio n  fro m  th e  to ta l p o p u la tio n  m e a n  
fo r  th at fre q u e n c y  ( C l i f f  and  O rd  1 9 8 1 ) .  R e s u lts  o f  th e  a u to c o rre la tio n  
a n a ly s e s  a rc  p re se n te d  as sp a tia l c o r re lo g ra m s  w ith  1 2  d is ta n c e  c la s s e s .  
T h e  d is ta n c e  c la s s e s  a re  e q u id is ta n t and  re p re se n t a p p ro x im a te ly  6 2 5  km  
fo r  e a c h  c la s s .
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Table 1. Summary Statistics for Amerindian Genetic Data

North South Central
Statistic America America America

Number of populations 44 70 30
Mean genetic distance (Nei’s D) 0.055 0.062 0.029

Range 0.003-0 .203  0.003-0.275 0 .002-0 .134
Fsr 0.0902 0.0906 0.0517
Correlation: Geographic vs. genetic

distance
Transformed data (squarc-root) 0.362 0.174 0.308
Untransformed data 0.331 0.127 0.319
Mantel permutation test

(untransformed data) 0.337" 0 .128b 0.304c

a. p = 0.004.
b. p = 0.020. 
c. p = 0.008.

R e s u l t s

Genetic and Geographic Distances. S u m m a ry  s ta tis tic s  fo r  th e  a n a l
y s e s  p e rfo rm e d  o n  th e  g e o g ra p h ic  and g e n e tic  d is ta n ce s  are  g iv e n  in  T a 
b le  1. T h e  q u a lita t iv e  c o m p a r is o n  o f  g e n e t ic  d is ta n c e s  and  f ix a t io n  in 
d e x e s  a c ro s s  th e  g e o g ra p h ic  a re a s  is  in fo rm a tiv e . M e a n  g e n e tic  d is ta n c e  
is  s lig h tly  g re a te r  a m o n g  th e  S o u th  A m e r ic a n  sa m p le s  th an  a m o n g  th e  
N orth  A m e rica n  gro u p s, in d icatin g  som ew h at g reater h e tero g en eity  am on g 
S o u th  A m e rin d ia n s . C o n v e r s e ly , a v e ra g e  g e n e t ic  d is ta n c e s  a re  n o t ic e 
a b ly  s m a lle r  a m o n g  th e  C e n tra l A m e r ic a n  sa m p le s . T h is  p a tte rn  is  a lso  
re f le c te d  in  th e  ra n g e  o f  g e n e t ic  d is ta n c e s  b y  g e o g ra p h ic  a re a , w h ere  
S o u th  A m e r ic a  h a s  th e  g re a te s t ra n g e  o f  D  v a lu e s  and  C e n tra l A m e r ic a  
has b y  fa r  th e  m o s t re s tr ic te d  ra n g e  o f  g e n e tic  d is ta n c e s .

S im ila r ly , th e  F ST v a lu e s  sh o w  n e a r ly  th e  sa m e  p a tte rn . H e re , d e 
g re e  o f  p o p u la tio n  d if fe re n t ia t io n  a p p e a rs  to  b e  n e a rly  id e n tic a l in  N o rth  
and  S o u th  A m e r ic a  b u t re d u c e d  in  C e n tra l A m e r ic a . T h is  p a ttern  is  c o n 
c o rd a n t w ith  th a t se e n  fo r  g e n e t ic  d is ta n c e s  and  is  n o t u n e x p e c te d , g iv e n  
th e  s m a lle r  g e o g ra p h ic  a re a  o f  C e n tra l A m e r ic a  and  th e  d en sity  o f  o b 
s e rv a tio n s  fro m  th is  re g io n .

T h e  re la tio n sh ip  b e tw e e n  g e n e tic  and g e o g ra p h ic  d is ta n c e s  b e tw e e n  
p a irs  o f  N o rth  A m e r ic a n  p o p u la tio n s  is  sh o w n  in  F ig u re  3 .  B o th  a x e s  o f  
F ig u re  3  h a v e  b e e n  tra n s fo rm e d  to  th e  s q u a re -ro o t o f  th e  o rig in a l d is 
ta n c e s . T h is  a v o id s  c lu m p in g  o f  p o in ts  n e a r  th e  o r ig in  b e c a u s e  o f  th e  
la rg e  n u m b e r o f  p o p u la tio n  p a irs  th a t are  g e o g ra p h ic a lly  c lo s e  an d  th e re 
fo re  h a v e  a  re la t iv e ly  s m a ll g e n e t ic  d is ta n c e  b e tw e e n  th e m . T h e  le a s t-  
sq u a res  re g re s s io n  lin e  o f  th e  tra n s fo rm e d  v a r ia b le s  is  a ls o  sh o w n  in  F ig 
ure 3 . T h e  v isual im p ressio n  o f  a sso c ia tio n  b e tw e e n  g eo g rap h ic  and g en etic
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Root Great Circle Geographic Distance

Figure 3. Scatter plot of square-root of geographic and genetic distances for North Amer
indian populations. Solid line is fitted least-squares regression.

d is ta n c e  g iv e n  b y  th e  d is tr ib u tio n  o f  p o in ts  in  F ig u re  3 is  c h a ra c te r iz e d  
b y  a  c o r re la tio n  o f  r  =  0 . 3 6 2  o n  th e  tra n s fo rm e d  v a r ia b le s  o r  r  =  0 .3 3 1  
o n  th e  u n tra n sfo rm e d  d a ta  (s e e  T a b le  1 ).

In  c o n tra s t , th e  re la tio n sh ip  b e tw e e n  g e o g ra p h ic  and  g e n e t ic  d is 
ta n c e  in  S o u th  A m e r ic a  is  g iv e n  in  F ig u re  4 .  T h e  p o in ts  in  th e  s c a tte r  
p lo t a re  m o re  ra n d o m ly  d is tr ib u te d  th an  th o se  in  F ig u re  3 ,  and  in d eed  
th e  le a s t-s q u a re s  re g re ss io n  lin e  is  n e a rly  f la t . T h e  c o r re la t io n  d e fin in g  
th e  re la tio n sh ip  b e tw e e n  th e  tw o  d is ta n c e  m e a su re s  a m o n g  S o u th  A m e r 
ic a n  g ro u p s  is  r  =  0 . 1 7 4  fo r  th e  tra n s fo rm e d  d a ta  illu s tra te d  in  F ig u re  
4 .  N o te  th a t s ig n if ic a n c e  le v e ls  h a v e  n o t b e e n  a s s ig n e d  to  th e  c o r re la tio n s  
b a sed  on  e ith e r  th e  u n tra n sfo rm e d  o r  th e  ro o t-tra n s fo rm e d  d ata  in  T a b le
1. T h e  n u m b e r  o f  p a irw ise  c o m p a r is o n s  fa r  e x c e e d s  th e  a v a ila b le  d eg re e s  
o f  fre e d o m  su c h  th a t th e  re q u ire m e n t o f  in d e p e n d e n ce  o f  o b se rv a tio n s  
is  n o t m e t. T h u s  stand ard  s ig n if ic a n c e  le v e ls  a re  n o t a p p ro p ria te  o r 
m e a n in g fu l.

T h e  M a n te l p e rm u ta tio n  p ro ce d u re  (M a n te l  1 9 6 7 ) ,  h o w e v e r , d o es  
p e rm it e v a lu a tio n  o f  su ch  s ig n if ic a n c e  le v e ls  (L e g e n d re  and  F o r tin  1 9 8 9 ) ,  
and  th e s e  a re  a ls o  p ro v id ed  in  T a b le  1 fo r  th e  u n tra n sfo rm e d  d is ta n c e  
v a lu e s . T h e  c o r re la t io n s  o b ta in e d  fro m  th e  M a n te l p ro c e d u re  are  b e tw e e n
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Root Great Circle Geographic Distance

Figure 4. Scatter plot of squarc-root of geographic and genetic distances for South Amer
indian populations. Solid line is fitted least-squares regression.

th e  tr ia n g u la r  g e n e tic  and  g e o g ra p h ic  d is ta n c e  m a tr ic e s . N o te  th a t th e  
re la t iv e ly  lo w  c o rre la t io n  fo r  th e  S o u th  A m e r ic a n  d is ta n c e s  is  s ta tis t ic a lly  
s ig n if ic a n t  at th e  a  =  0 . 0 2  le v e l ; th e  c o r re la tio n  fo r  th e  N o rth  A m e ric a n  
m a tr ic e s  is la rg e r  a n d , d e sp ite  th e  su b s ta n tia lly  s m a lle r  n u m b e r o f  s a m 
p le s ,  s ta tis t ic a lly  s ig n if ic a n t  a t th e  a  =  0 . 0 0 4  le v e l . I r re s p e c tiv e  o f  the  
s ig n if ic a n c e  le v e ls ,  th e  m a g n itu d e  o f  d if fe re n c e  b e tw e e n  th e  m e a su re s  o f  
d is ta n c e  a s s o c ia t io n  in N o rth  A m e r ic a  v e rsu s  S o u th  A m e r ic a  su g g e sts  
th at su b s ta n tia l d if fe re n c e s  in  g e n e t ic  s tru ctu re  are  p re se n t.

A s n o ted  e a r lie r , s y n th e tic  g e n e  fre q u e n c y  m ap s su g g e st th at the  
g e o g ra p h ic  d is tr ib u tio n  o f  g e n e  f re q u e n c ie s  in  C e n tra l A m e r ic a  d iffe rs  
fro m  g e o g ra p h ic  p a ttern s  to  th e  n o rth  and  sh a re s  so m e  s im ila r it ie s  w ith  
th e  S o u th  A m e r ic a n  c o n tin e n t. A c c o r d in g ly , 3 0  C e n tra l A m e r ic a n  p o p 
u la tio n s  lo c a te d  sou th  o f  2 2 °  n o rth  la titu d e  th ro u g h  P a n a m a  w ere  e x 
a m in e d . R e s u lts  o f  th e  d is ta n c e  a n a ly s is  o n  th e se  g ro u p s a re  d isp la y e d  
in  F ig u re  5 .

A s  illu s tra te d  in  F ig u re  5 ,  th e  re la tio n sh ip  b e tw e e n  g e o g ra p h ic  d is 
ta n c e  and g e n e t ic  d is ta n c e  in  C e n tra l A m e r ic a  is  in te rm e d ia te  b e tw e e n  
th e  tw o  m a jo r  c o n tin e n ta l  s a m p le s , a lth o u g h  th e  C e n tra l A m e r ic a n  p a t
tern  is  m o re  s im ila r  to  th e  N o rth  A m e r ic a n  p a tte rn . T h e  c o r re la t io n  b e -



426 /  O’ROURKE ET AL.

Root Grcal Circic Geographic Distance

Figure S. Scatter plot of square-root of geographic and genetic distances for Central Amer
indian populations. Solid line is fitted least-squarcs regression.

tw e e n  th e  ro o t-tra n s fo rm e d  g e o g ra p h ic  and  g e n e tic  d is ta n c e s  (r  =  0 .3 0 8 )  
fo r  th e se  C e n tra l A m e r ic a n  p o p u la tio n s  m o re  n e a r ly  a p p ro x im a te s  the  
v a lu e  o b ta in e d  in  th e  N o rth  A m e r ic a n  sa m p le s  th an  in  th e  S o u th  A m e r 
ic a n  p o p u la tio n s  (T a b le  1 ). T h e  M a n te l  p e rm u ta tio n  te s t  o n  th e  C e n tra l 
A m e ric a n  d a ta  a lso  in d ic a te s  a s ig n if ic a n t  a s s o c ia tio n  b e tw e e n  g e n e tic s  
and  g e o g ra p h y  in  th e se  d ata .

' - i 

D i s c u s s i o n

T h e  re su lts  ra ise  tw o  issu e s  re g a rd in g  p a tte rn s  o f  g e n e tic  v a ria tio n  
in  N a tiv e  A m e r ic a : (1 )  th e  m in im a l a s s o c ia tio n  b e tw e e n  g e n e tic  and  g e o 
g ra p h ic  d is ta n c e s  a m o n g  S o u th  A m e rin d ia n  p o p u la tio n s  c o m p a re d  w ith  
N o rth  and  C e n tra l A m e r ic a n  g ro u p s and  (2 )  th e  o r ig in  o f  d isp a ra te  resu lts  
re g a rd in g  g e n e  fre q u e n c y  c lin e s  in S o u th  A m e r ic a  b y  d if fe re n t  in v e s t i
g a to rs . I t  is  u se fu l to  c o n s id e r  th e se  iss u e s  in  re v e rs e  o rd er.

In  o u r e a r l ie r  w o rk  ( O ’R o u rk e  and  S u a re z  1 9 8 5 )  w e  fo u n d  little  
e v id e n c e  fo r  g e n e  fre q u e n c y  c lin e s  in  S o u th  A m e ric a n  red  c e l l  a n tig en  
fre q u e n c ie s . C o n v e rs e ly , S a lz a n o  and  C a lle g a r i- Ja c q u e s  ( 1 9 8 8 )  rep o rt
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Figure 6. Spatial correlograms for (A) RH*R1, (B) RH*R2, (C) Di“, and (D) FY*A allele 
frequencies observed in South Amerindian populations.

p ro m in e n t c lin e s  fo r  s p e c if ic  a l le le s  o n  th e  c o n tin e n t. T h e re  are  sev e ra l 
re a so n s  fo r  th is  d is c re p a n c y . F ir s t ,  S a lz a n o  and  C a lle g a r i- Ja c q u e s  used  
a s lig h tly  e x p a n d e d  s e r ie s  o f  m a r k e rs , an d  the s tro n g e st e v id e n c e  fo r 
c lin e s  in  a lle le  f re q u e n c ie s  o c c u r  fo r  th o s e  lo c i n o t in c lu d e d  in  o u r d ata  
( e .g . ,  L e w is  and  G C ) .  N e v e r th e le s s , S a lz a n o  and C a lle g a r i- Ja c q u e s  r e 
p o rt c lin e s  fo r  the  R H * R 1  and  R H * R 2  a l le le s  o f  th e  R H  s y s te m , fo r  the 
D u ffy  lo c u s , an d , a fte r  p o o lin g  m u ltip le  sa m p le s  fro m  s in g le  p o p u la 
t io n s , fo r  th e  D ie g o  lo c u s .

A lth o u g h  w e  fo u n d  e v id e n c e  fo r  c lin a l  d is tr ib u tio n s  fo r  th e se  v a r i
a b le s  in N o rth  A m e r ic a  (S u a r e z , C r o u s e , and  O ’R o u rk e  1 9 8 5 ;  O ’R o u rk e  
and  L ic h ty  1 9 8 9 ) ,  n e ith e r  s y n th e tic  g e n e  fre q u e n c y  m a p s n o r  th e  o b 
serv e d  re la t io n sh ip  b e tw e e n  g e n e t ic  and  g e o g ra p h ic  d is ta n c e  (F ig u re  4  
and  T a b le  1) b a se d  o n  o u r d ata  s u g g e sts  s im ila r  p a ttern s  in  S o u th  A m e r
ic a .  F ig u re  6  p re se n ts  sp a tia l c o r re lo g ra m s  fo r  th e  tw o  R H  a lle le s  and  
a lle le s  fo r  D u ffy  and  D ie g o  o v e r  12  e q u id is ta n t d is ta n c e  c la s s e s .

A s e x p e c te d , the  co rre lo g ra m s fo r  the tw o R H  a lle les  (F ig u res  6 A ,B )  
a re  s im ila r . F o r  R H * R 1  M o r a n ’s I  is  s ta tis t ic a lly  s ig n if ic a n t  at 6  d is ta n c e  
c la s s e s  ( 1 ,  3 ,  5 ,  6 ,  1 0 , and  1 1 ) , w h e re a s  fo r  R H * R 2  o n ly  5 v a lu e s  re a c h
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s ig n if ic a n c e  ( 1 ,  3 ,  5 ,  1 0 ,  and  1 1 ) .  M o re  im p o rta n t, th e  c lin a l  p attern  o f  
s ta tis t ic a lly  s ig n if ic a n t  p o s it iv e  v a lu e s  a t sh o rt d is ta n c e s  and  m o n o to n i-  
c a lly  d e c re a s in g  v a lu e s  to  la rg e  n e g a tiv e  o n e s  at g re a te r  d is ta n c e s  is a b 
sen t. H e n c e  th e re  is  n o  e v id e n c e  fo r  c lin a l  d is tr ib u tio n  o f  th e s e  a lle le s  
in  the  sa m p le  p o p u la tio n s .

T h e  c o r re lo g ra m s  fo r  th e  D u ffy  an d  D ie g o  a lle le s  (F ig u re s  6 C - D )  
are  e q u a lly  in te re s tin g . N e ith e r  p re se n ts  an y  e v id e n c e  o f  c lin a l  d is tr i
b u tio n  b u t, fo r  D u ffy  in  p a r tic u la r , th e  c o r re lo g ra m s  su g g e st e x tre m e  
h e te ro g e n e ity  o f  a l le le  fre q u e n c ie s  o v e r  g e o g ra p h ic  s p a ce . I t  is  w o rth  
n o tin g  th a t in  S a lz a n o  and  C a l le g a r i - Ja c q u e s ’ s ( 1 9 8 8 )  m u ltip le  re g re ss io n  
a n a ly se s  o f  a l le le  fre q u e n c ie s  on  la titu d e  an d  lo n g itu d e , v a r ia tio n  a t th e  
D u ffy  lo c u s  w a s s ig n if ic a n t ly  a s s o c ia te d  w ith  la titu d e  w h en  a ll sa m p le s  
w e re  in c lu d e d  in  th e  a n a ly s is  b u t w as s ig n if ic a n t ly  a s so c ia te d  w ith  lo n 
g itu d e  w h en  m u ltip le  re p o rts  fro m  th e  sa m e  gro u p  w e re  p o o le d . D ie g o  
fre q u e n c ie s  w e re  fo u n d  to  b e  s ig n if ic a n t ly  a s so c ia te d  w ith  lo n g itu d e  o n ly  
in th e  p o o le d  sa m p le  a n a ly s is . T h is  re v e rsa l o f  im p lied  c lin a l  d ire c tio n  
fo r  th e  D u ffy  fre q u e n c ie s  su g g e sts  c a u tio n  in  in te rp re tin g  g e o g ra p h ic  p a t
tern  fro m  th e s e  a n a ly tic a l m e th o d s . In d e e d , a  c o n s ta n t p ro b le m  o f  a s 
s e s s in g  p a tte rn s  o f  g e o g ra p h ic  v a r ia tio n  in  b io lo g ic a l  c h a ra c te rs  is  the  
sp a tia l d is tr ib u tio n  o f  th e  sa m p le s  ( O ’R o u rk e  and  L ic h ty  1 9 8 9 ) .  T h is  is 
p a rticu la rly  tru e  o f  S o u th  A m e ric a n  g e n e  fre q u e n c ie s .

In  S o u th  A m e r ic a  re p o rte d  f re q u e n c ie s  fo r  m o st m a rk e rs  fo rm  a 
g e o g ra p h ic  C  o n  th e  c o n tin e n t (s e e  F ig u re  2 ) .  T h e re  is a  re la t iv e ly  d en se  
s e r ie s  o f  sa m p le s  a c ro s s  th e  e q u a to r ia l n o rth  o f  th e  c o n tin e n t in  th e  A m 
a z o n  and  O r in o c o  r iv e r  b a s in s , a  s im ila r  g ro u p in g  o f  sa m p le s  ru n n in g  
n o rth  to  sou th  a lo n g  th e  A n d e s , an d , f in a l ly ,  a  g ro u p  o f  sa m p le s  sp a n n in g  
n o rth ern  A rg e n tin a , P a ra g u a y , and  so u th e rn  B r a z i l .  F o r  m o s t m a rk e r  s y s 
te m s , d ata  o u ts id e  th is  g e n e t ic  a rc  a re  s im p ly  n o t a v a ila b le . S u c h  n o n 
u n ifo rm ity  o f  sa m p le  d is tr ib u tio n  is  n o t g e n e ra lly  o b se rv e d  in  N o rth  
A m e r ic a n  sa m p le s  b u t ca n  b e  an a n a ly tic a l p ro b le m  w h en  e x a m in in g  
S o u th  A m e r ic a n  d a ta . R e g r e s s io n  u s in g  la titu d e  a n d / o r lo n g itu d e  and 
a lle le  f re q u e n c ie s  m a y  b e  p a rtic u la r ly  s u s c e p tib le  to  th is  d is tr ib u tio n a l 
a n o m a ly . T h e  n o n d ire c tio n a l sp a tia l a u to c o rre la tio n  m e th o d  is  o n e  a p 
p ro a c h  to  c irc u m v e n t th e  p ro b le m , and  th e  re su lts  p ro v e  c o n s is te n t  w ith  
in fe re n c e s  m a d e  fro m  th e  s u rfa c e s  g e n e ra te d  in  sy n th e tic  g e n e  fre q u e n cy  
m a p s.

I t  sh o u ld  b e  n o te d  th a t th e  g e o g ra p h ic  an d  sp a tia l a n a ly s e s  p re 
sen ted  h e re  a re  a ls o  s e n s it iv e  to  sa m p le  d is tr ib u tio n  c h a n g e s . F o r  e x 
a m p le , i f  th e  N o rth  A m e r ic a n  and  C e n tra l A m e r ic a n  g ro u p s a re  c o m 
b in e d  in to  a  s in g le  s a m p le , as  w a s d o n e  in  e a r lie r  a n a ly s e s  [c f .  S u a re z , 
C r o u s e , an d  O ’R o u rk e  ( 1 9 8 5 )  and O ’ R o u rk e  e t a l. ( 1 9 8 5 ) ] ,  th e  o b se rv e d  
co rre la tio n  b e tw een  g eo g ra p h ic  and g en etic  d istan ces is r  =  0 .5 0 ,  a  h igh ly  
s ta tis t ic a lly  s ig n if ic a n t  v a lu e . T h is  is  an  in c re a s e  o f  5 0 %  o v e r  th e  o b 
serv e d  c o r re la t io n  b e tw e e n  d is ta n c e  m a tr ic e s  in  th e se  sa m p le s  trea ted
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sep a ra te ly  (s e e  T a b le  1 ). M o re o v e r , s im ila r  a n a ly s e s  p e rfo rm e d  o n  a  su b 
set o f  th e  S o u th  A m e r ic a n  g ro u p s fo r  w h ic h  lo c a l  c lim a tic  d ata  are  a v a il
a b le  re su lte d  in  a  c o r re la t io n  b e tw e e n  g e o g ra p h ic  and  g e n e tic  d is ta n ce s  
o f  o n ly  r  =  0 . 0 9 ,  a  n o n s ig n if ic a n t  v a lu e  b y  the M a n te l te s t . A lth o u g h  
th e  c o r re la t io n s  v a ried  w id e ly  in  th e s e  a n a ly s e s , as d id  th e  o b se rv e d  s ig 
n if ic a n c e  le v e ls ,  th e  b a s ic  in fe re n c e  re m a in s  th e  sa m e : T h e r e  is  l itt le  
e v id e n c e  fo r  g e o g ra p h ic  s tru ctu re  in  S o u th  A m e rin d ia n  g e n e  fre q u e n cy  
d a ta . T h is  is n o t tru e  fo r  c o rre sp o n d in g  d a ta  in N o rth  A m e r ic a .

In  th is  c o n te x t ,  th e  a n a ly s e s  p re se n te d  h e re  and  th o se  o f  S a lz a n o  
and  C a lle g a r i- Ja c q u e s  ( 1 9 8 8 )  c a n  b e  v ie w e d  as  c o m p le m e n ta ry  ra th er 
th an  c o n f lic t in g . S a lz a n o  and  C a lle g a r i- Ja c q u e s  fo u n d  so m e  e v id e n c e  fo r  
g e o g ra p h ic  s tru ctu re  in  s p e c if ic  a lle le  fre q u e n c ie s , w h e rea s  w e d o n o t. 
H o w e v e r , th e  s e n s it iv ity  o f  th e s e  a n a ly s e s  to  sa m p le  c o m p o s it io n  m a y  
b e  th e  p rin c ip a l fa c to r  in  th is  d if fe r e n c e . A n y  in v e s tig a tio n  o f  p a ttern s  
o f  g e n e  fre q u e n c y  v a r ia tio n  o v e r  b ro a d  g e o g ra p h ic  a re a s  m u st w e ig h  th e 
im p o rta n ce  o f  m a x im iz in g  th e  n u m b e r  o f  sa m p le s  v e rsu s  th e  n u m b e r o f  
m a rk e rs . S a lz a n o  an d  C a lle g a r i- Ja c q u e s  ( 1 9 8 8 )  e x a m in e d  v a r ia tio n  in  a 
la rg e r  s e r ie s  o f  g e n e t ic  sy s te m s  a t th e  e x p e n s e  o f  n u m b e r o f  p o p u la tio n s  
sa m p le d , w h e rea s  w e  e x a m in e d  fe w e r  m a rk e r  lo c i  in  e x c h a n g e  fo r  in 
c re a s in g  th e  n u m b e r o f  p o p u la tio n  sa m p le s  and  h e n c e  th e  g e o g ra p h ic  
re p re se n ta tio n  o f  th e  c o n tin e n t. It is  im p o rta n t to  n o te  th a t S a lz a n o  and  
C a lle g a r i- Ja c q u e s  ( 1 9 8 8 )  d o  n o t fin d  w id e sp re a d  e v id e n c e  o f  g e o g ra p h ic  
stru ctu re  in  th e ir  d a ta . R a th e r , th e y  o b s e r v e  g e o g ra p h ic  s tru ctu re  fo r  o n ly  
a fe w  s e le c t  a lle le  fre q u e n c ie s .  T h u s  th e  b a s ic  in fe re n c e  o f  m in im a l g e o 
g ra p h ic  stru ctu re  in  a lle le  fre q u e n c y  a m o n g  S o u th  A m e rin d ia n  g ro u p s 
appears to  b e  esse n tia lly  co n co rd a n t a cro ss  d ifferen t an a ly tica l ap p roach es.

T h e  d e m o n stra te d  la c k  o f  c o r re sp o n d e n c e  b e tw e e n  g e o g ra p h ic  and  
g e n e tic  d is ta n c e s  in  th e  S o u th  A m e r ic a n  d a ta  is o f  c o n s id e ra b le  th e o re t
ic a l  in te re s t an d  im p o rt. P o p u la tio n  g e n e t ic  th e o ry  p re d ic ts  a  d e c lin e  in 
g e n e tic  id e n tity  w ith  in c re a s in g  g e o g ra p h ic  d is ta n c e  (W rig h t 1 9 4 3 ;  M a -  
I s c o t  1 9 6 9 ) .  S u c h  iso la t io n  b y  d is ta n c e  is n o t a p p aren t in  th e  S o u th  
A m e r ic a n  d a ta , a lth o u g h  it is  a p p a ren t fo r  th e  sa m e  a l le le  f re q u e n c ie s  in  
N o rth  A m e r ic a  and C e n tra l A m e r ic a . W h y  sh o u ld  su ch  a  s itu a tio n  o b ta in  
in  o n ly  o n e  g e o g ra p h ic  re g io n ?

S e v e ra l  p o s s ib le  s c e n a r io s  c a n  b e  im a g in e d . F ir s t ,  c o lo n iz a t io n  o f  
th e  S o u th  A m e ric a n  c o n tin e n t m a y  b e  s u ff ic ie n t ly  re c e n t  th at g e o g ra p h ic  
s tru ctu re  in  g e n e  f re q u e n c ie s  s im p ly  h as n o t had  s u ff ic ie n t  t im e  to  d e 
v e lo p , as  it h a s  in  N o rth  A m e r ic a . T h is  h y p o th e s is  h a s  l it t le  to  r e c o m 
m en d  it b e c a u s e  a r c h e o lo g ic a l  d ata  in d ic a te  an a n c ie n t p re s e n c e  o n  the 
c o n tin e n t an d  th e re  is  n o  e v id e n c e  o f  a  m o re  re c e n t  re p la c e m e n t m ig ra 
t io n . S e c o n d , m ig ra tio n  a m o n g  S o u th  A m e r ic a n  g ro u p s m a y  b e  lo w  su ch  
th a t e x tre m e  d iffe re n tia t io n  o c c u rs  b e tw e e n  a d ja c e n t g ro u p s and  d rift  r e 
su lts  in  s im ila r ity  b e tw e e n  u n re la te d  p o p u la tio n s  at g re a t d is ta n c e s . A l
th o u g h  p la u s ib le  an d  c o n s is te n t  w ith  o u r e a r lie r  c o n c lu s io n  th a t o n  a  c o n 
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tin e n ta l s c a le  S o u th  A m e r ic a  a p p ea rs  to  b e  a  c o l le c t io n  o f  p o p u la tio n s  
d riftin g  in d ep en d e n tly  ( O ’R o u rk e  an d  S u a re z  1 9 8 5 ) ,  th is  s c e n a r io  is 
p ro b le m a tic  as w e ll.  T h e r e  is  l itt le  e v id e n c e  th a t m ig ra tio n  h a s  b e e n  a t
te n u a ted  a m o n g  S o u th  A m e rin d ia n s  and  c o n s id e r a b le  e v id e n c e  th a t tra v e l 
a lo n g  riv er sy stem s h a s , in  fa c t , en h an ced  co m m u n ica tio n  b etw een  groups. 
In d e e d , it is  su rp ris in g  th a t c o m p a ra tiv e ly  re c e n t  p ro to h is to r ic  m ig ra tio n s  
( e . g . , th e  Q u e c h u a  o u t o f  th e  A n d e a n  re g io n  and  T u p i sp e a k e rs  in  so u th 
e a ste rn  S o u th  A m e r ic a )  h a v e  n o t re su lte d  in  d e te c ta b le  c lin e s  re f le c t in g  
th o se  m o v e m e n ts .

N e v e r th e le s s , iso la t io n  an d  re su lta n t d r ift  m a y  b e  re le v a n t to  the  
o b se rv e d  p a tte rn . I f  th e  p e o p lin g  o f  th e  N e w  W o rld  is  v ie w e d  as p ro 
c e e d in g  fro m  n o rth  to  so u th , th e  g e o g ra p h ic  c o n s tr ic t io n  th at is C e n tra l 
A m e r ic a  w o u ld  h a v e  b e c o m e  re la t iv e ly  m o re  d en se ly  p o p u la te d  e a r ly  in  
th e  so u th w ard  m ig ra tio n  o f  c o lo n iz in g  p e o p le s . S u c h  an  in c re a se  in  p o p 
u la tio n  in  C e n tra l A m e r ic a  m a y  h a v e  re su lte d  in  a  b lo c k a g e  to  fu rth er 
m ig ra n ts  e n te r in g  S o u th  A m e r ic a  fro m  th e  n o rth  (R .H .  W a rd , p e rso n a l 
c o m m u n ic a tio n , 1 9 9 1 ) .  T h u s  d rift  o p e ra tin g  o n  th o se  fe w  sm a ll m ig ra n t 
g ro u p s to  S o u th  A m e r ic a  b e fo r e  th e  b lo c k a g e  m a y  h a v e  co n trib u te d  to  
th e  sp atia l h e te ro g e n e ity  o b se rv e d  in  m o d e rn  p o p u la tio n s  o f  S o u th  
A m e rin d ia n s .

R e c e n t  e v id e n c e  su g g e sts  th a t e x tre m e  g e n e tic  d iv e rs ity  b e tw e e n  
l in e a g e s  in  fo u n d in g  p o p u la tio n s  m a y  b e  e x p e c te d  (W a rd  e t a l. 1 9 9 1 ) .  
T h e  p o stu la ted  sm a ll n u m b e r o f  fo u n d e rs  fo r  N a tiv e  A m e r ic a  [ e .g . ,  W a l 
la c e  and T o rro n i (th is  iss u e )  and  S c h u rr  e t  a l. ( 1 9 9 0 ) ]  m a y  b e  m o re  a p 
p ro p ria te  fo r  th e  c o lo n iz e rs  o f  S o u th  A m e r ic a  th an  fo r  th e  N e w  W o rld  
in  g e n e ra l [ c f .  W a rd  e t  a l .  ( 1 9 9 1 ) ] .  T h is  s c e n a r io  o f  e a rly  C e n tra l A m e r
ica n  p o p u la tio n  d en sity  an d  su b se q u e n t d iffe re n tia tio n  c o u p le d  w ith  the 
l in e a r ity  o f  th e  C e n tra l A m e r ic a n  la n d m a ss  w o u ld  b e  c o n s is te n t  w ith  the 
a s s o c ia tio n  a m o n g  a l le le  fre q u e n c ie s , g e o g ra p h y , and  lin g u is tic  a ff in ity  
a m o n g  the C h ib c h a n  sp e a k e rs  rep o rted  b y  B a rra n te s  e t a l. ( 1 9 9 0 ) .  A s  
n o ted  e a r lie r , th e  d e g re e  o f  d iffe re n tia t io n  b e tw e e n  p o p u la tio n s  is a p 
p ro x im a te ly  e q u iv a le n t  th ro u g h o u t N o rth  A m e r ic a  and  S o u th  A m e r ic a  
b u t s lig h tly  d ep re sse d  fo r  th e  C e n tra l A m e r ic a n  g ro u p s , as  in d ica te d  b y  
th e  F st v a lu e s  in  T a b le  1. T h is  is  n o t p a rtic u la r ly  u n e x p e c te d , g iv e n  th e  
s m a lle r  g e o g ra p h ic  a re a  o f  C e n tra l A m e r ic a , p a rtic u la r ly  in the  c o n te x t  
o f  an e a r ly  in c re a s e  in  p o p u la tio n  d e n s ity .

O n e  fu rth e r  c h a ra c te r  th at m a y  in f lu e n c e  g e n e  fre q u e n c y  p attern s  
m u st a lso  b e  m e n tio n e d . A  n u m b e r o f  re s e a rc h e rs  h a v e  n o ted  th e  r e la 
tio n sh ip  b e tw e e n  g e n e t ic  v a r ia tio n  an d  lin g u is t ic  a f f in ity  [S p u h le r  1 9 7 9 ; 
C ra w fo rd  and  E n c is o  1 9 8 2 ;  S a lz a n o  and  C a lle g a r i- Ja c q u e s  1 9 8 8 ;  C a v a lli-  
S fo r z a  e t  a l. 1 9 8 8 ;  B la c k  1 9 9 1 ;  b u t s e e  B la c k  e t a l. ( 1 9 8 3 ) ] .  G iv e n  the 
tre m e n d o u s  l in g u is t ic  d iv e rs ity  in  n a tiv e  S o u th  A m e r ic a , th e  ro le  o f  la n 
g u a g e  o n  g e n e  fre q u e n c y  v a r ia tio n  m a y  b e  s u b s ta n tia l. In  a  p re lim in a ry  
an alysis  M o b a rry  (1 9 9 1 )  found  that d iscrim in an t fu n ctio n  an a ly sis  o f  these
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S o u th  A m e rin d ia n  g e n e  fre q u e n c ie s  re su lts  in  n e a r ly  8 5 %  o f  p o p u la tio n s  
b e in g  c o r re c t ly  c la s s if ie d  b y  la n g u a g e  fa m ily . M o re o v e r , th is  h ig h  p e r
c e n ta g e  o f  c o r r e c t  c la s s if ic a t io n  is  n o t  im p ro v e d  and  is  u su a lly  ero d ed  
b y  in c lu s io n  o f  a d d itio n a l v a r ia b le s , su ch  as g e o g ra p h ic  lo c a tio n  o r  m e a 
su res o f  lo c a l  e c o lo g y  [c f .  O ’R o u rk e  and S u a re z  ( 1 9 8 5 ) ] .  S u c h  p re lim 
in a ry  re su lts  su g g e st a  fa ir  c o r re sp o n d e n c e  b e tw e e n  g e n e  fre q u e n c y  v a ri
a tio n  and  la n g u a g e  in  th e se  d ata .

F in a lly ,  it is  w o rth  n o tin g  th a t o n ly  red  c e ll  a n tig e n  fre q u e n c ie s  
h a v e  b e e n  tre a te d  h e re . G e o g ra p h ic  p a tte rn in g  in  th e  G M , K M , o r h ig h ly  
p o ly m o rp h ic  H L A  sy s te m s  m ig h t le a d  to  a lte rn a tiv e  in fe re n c e s . T h is  e m 
p h a s iz e s  th e  g e n e t ic  d iv e rs ity  in  N a tiv e  A m e ric a n  p o p u la tio n s , th e  c o m 
p le x ity  o f  th e  e v o lu tio n a ry  m e c h a n is m s  th a t stru ctu re  th is  v a r ia t io n , and  
th e  n eed  fo r  in c re a s in g ly  d e ta ile d  w o rk  to  c la r i fy  th e  a c tio n  o f  a lte rn a tiv e  
e v o lu tio n a ry  s c e n a r io s . I t  is  l ik e ly  th at th e  p o w e r o f  th e  e m e rg in g  m o 
le c u la r  m a rk e rs  fo r  re s o lv in g  q u e s tio n s  o f  a n th ro p o lo g ic a l and  e v o lu 
tio n a ry  in te re s t  w ill le a d  th e  w a y  in  re s o lv in g  a  n u m b e r o f  lo n g -s ta n d in g  
p ro b le m s  in  th is  a re a . Id e n tify in g  a  c o m m o n  se t o f  m o le c u la r  m a rk e rs  
in fo rm a tiv e  in  N a tiv e  A m e r ic a n  g ro u p s th a t c a n  b e  a s se s se d  in  a ll sa m 
p le s  w ill  h a s te n  p ro g re ss  in  u n d e rs ta n d in g  th e  e v o lu tio n a ry  g e n e tic s  o f  
A m e rin d ia n  p o p u la tio n s .
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