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M ol ecu l ar  P H YL O G E N E T I C S (see G lossar y ) i s b ased  on
th e p r i n ci p l e t h at  t h e n u m b er  of su b st i t u t ion s t h at
h av e accu m u l at ed  b et w een  t h e D N A seq u en ces of t w o
sp eci es i n d i cat es t h e t i m e si n ce t h ei r  com m on
an cestor. T h er e i s a fu n d am en tal  p rob l em  w i t h  t h i s
ap p roach , w i d el y  ack now l ed g ed  i n  t h e st an d ar d  t ex t s
(e.g . R ef. 1 ): t h e t i m e b ack  to t h e com m on  an cestor  of
t h e t w o D N A seq u en ces i s t y p i cal l y  lon g er  t h an  t h e
t i m e b ack  to t h e com m on  an cestor  of t h e t w o sp eci es.
T h e d i ffer en ce b et w een  t h e t w o t i m es i s show n  as T 1
i n  B ox 1 . T h e m ol ecu l es ar e m ost  u n l i k el y  to h av e a
com m on  an cestor  l i v i n g  at  t h e v er y  m om en t  t h at  t h e
an cest r al  sp eci es sp l i t  i n  t w o. R at h er, t h e p er iod  T 1 i s
t h e t i m e b ack  to t h e com m on  an cestor  of t h e t w o
m ol ecu l es w i t h i n  t h e si n g l e an cest r al  sp eci es.

T h e t i m i n g  of t h e S P E C IAT I O N ev en t s est i m at ed  from
m ol ecu l ar  p h y log en i es m u st  b e cor r ect ed  for  t h i s b i as,
cor r espon d i n g  to t h e av er ag e v al u e of T 1 , an d  for  t h e

u n cer t ai n t y  ow i n g  to t h e v ar i at ion  arou n d  t h i s
av er ag e. T h ese i ssu es ar e i m por t an t  i f t h e t i m i n g  of
sp eci at ion  ev en t s i s u sed  to d r aw  con cl u sion s abou t
t h e n atu r e of t h e sp eci at ion  p rocess (e.g . B ar r aclou g h
an d  N ee2 , t h i s i ssu e). Al t hou g h  i t  i s i n con v en i en t  for
som e ap p l i cat ion s, t h e v ar i ab i l i t y  i n  t i m i n g s can  al so
b e i n for m at i v e. D i ffer en ces b et w een  loci  can  b e u sed
to d r aw  i n fer en ces abou t  t h e p ast  pop u l at ion  si z e an d
pop u l at ion  su b d i v i sion . T h i s ap p roach  w i l l  b ecom e
m or e i m por t an t  as com p ar i son s b et w een  sp eci es ar e
m or e rou t i n el y  m ad e at  m u l t i p l e loci .  T h e r esu l t s
cou l d  p rov i d e cl u es abou t  t h e d em og r ap h y  of
pop u l at ion s t h at  h av e u n d er gon e sp eci at ion .

U n d er  t h e assu m p t ion  t h at  t h e an cest r al  sp eci es
h ad  a pop u l at ion  si z e si m i l ar  to t h e cu r r en t  sp eci es, i t
i s possi b l e to m ak e a cr u d e cor r ect ion  for  t h e b i as i n
t i m i n g s t h at  r esu l t  from  T 1 . T h i s m ak es u se of t h e
si m i l ar i t y  b et w een  t i m es to a com m on  an cestor  for
t h e g en es at  a locu s w i t h i n  a sp eci es an d  T 1  (B ox 2 ).
T h i s an d  m or e sop h i st i cat ed  m ethod s t h at  d eal  w i t h
i n for m at ion  from  m u l t i p l e loci  ar e r ev i ew ed  an d
d ev elop ed  b y  E d w ar d s an d  B eer l i 3 .

F i g u r e I  i n  B ox 1  p rov i d es a si m p l i fi ed  v i ew  of
sp eci at ion . T h er e i s a si n g l e poi n t  at  w h ich  th e i n v er ted
‘Y’sp l i t s, i m p l ici t l y  i n d icat i n g  th at  th e an cest r al
sp eci es d i v i d ed  i n stan tan eou sl y  i n to tw o d escen d an t
sp eci es b etw een  w h ich  th er e w as no g en e flow . M an y  of
t h e m od es of sp eci at ion  sk etch ed  b y  T u r el l i  et al .4 (t h i s
i ssu e) w ou l d  i n v ol v e a m or e p rot r act ed  i n ter r u p t ion  of
g en e flow . Pop u l at ion s d i v er g i n g  i n  AL L O PAT RY cou l d
spor ad ical l y  com e i n to con tact , t h e accu m u l at ion  of
R E PR O D U C T IVE I SO L AT I O N i n  SYM PAT RY or  PARAPAT RY m i g h t

The relat ionship betw een species is usually represented as a bifurcat ing t ree
w ith t he branching points represent ing speciat ion events. The ancest ry of
genes t aken from  t hese species can also be represented as a t ree, w ith t he
branching points represent ing ancest ral genes. The t ime back to t he branching
points, and even t he branching order, can be different  betw een t he tw o t rees.
This possibi l i t y is w idely recognized, but  t he discrepancies are often t hought  to
be small. A different  picture is emerging from  new  empirical evidence,
part icularly t hat  based on mult iple loci or on surveys w ith a w ide geographical
scope. The discrepancies must  be t aken into account  w hen est imat ing t he
t iming of speciat ion events, especially t he more recent  branches. On t he
posi t ive side, t he different  t imings at  different  loci provide informat ion about
the ancest ral populat ions.

Gene t rees and species t rees are not
the same
Richard Nichols
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b e i n com p l ete for  a p er iod , an d  ev en  tax a cl assi fi ed  as
d i st i n ct  sp eci es can  h y b r i d i ze. T h i s t y p e of ep i sod ic
g en e flow  m i g h t  affect  som e loci  an d  not  ot h er s Ð i f so,
t h e d i ffer en ces b etw een  loci  cou l d  p rov i d e i n for m at ion
abou t  th ese ep i sod es.

E v en  i n  t h e case of i n st an tan eou s sp eci es sp l i t t i n g
(B ox 1 ), t h er e w i l l  b e d i ffer en ces b et w een  t h e g en e
t r ees at  d i ffer en t  loci  b ecau se of t h e v ar i at ion  i n  t h e
l en g t h  of T 1 . Ar e d i ffer en ces l ar g e enou g h  to b e
con fu sed  w i t h  t h e si g n al  from  m or e p rot r act ed
sp eci at ion ? I s i t  u n r el i ab l e to est i m at e t h e t i m i n g  of
t h e sp eci es sp l i t  from on e or  t w o g en e t r ees, su ch  as
t h at  for  m i tochon d r i a l  D N A (m t D N A)? T h e an sw er  to
t h ese q u est ion s i s ‘t h at  d ep en d s’.

H er e, I  ou t l i n e how  t h e m ag n i t u d e of t h e
d i scr ep an cy  d ep en d s on  t h e effect i v e pop u l at ion  si z e
(N e) of t h e sp eci es b ei n g  st u d i ed . T h i s sh ar p en s t h e
q u est ion . We n eed  fi r st  to ask  w h at  i s m ean t  b y  t h e
effect i v e si z es, an d  secon d , w h eth er  t h ey  ar e
g en er al l y  l ar g e enou g h  to affect  p h y log en et i c
i n fer en ce. T h e secon d  q u est ion  h as b een  ad d r essed
em p i r i cal l y, i n  a few  w el l -st u d i ed  sp eci es, b y
com p ar i n g  r esu l t s from  m an y  loci ,  an d  i t  g i v es som e
su r p r i si n g  i n si g h t s i n to t h e d em og r ap h i c h i stor y  of
h u m an s. I  a l so con si d er  t h e ot h er  asp ect s of
p h y log en et i c h i stor y  t h at  m i g h t  d i stor t  t h e est i m at es
of t i m i n g  from  m ol ecu l ar  d ata.

Timings and Ne
T 1 can  b e cal cu l at ed  for  an  i d eal i z ed  d i p loi d  r an dom -
m at i n g  pop u l at ion  of si z e N e. T h er e ar e 2 N e g en es i n

t h e pop u l at ion : t h e m at er n al  an d  p at er n al  cop y  i n
each  of N e i n d i v i d u al s. I  u se t h e t er m  ‘g en e ’ for  t h ese
cop i es w h er e som e au thor s u se ‘al l el e ’ to m ak e i t  cl ear
t h at  t h ey  ar e r efer r i n g  to cop i es at  t h e sam e locu s
(w h er eas, i n  som e b r an ch es of g en et i cs, t h e ‘n u m b er
of a l l el es’ r efer s to t h e n u m b er  of v ar i an t s fou n d  at  a
locu s).

To cal cu l at e T 1 , i m ag i n e st ar t i n g  at  t h e t i m e of t h e
sp eci at ion  ev en t  an d  t r aci n g  b ack  t h e an cest r y  of t h e
L I N E AG E of a g en e from  each  of t h e t w o d escen d an t
sp eci es. B ecau se each  l i n eag e i s eq u al l y  l i k el y  to b e
d escen d ed  from  th e 2 N e g en es i n  t h e p r ev iou s
g en er at ion , t h er e i s a p rob ab i l i t y  of 1 /2 N e of ar r i v i n g
at  t h e com m on  an cestor  (A i n  B ox 1 ) i n  each
g en er at ion . T h i s i s k now n  as t h e coal escen ce r at e
from  w h i ch  t h e ex p ect ed  t i m i n g s can  b e cal cu l at ed 5

(B ox 2 ). T h e av er ag e t i m e (g en er at ion s p er  coal escen t
ev en t ) i s t h e i n v er se of t h e r at e (coal escen t  ev en t s p er
g en er at ion ), 2 N e g en er at ion s. I f, at  t h e t i m e of
sp eci at ion , t h er e w er e m or e t h an  t w o an cestor s for
t h e g en es i n  t h e p r esen t  t w o sp eci es, t h en  t h e av er ag e
t i m e w ou l d  i n cr ease tow ar d s 4 N e, b u t  t h e u p p er  en d
of t h e d i st r i b u t ion s i s q u i t e si m i l ar. T h e d i scr ep an cy
b et w een  t h e t i m es for  g en es an d  sp eci es i s u n l i k el y  to
b e m u ch  m or e t h an  7 N e g en er at ion s (B ox 2 ). T h ese
cal cu l at ion s assu m e t h at  t h e sp eci es w as a si n g l e
r an dom -m at i n g  pop u l at ion . I n  r eal i t y, t h e si t u at ion
w i l l  b e m or e com p l i cat ed  (e.g . t h e pop u l at ion  m i g h t  b e
su b d i v i d ed , B ox 3 ), b u t  t h e av er ag e t i m es est i m at ed
from  g en et i c d at a ar e oft en  ch ar act er i z ed  b y  t h e
cor r espon d i n g  N e for  an  i d eal i z ed  si n g l e pop u l at ion .
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The inverted Y (Fig. I) represents the
splitting of one species into two. The
single upper branch is the ancestral
species; the two lower arms are the
descendant species, which are alive today
(at the base).

Within each of the extant species, the
five lower tips of dark lines represent five
genes. The ancestry of these genes can be

traced back in time to common ancestors
(branch points). In this case, the common
ancestor (a) for the genes in each species
occurred more recently than did the
speciation event (the branching of the
inverted Y). The time back to these common
ancestors will vary between loci and
species. In this case, it is T2 generations in
the left-hand species. The two a genes can
be traced back to two genes in the ancestral
species. Even further back, they share a
common ancestor (A) T1 generations
before the split between the two species.

Figure II shows an example in which
the gene tree and species tree do not
match. There are three species (H, C and
G); although H and C share the most recent
ancestry, the history of the genes is
different and the genes of C and G share
the more recent ancestor (X). This
occurred because the lineages from H and
C remained separate for the period T3.
Consequently, all three species have
distinct ancestral genes in the top
ancestral species. It happens that the 

C and G lineages have the most recent
ancestor, so the branching order of the
genes differs from that of the species (they
could, of course, have had the correct
branching pattern by chance).

Box 1. Gene t rees w ithin species t rees

A

(a) (a)

T2

T1

Time

TRENDS in Ecology & Evolution

T3

Time
X

H C G

TRENDS in Ecology & Evolution

I

II



I s T 1 l ar g e com p ar ed  w i t h  t h e t i m e b et w een
sp eci at ion  ev en t s? Som e of t h e ev i d en ce su g g est s not .
M oor e6 ,7 su r v ey ed  t h e p u b l i sh ed  w i t h i n -sp eci es
d i ffer en ces at  t h e m i tochon d r i a l  cy toch rom e b g en e
from  b i r d s. M t D N A i s ex p ect ed  to p rov i d e p ar t i cu l ar l y
accu r at e t i m i n g s b ecau se i t  h as essen t i a l l y  on e
q u ar t er  of t h e effect i v e pop u l at ion  si z e of an
au tosom al  locu s. E ffect i v e pop u l at ion  si z e i s h al v ed
b ecau se m i tochon d r i a ar e on l y  t r an sm i t t ed  t h rou g h
fem al es an d  h al v ed  ag ai n  b ecau se each  fem al e
t r an sm i t s on l y  on e h ap lot y p e. M oor e look ed  for
ev i d en ce of sm al l  effect i v e si z e i n  i n t r asp eci fi c D N A
seq u en ce com p ar i son s. T h e l ar g est  d i ffer en ce
ob ser v ed  w i t h i n  a sp eci es w i l l  g i v e som e i n d i cat ion  of
t h e m ax i m u m  er ror  of t h e b et w een -sp eci es v al u es
(com p ar e t h e t w o cu r v es i n  B ox  2 ). Al t hou g h  on e
i n t r asp eci fi c com p ar i son  show ed  2 .5% seq u en ce
d i v er g en ce, m ost  sp eci es h ad  su b stan t i a l l y  sm al l er
(m ax i m u m ) d i v er g en ce. I n t er sp eci es d i v er g en ce
t en d s to b e l ar g er.

K l ick a an d  Zi n k 8 ,9  fou n d  d i v er g en ce of arou n d  5% i n
com p ar i son s b etw een  N or t h  Am er ican  son g b i r d s,
w h ich  t h ey  i n t er p r et  to su g g est  t h at  sep ar at ion  d ated
b ack  to t h e E ar l y  P l ei stocen eÐL ate P l iocen e. T h e
su b stan t i al l y  l ar g er  g en et ic d i ffer en ces b etw een
sp eci es t h an  w i t h i n  seem  to i m p l y  t h at  t h er e w as l i t t l e
b i as i n  t h e est i m ates of t h e t i m i n g  of sep ar at ion .
H ow ev er, Av i se an d  Wal k er 1 0 ex p l ai n  t h ese l ar g e
d i ffer en ces as d i v er g en ce t h at  accu m u l at ed  b etw een
r el at i v el y  i sol at ed  r eg ion s i n  t h e an cest r al  sp eci es.
T h ey  d em on st r at e t h at  com p ar ab l e d i v er g en ce can  b e
seen  i n  p r esen t  d ay  sp eci es. I n  t h ei r  su r v ey, 7 6% of
b i r d  sp eci es con tai n ed  l i n eag es t h at  ar e so d i st i n ct

t h at  t h ey  ap p ear  to h av e b een  sep ar ate si n ce t h e
P l ei stocen e. T h i s d eg r ee of d i v er g en ce i s d et ect ed  i n  a
w i d e r an g e of sp eci es w h en  t h e su r v ey  h as su ffici en t
g eog r ap h ical  scop e11 . I f r ep rod u ct i v e i sol at ion
accu m u l at ed  g r ad u al l y  b etw een  t h ese al lop at r ic
pop u l at ion s, t h er e w i l l  b e no si n g l e sp eci at ion  ev en t
t h at  can  b e g i v en  a p r eci se d at e. T h e p h y log en y  m i g h t ,
how ev er, b e r ev eal i n g  abou t  t h e p er iod  t h rou g h  w h ich
th e i sol at ion  p er si st ed , i n  p ar t icu l ar, w h eth er  i sol at ion
con t i n u ed  t h rou g h  t h e m ajor  cl i m at ic fl u ct u at ion s.

Comparisons at  mult iple loci
G i v en  t h i s r at h er  eq u i v ocal  ev i d en ce from  st u d i es of
sev er al  sp eci es at  a si n g l e locu s, w h at  m or e can  b e
l ear n t  from  m u l t i p l e loci ? O n e ap p roach  i s to assess
t h e p ropor t ion  of loci  t h at  show  t h e sam e b r an ch i n g
p at t er n s. B r an ch i n g  p at t er n s can  d i ffer  b ecau se of t h e
d i ffer en t  t i m i n g s of sp eci es t r ees an d  g en e t r ees. B ox 1
ex am i n es t h e ch an ce of t h e g en es an d  sp eci es sh ar i n g
t h e sam e b r an ch i n g  p at t er n  (u si n g  t h r ee sp eci es). T h e
ch an ce of con g r u en t  b r an ch i n g  p at t er n s d ep en d s on
th e l en g t h  of t h e i n t er nod e show n  as T 3 (R efs 1 2 ,1 3 )
(B ox 1 ). I f t h e i n t er nod e i s lon g  enou g h  r el at i v e to N e,
t h e g en es for  t h e t w o closest  sp eci es w i l l  h av e t h e
m ost  r ecen t  com m on  an cestor. F or  ex am p l e, i f T 3 i s
lon g er  t h an  ~ 5 N e, t h en  t h er e i s a 9 5% ch an ce t h at  t h e
g en e an d  sp eci es t r ees ar e con g r u en t . T h e ex act
p ropor t ion s al so d ep en d  on  t h e p rob ab i l i t y  t h at
ap p rop r i at e m u tat ion s w i l l  h av e occu r r ed  so t h at  t h e
act u al  b r an ch i n g  p at t er n  i s d et ect ed .

C h en  an d  L i 1 4 u sed  t h i s r eason i n g  i n  r ev er se1 5  to
w or k  ou t  t h e effect i v e pop u l at ion  si z e of t h e com m on
an cestor  of h u m an s an d  ch i m p s. T h ey  look ed  at
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The time back to a common ancestor will
vary from locus to locus in the same
species. It depends on the effective size of
the population and the selection acting on
the locus or closely linked loci. There is
also a large contribution from chance
leading to differences among loci (Fig. I).
In an idealized population, there are

relatively simple distributions for the
times back to a common ancestor of
different loci where selection is weaka.

T1 is the time back to an ancestor of a
pair of genes within the same species (Fig. I,
solid curve). The average for an autosomal
gene is 2Ne generations, but times two- or
threefold greater will be seen at many loci.

Time T2 is the time back to the common
ancestor for a sample of genes from
within a species (Fig. I, dotted curve).
Compared with the solid curve, only a few
loci have a very recent common ancestor.
This is because T2 is the time to the
common ancestors for all of the genes in
the sample. Although some pairs of genes
in the sample will have a recent common
ancestor, others will not. As the size of the
sample increases, the distribution rapidly
converges to the distribution shown in
Fig. I. The average time is twice that for T1

(4Ne generations), but the upper ranges
are similar. These distributions are
calculated by assuming a probability 
of 1/2Ne that a pair of genes share a
common ancestor in each preceding
generation.

Reference
a H u d son , R .R . (1 9 9 0 ) G en e g en ealog i es an d  t h e
coal escen t  p rocess. O xfor d  S u r v . E v ol . B iol .  7 ,
1 Ð4 4

Box 2. The variat ion in t he t ime to a common ancestor for different  loci
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5 3 au tosom al  h u m an  seq u en ces, each  of a non -cod i n g
r eg ion  2 Ð2 0 -k b  lon g  an d  5 k b  aw ay  from  an y
su sp ect ed  g en e. T h i s st r at eg y  w as d esi g n ed  to
m i n i m i z e t h e effect  of sel ect ion  on  l i n k ed  loci  on  t h e
p at t er n s of coal escen ce. T h ey  d i d  not  i n cl u d e r ep eat ed
el em en t s t h at  m i g h t  h av e h ad  u n u su al  i n t r ag enom i c
d y n am i cs.

E ach  seq u en ce w as ob t a i n ed  from  a h u m an , a
ch i m p an z ee, a  gor i l l a  an d  an  or an g -u t an . Wh en
com b i n ed  tog et h er, t h e tot a l  seq u en ce em p h at i cal l y
con fi r m ed  t h e cu r r en t  con sen su s t h at , of t h ese
sp eci es, t h e h u m an s an d  ch i m p s h av e t h e m ost
r ecen t  com m on  an cest r y  (B ox  1 ).  Wh en  t ak en  on
t h ei r  ow n , h ow ev er, ap p rox i m at el y  4 0% of t h e
seq u en ces g av e d i ffer en t  b r an ch i n g  or d er s. U si n g  t h e
r el at ion sh i p  b et w een  n on -con g r u en ce an d  effect i v e
pop u l at ion  si z e, C h en  an d  L i  cal cu l at ed  t h at  t h e
an cest r a l  pop u l at ion  si z e w as 5 2 0 0 0 Ð9 0 0 0 0
i n d i v i d u al s. I t  i s p er h ap s easi er  to fol low  t h e log i c of
t h e cal cu l at ion  i n  t h e op posi t e d i r ect ion . T 3 i s
t h ou g h t  to b e arou n d  t w o m i l l ion  y ear s, t h i s
r ep r esen t s rou g h l y  1 0 0 0 0 0  g en er at ion s (assu m i n g  a
2 0 -y ear  g en er at ion  sp an  for  t h e com m on  an cestor ).
T h i s n u m b er  of g en er at ion s i s on e to t w o t i m es t h e
est i m at e of t h e an cest r a l  si z e. A su b st an t i a l
p ropor t ion  of loci  w ou l d  go t h rou g h  t h e i n t er n od e
w i t h ou t  coal esci n g  (F i g . I ,  i n  B ox 2 ) an d  w ou l d
con seq u en t l y  p rod u ce t h e h i g h  fr eq u en cy  of
i n con g r u en t  g en e t r ees.

A fu r t h er  i n d i cat ion  of t h e poor  r el i ab i l i t y  of
est i m at es from  si n g l e loci  com es from  th e est i m at es of
t h e r el at i v e ag e of t h e m ost  r ecen t  h u m an Ðch i m p

com m on  an cestor  an d  t h e com m on  an cestor  for  a l l
t h r ee sp eci es. T h e com b i n ed  est i m at e for  t h e m u l t i p l e
loci  i s t h at  T 3 r ep r esen t s on e t h i r d  of t h e t i m e to t h e
com m on  an cestor  for  h u m an s an d  ch i m p s. An
i n d i v i d u al  est i m at e p r ev iou sl y  ob tai n ed  for  a g lob i n
p seu dog en e1 6 w as 1 0%, d em on st r at i n g  t h e
su b stan t i a l  er ror  on  est i m at es from  si n g l e loci .  An
est i m at e from  m t D N A (R ef. 1 7 ) w as 6 0%. I n  t h i s case,
t h e d i ffer en ce from  th e com b i n ed  av er ag e of 3 3% w i l l
a l so i n cl u d e a b i as ow i n g  to t h e sm al l er  effect i v e
pop u l at ion  si z e of m t D N A.

O t h er  sp eci es m i g h t  b e ex p ect ed  to h av e 
l ar g er  N e t h an  do p r i m at es an d  t h e t i m i n g s 
est i m at ed  from  th ei r  m ol ecu l ar  p h y log en i es w ou l d ,
t h er efor e, b e su b ject  to g r eat er  b i as an d  er ror. 
A si m i l ar  m u l t i locu s ap p roach  i n d i cat es t h at  
t h e an ci en t  an d  m od er n  effect i v e si z es of som e
D rosop h i l a sp p . w er e of t h e or d er  of t h r ee m i l l ion
(R ef. 1 8 )an d  t h at  l ar g e pop u l at ion  si z e r esu l t s i n
d i ffer en t  sp eci es sh ar i n g  t h e sam e pol y m or p h i sm 1 9 .
To ex t en d  t h e l esson s to ot h er  sp eci es, i t  w ou l d  b e
h el p fu l  to fi n d  som e r u l es for  assessi n g  N e from  
ou r  k now l ed g e of t h e b iolog y  of a sp eci es. I t  i s
p ar t i cu l ar l y  i n st r u ct i v e to com p ar e t h e est i m at e 
for  t h e h u m an Ðch i m p  an cestor  w i t h  t h at  for  t h e
h u m an  l i n eag e. T h e r el at i v e si z e can  b e est i m at ed
from  com p ar i son s b et w een  an d  w i t h i n  sp eci es ov er
m u l t i p l e loci 2 0 . T h e effect i v e si z e alon g  t h e h u m an
l i n eag e i s an  or d er  of m ag n i t u d e sm al l er  t h an  t h at
for  t h e h u m an Ðch i m p  an cestor, arou n d  1 0 0 0 0 . 
T h i s r esu l t  p rob ab l y  does not  i n d i cat e a d ecr eased
pop u l at ion  si z e i n  h u m an s, b u t , i n st ead , can  b e

TRENDS in Ecology &  Evolution Vol.16 No.7  July 2001

http://tree.trends.com

361Review

One of the simplest models used to characterize effects of
population subdivision is the Finite Island Model. Figure I
illustrates the three rates that characterize its GENEALOGICAL (see
Glossary) structure. The circles represent the panmictic demes that
make up the population. The arrows show  the different outcomes
that occur when lineages are traced back through time. The
population is composed of D demes, each of N diploid individuals.
Each individual migrates with probability m per generation. The
destination is equally likely to be any one of the other demes. For
simplicity the expressions for rates have excluded multiple events
in one generation. (Modified, with permission, from Ref. a.)

Genes in the same deme tend to have a recent common
ancestor, except for those descended from recent migrants. To
find the common ancestor of two genes from different demes,
their lineages must be traced back to a time when their ancestors
lived in the same deme. Therefore, they tend to have a more
ancient common ancestor. It follows that the time to a common
ancestor for the whole species depends largely on the rate at
which genes in different demes coalesce. This can be
approximated by the rate at which they arrive in the same deme
(c), multiplied by the probability that they then coalesce before
migrating out again [which is given by the relative size of the two
rates: a/(a + b)].

In an idealized single population, the rate of coalescence is
1/2Ne. By equating this to the long-term rate above, an expression
for Ne in a subdivided population is obtained (Eqn 1):

Reference
a N i chol s, R .A. et  a l . (2 0 0 1 ) S u stai n i n g  g en et i c v ar i at ion  i n  a sm al l  pop u l at ion :

ev i d en ce from  th e M au r i t i u s k est r el . M ol .  E col .  1 0 , 5 9 3 Ð6 0 2

Box 3. Effect ive populat ion size in st ructured populat ions

Two lineages
coalesce at

rate a ~ 1/2N

One or other
migrates at
rate b ~ 2m

Lineages arrive in 
the same deme at

rate c ~ 2m/D
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ex p l ai n ed  b y  t h e effect  of i n cr eased  m i g r at ion  i n  a
su b d i v i d ed  pop u l at ion .

Ne in a subdivided populat ion
I n  B ox 2 , t h e t i m es to a com m on  an cestor  w er e
m od el l ed  u n d er  t h e assu m p t ion  t h at  t h e sp eci es w as
an  i d eal i z ed  pop u l at ion  of si z e N e, w h i ch  m ean t  t h at
l i n eag es coal esced  at  t h e r at e 1 /2 N e. B ox  3  show s how ,
b y  q u an t i fy i n g  t h e eq u i v al en t  r at e i n  a si m p l e m od el
of su b d i v i d ed  pop u l at ion (t h e ‘I sl an d  M od el ’), i t  i s
possi b l e to ob tai n  an  ex p r ession  for  t h e effect i v e si z e
of a su b d i v i d ed  pop u l at ion  as N e = N D (1 + [4 N m ]( 1).
T h e p rod u ct  N D i s t h e tot a l  pop u l at ion  si z e of t h e
sp eci es. I t  fol low s t h at  i n cr easi n g  su b d i v i sion
(i .e. d ecr easi n g  t h e m i g r at ion  r at e m ) i n cr eases t h e
effect i v e si z e abov e t h at  for  an  u n d i v i d ed  sp eci es. T h i s
p r i n ci p l e i s lon g  est ab l i sh ed 2 0 Ð2 3 b u t  can  seem
cou n t er i n t u i t i v e. F or  ex am p l e, Wak el y 2 2  u sed  t h i s
eq u at ion  to ar g u e t h at  t h e d ecr ease i n  effect i v e
pop u l at ion  si z e alon g  t h e h u m an  l i n eag e m i g h t  b e a
r esu l t  of t h e i n cr eased  m i g r at ion  r at e of h u m an s.

O n e i m por t an t  i m p rov em en t  on  t h e si m p l e m od el
i n  B ox 3  i s to a l low  for  t h e possi b i l i t y  t h at  i n d i v i d u al
d em es can  go ex t i n ct  an d  b e r e-estab l i sh ed . S l at k i n 2 4

show ed  t h at  t h e effect  on  g en et i c d i ffer en t i at ion
am on g  d em es d ep en d s on  w h eth er  t h e colon i st s t en d
to b e d r aw n  from  th e sam e d em e, or  from  a col l ect ion
of d em es. N on eth el ess, t h e g en er al  effect  of ex t i n ct ion
an d  r ecolon i z at ion  i s, con si st en t l y, to r ed u ce lon g -
t er m  effect i v e pop u l at ion  si z e2 5 . T ak ah ata2 3 u ses t h i s
p r i n ci p l e to ar g u e t h at  t h e r ed u ct ion  i n  h u m an
effect i v e pop u l at ion  si z e w as t h e r esu l t  of i n cr eased
ex t i n ct ion  an d  r ecolon i z at ion  r at es.

Wh i t lock  an d  B ar ton ’s2 6 m od el  w as ev en  m or e
r eal i st i c an d  t h er efor e, m or e com p l ex  t h an  t h at  i n
B ox 3 . T h ey  i n cl u d ed  t h e d y n am i cs of pop u l at ion  si z e
an d  m i g r at ion  an d  fou n d  t h at  t h e effect  of i n cr easi n g
m i g r at ion  r at e (i .e. d ecr easi n g  su b d i v i sion ) cou l d  b e to
i n cr ease effect i v e pop u l at ion  si z e. T h i s i s t h e
d i am et r i cal l y  op posi t e con cl u sion  of t h e si m p l er
an al y si s. H ow  i s t h i s possi b l e? O n e effect  of
i n cr easi n g  m i g r at ion  can  b e to cau se t h e stoch ast i c
fl u ct u at ion s i n  t h e si z e of d i ffer en t  d em es to
sy n ch ron i z e, w h i ch  ev en s ou t  t h ei r  con t r i b u t ion  to
m i g r an t s i n  t h e su b seq u en t  g en er at ion . T h i s m ean s
th at  m i g r an t s ar e d r aw n  from  a w i d e r an g e of d em es,
r ed u ci n g  t h e r at e of coal escen ce. A secon d  effect  i s to
i n cr ease t h e p ropor t ion  of local i t i es t h at  ar e occu p i ed
as a r esu l t  of g r eat er  m ov em en t . T h i s a l so con t r i b u t es
to t h e i n cr eased  effect i v e si z e. T h ese effect s occu r  for
on l y  som e com b i n at ion s of p ar am et er  v al u es an d  i t
m i g h t  b e h ar d  to p r ed i ct  w h i ch  sp eci es w i l l  ex h i b i t
t h em .

I n  m ost  sp eci es, g en e flow  w i l l  t en d  to b e b et w een
ad jacen t  pop u l at ion s. T h i s m ean s t h at  g en e ex ch an g e
b et w een  d i st an t  pop u l at ion s w i l l  u su al l y  r eq u i r e a
ser i es of m ov em en t s, ov er  sev er al  g en er at ion s, to
sp an  t h e i n t er v en i n g  pop u l at ion s. T h e t i m es to a
com m on  an cestor  ar e t h er efor e g r eat er  t h an  i n  t h e
I sl an d  M od el  of B ox 3 . T h e av er ag e t i m e w i l l  d ep en d

on  t h e d i st an ce b et w een  pop u l at ion s2 7 . B ar ton  an d
Wi l son 2 8  d er i v ed  ex p r ession s for  t h e d i st r i b u t ion  of
t i m es. T h e av er ag e t i m es an d  v ar i an ce ar e g r eat er
t h an  for  t h e si m p l e I sl an d  M od el , an d  i n  m an y  sp eci es
t h e com m on  an cestor s (G en es A or  a i n  B ox  1 ) w i l l
h av e l i v ed  b efor e t h e l ast  i ce ag e w h en  t h e
d i st r i b u t ion  of t h e pop u l at ion s w as r ad i cal l y  d i ffer en t
from  th at  of t h e p r esen t  d ay.

I n  ad d i t ion  to t h ese d em og r ap h i c effect s, effect i v e
pop u l at ion  si z e can  b e affect ed  b y  sel ect ion  at  l i n k ed
loci  an d , con seq u en t l y, can  v ar y  am on g  d i ffer en t
r eg ion s i n  t h e g enom e. T h i s effect  h as b een  u sed  to
ex p l ai n  r eg ion s of u n u su al l y  h i g h  or  low  g en et i c
v ar i at ion  w i t h i n  t h e g enom e of D rosop h i l a2 9 ,3 0 . I t
ap p ear s, t h en , t h at  a d au n t i n g  d ep t h  of k now l ed g e i s
r eq u i r ed  to p r ed i ct  t h e effect i v e pop u l at ion  si z e of a
sp eci es from  i t s b iolog y. T h e m or e con v i n ci n g  ev i d en ce
p rob ab l y  com es from  i n t er p r et i n g  t h e g en et i c
d i v er si t y  w i t h i n  sp eci es.

Diversi t y w ithin species and post glacial expansions
I n  act u al  sp eci es, t h e n at u r e of su b d i v i d ed
pop u l at ion s i s ev en  m or e com p l ex  t h an  t h at  of t h e
Wh i t lock  an d  B ar ton  m od el 2 6 . T h e g eog r ap h i cal
d i st r i b u t ion  of g en et i c d i v er si t y  i n  m an y  sp eci es
i m p l i es t h at  t h ei r  cu r r en t  d i st r i b u t ion  w as st ron g l y
affect ed  b y  post g l aci a l  r ecolon i z at ion  of t h ei r  cu r r en t
r an g e3 1 . T h e g r eat est  g en et i c d i st an ces w i t h i n
sp eci es ar e oft en  b et w een  r eg ion s t h at  ar e t h ou g h t  to
h av e ser v ed  as g l aci a l  r efu g i a. Aw ay  from  t h ese
r eg ion s, t h er e ar e oft en  l ar g e r an g es t h at  ar e
g en et i cal l y  m or e u n i for m  an d  w i t h  l ess
d i ffer en t i at ion  w i t h i n  each  pop u l at ion . T h i s p at t er n
can  b e ex p l a i n ed  b y  t h e d r am at i c loss of v ar i at ion
t h at  occu r r ed  d u r i n g  post g l aci a l  r an g e ex p an sion 3 2

ou t  of t h e r efu g i a. E x p an sion  i n to v i r g i n  t er r i tor y  can
l ead  to a  ser i es of pop u l at ion  B O T T L E N E C K S, each
est ab l i sh i n g  pop u l at ion s t h at  sp r ead  to cov er  a l ar g e
ar ea. S u r v ey s of w i t h i n -sp eci es d i v er si t y  i n  t h ese
r eg ion s, w h i ch  m i g h t  m ak e u p  m u ch  of t h e sp eci es
r an g e, w ou l d  l ead  to t h e er ron eou s con cl u sion  of a
v er y  r ecen t  com m on  an cest r y.

T h e m ag n i t u d e of t h e d i ffer en t i at ion  am on g
p u tat i v e r efu g i a can , how ev er, b e su r p r i si n g l y  l ar g e.
T ab er l et  et a l .3 3 col l at ed  i n for m at ion  from  sev er al
sp eci es t h at  ar e t hou g h t  to h av e b een  r est r i ct ed  to
r efu g i a i n  t h e sam e t w o r eg ion s: t h e I b er i an
p en i n su l ar  an d  t h e B al k an s.  T h e au thor s com p ar ed
m t D N A seq u en ce d i v er g en ce from  pop u l at ion s of t h e
sam e sp eci es b et w een  t h e t w o r eg ion s an d  fou n d  t h at
t h e d i v er g en ce w as oft en  as g r eat  as t h at  fou n d
b et w een  d i st i n ct  sp eci es. F u r t h er m or e, t h e v al u es
w er e q u i t e d i sp ar at e, for  ex am p l e: 2% for  b ear s U r su s
ar ctos, 6 .5% for  a sh r ew  C roci d u r a su av eol en s, an d
7 .6% for  w at er  v ol es Ar v i col a sp p . T ab er l et  et a l .
ar g u e t h at  t h ese v al u es do not  seem  to cor r espon d  to
p ar t i cu l ar  cl i m at i c ev en t s sp l i t t i n g  t h e sp eci es r an g e,
b u t  m i g h t  si m p l y  r efl ect  d i v er g en ce si n ce t h ey
b ecam e est ab l i sh ed  i n  nor t h er n  E u rop e, i n  som e
cases, sev er al  m i l l ion  y ear s ago.
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T h i s sor t  of h i stor y  cou l d  h el p  ex p l ai n  t h e p at t er n s
i n  b i r d  d i v er g en ce poi n t ed  ou t  b y  K l i ck a an d  Zi n k 8 , i n
w h i ch  sp eci es p r ev iou sl y  t hou g h t  to b e m or e r ecen t l y
d i v er g ed  show ed  l ev el s of d i ffer en t i at ion  si m i l ar  to
t hose t hou g h t  to b e ol d er. P ar t  of t h e ex p l an at ion
m i g h t  b e t h at  t h e l i n eag es of t h e an cest r al  g en es h av e
d i v er g ed  for  m an y  t hou san d s of y ear s w i t h i n  t h e
an cest r al  sp eci es i n  g eog r ap h i cal l y  i sol at ed
local i t i es1 0 ,11 . E v en  w h en  t h er e i s su ch  lon g -stan d i n g
d i v er g en ce at  som e loci ,  ot h er  loci  i n  t h e sam e sp eci es
m i g h t  sh ar e a m u ch  m or e r ecen t  an cestor. T h i s w ou l d
r eq u i r e occasion al  g en e flow  b et w een  t h e t w o r eg ion s,
so t h at  t h e p at t er n  of an cest r y  w as si m i l ar  to t h at  of
t h e si m p l e su b d i v i d ed  pop u l at ion s d escr i b ed  i n  B ox 3 .
S t u d i es of t h e h y b r i d  zon es b et w een  t h e d escen d an t s
of d i ffer en t  r efu g i a su g g est  t h at  su ch  g en e flow  i s
possi b l e3 3 ,3 4 . Al t hou g h  g en e flow  h as b een  d et ect ed  at
t h e zon es t h em sel v es, ev i d en ce of g en et i c
i n t rog r ession  i s t y p i cal l y  fou n d  w i t h i n  on l y  a few
k i lom et r es or  t en s of k i lom et r es of t h e zon e. T h e
d i st an ces b et w een  r efu g i al  ar eas ar e t hou san d s of
k i lom et r es. I t  r em ai n s possi b l e t h at  t h er e cou l d  b e
som e g en e flow  ov er  lon g  p er iod s, or  t h at  som e g en es
ar e l i n k ed  to sel ect ed  al l el es an d  h av e t h er efor e
sp r ead  r ap i d l y  t h rou g hou t  t h e sp eci es r an g e. S u ch
effect s m i g h t  b e p i ck ed  u p  b y  m u l t i locu s su r v ey s.

Errors over longer evolut ionary periods
O v er  lon g er  ev ol u t ion ar y  p er iod s, a d i ffer en t  set  of
p rob l em s l i m i t s t h e i n t er p r et at ion  of t r ees i n fer r ed
from  si n g l e loci .  I n  t h i s i ssu e, B ar r aclou g h  an d  N ee2

poi n t  ou t  t h at  ev ol u t ion  al so i n v ol v es h y b r i d i z at ion
b et w een  sp eci es, esp eci a l l y  i n  p l an t s. T h i s p rocess
m ean s t h at  p h y log en i es w i l l  for m  r et i cu l at e (n et l i k e)
r at h er  t h an  si m p l e b i fu r cat i n g  p at t er n s. T h e v ar iou s
p rocesses b y  w h i ch  crossl i n k s on  t h e n et
(r ep r esen t i n g  h y b r i d i z at ion ) can  for m  an d  st ab i l i z e
ar e r ev i ew ed  i n  R ef. 3 5 . T h e r esol u t ion  of su ch
p h y log en i es w i l l  r eq u i r e bot h  n ew  an al y t i cal  m ethod s
an d  d ata from  m an y  loci .  T h i s w i l l  b e com p l i cat ed  b y
t h e i n t er act ion  b et w een  t h e g enom es of t h e
h y b r i d i z i n g  sp eci es. T h er e i s i n t r i g u i n g  ev i d en ce t h at
t h e cr eat ion  of a l lopol y p loi d  h y b r i d s cou l d  i n d u ce a
b u r st  of r ap i d  ev ol u t ion ar y  ch an g es i n  t h e fi r st  few
g en er at ion s. U si n g  r est r i ct ion  fr ag m en t  l en g t h
pol y m or p h i sm s (R F L P s), Son g  et a l .3 6 d et ect ed
su b stan t i a l  g enom e ch an g es aft er  on l y  t h e F 2
g en er at ion  i n  sy n t h et i c r ap eseed  B r assi ca n ap u s

(al lot et r ap loi d ). S i m i l ar l y, L i u  et a l .3 7 d et ect ed  loss of
R F L P v ar i an t s w i t h i n  t h e fi r st  si x  g en er at ion s of
sy n t h et i c cu l t i v ar s of a l loh ex ap loi d  w h eat  T r i t i cu m
aest i v u m .

A secon d  m ajor  p rob l em  al so ar i ses ov er  lon g er
p er iod s. T h e assu m p t ion  of con stan t  r at es of
su b st i t u t ion  can  no lon g er  b e m ad e con fi d en t l y. M an y
st u d i es show  ev i d en ce of r el at i v el y  con stan t  r at es of
su b st i t u t ion , b u t  t h e t est s oft en  l ack  pow er 3 8 or  el se
com p ar e closel y  r el at ed  sp eci es. C ar efu l  com p ar i son s
do show  v ar i at ion  i n  r at e3 9 . S t r at eg i es m i g h t  b e
d esi g n ed  to ov er com e t h em ; for  ex am p l e, sp eci es w i t h
v er y  d i ffer en t  g en er at ion  t i m es m i g h t  h av e m or e
si m i l ar  r at es of am i no aci d  su b st i t u t ion  com p ar ed
w i t h  r at es of sy non y m ou s su b st i t u t ion s4 0 Ð4 2 .

Conclusion
As t h e su b ject  m atu r es an d  seq u en ce d ata i n cr eases,
t h e i ssu e of r at e v ar i at ion  w i l l  p rob ab l y  b e d eal t  w i t h
b y  m or e car efu l  cal i b r at ion  of m ol ecu l ar  clock s, an d
crossv al i d at ion  b et w een  sp eci es an d  loci .  T h e
u n cer t ai n t y  abou t  t h e t i m i n g  an d  t h e b r an ch i n g  or d er
for  r ecen t  ev en t s can  b e r ed u ced  for  t h e r ecen t
b r an ch es. E d w ar d s an d  B eer l i 3 ar g u e t h at  t h e w ay
for w ar d  i s to ex t en d  t h e an al y si s of an cest r al
pop u l at ion  si z e to i n cl u d e m u l t i sp eci es t r ees.
I n for m at ion  from  lon g , l i n k ed  seq u en ces w i l l  b ecom e
l ess at t r act i v e t h an  t h at  from  m u l t i p l e u n l i n k ed  loci
w i t h  essen t i a l l y  i n d ep en d en t  p h y log en i es (w h i ch  w i l l
n eed  to b e shor t  to r ed u ce t h e effect s of
r ecom b i n at ion ). T h e m ost  v al u ab l e ou tcom e m i g h t
not  b e t h e m or e p r eci se d at es, b u t  an  i n si g h t  i n to t h e
d em og r ap h y  of t h e an cest r al  pop u l at ion s.

T h e est i m at es of t h e an cest r al  effect i v e pop u l at ion
si z e m i g h t  show  d r am at i c ch an g es, as i n  t h e case of
h u m an s, or  r el at i v e st ab i l i t y, as i n  t h e case of
D rosop h i l a. T h ese an cest r al  si z e est i m at es can  r efl ect
t h e d eg r ee of pop u l at ion  su b d i v i sion  r at h er  t h an
r efl ect i n g  t h e act u al  si z e of t h e pop u l at ion . T h e
r esu l t s m i g h t , t h er efor e, h el p  assess t h e r el ev an ce of
m od el s of sp eci at ion  t h at  r eq u i r e a p ar t i cu l ar
pop u l at ion  si z e or  st r u ct u r e. T h er e i s a m ajor
ch al l en g e i n  i n t er p r et i n g  t h e d ata from  sp eci es
show i n g  r et i cu l at e ev ol u t ion . T h e an al y si s of m u l t i p l e
g en e t r ees m i g h t  h el p  u s u n d er st an d  bot h  t h e
t r an sm i ssion  of g en es t h rou g h  a r et i cu l at e N E T WO R K

an d  t h e i n t er act ion  of t h e d i ffer en t  g enom es w h en
th ey  com e tog et h er.
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S E XU AL S E L E C T I O N (see G lossar y ) r esu l t s from
d i ffer en t i a l  m at i n g  su ccess am on g  i n d i v i d u al s w i t h i n
a pop u l at ion . C om p et i t ion  for  fer t i l i z at ion  occu r s
t h rou g h  d i r ect  com p et i t ion  b et w een  m em b er s of t h e
sam e sex  (e.g . m al eÐm al e com p et i t ion  an d  sp er m
com p et i t ion ) or  t h rou g h  t h e at t r act ion  of on e sex  to
t h e ot h er  (e.g . fem al e choi ce). Al t hou g h  lon g
r ecog n i z ed  as i m por t an t  i n  i n t r apop u l at ion  ev ol u t ion ,
sex u al  sel ect ion  h as m or e r ecen t l y  b een  i n v ok ed  as a
d r i v i n g  for ce b eh i n d  S P E C IAT I O N . S p eci at ion , t h e
sp l i t t i n g  of on e S P E C I E S i n to t w o or  m or e, occu r s b y
sex u al  sel ect ion  w h en  a p ar al l el  ch an g e i n  m at e

p r efer en ce an d  S E C O N D AR Y S E XU AL T R AI T S w i t h i n  a
pop u l at ion  l ead s to P R E ZYG O T I C I S O L AT I O N b et w een
pop u l at ion s, an d  w h en  t h i s i s t h e p r i m ar y  cau se of
R E P R O D U C T IVE I S O L AT I O N .

C l assi c m od el s of sp eci at ion 1 ,2 r ecog n i z ed  t h at
r ep rod u ct i v e i sol at ion , an d  su b seq u en t  sp eci at ion ,
cou l d  b e g en er at ed  b y  d i ffer en ces i n  sex u al  t r a i t s
(i n cl u d i n g  b eh av iou r s). D i v er g en ce i n  sex u al  t r a i t s
b et w een  al lop at r i c pop u l at ion s w as con si d er ed  to
r esu l t  ei t h er  from  d r i ft , P L E I O T R O PY or  ad ap tat ion  to
en v i ron m en tal  con d i t ion s, or  fol low i n g  S E C O N D AR Y

C O N T AC T , b ecau se i n d i v i d u al s b en efi t ed  b y  av oi d i n g
h et erosp eci fi c m at i n g s (i .e. b y  R E I N F O R C E M E N T ). I t
b ecam e cl ear, how ev er, t h at  ch an g es b et w een
pop u l at ion s i n  sex u al  t r a i t s cou l d  al so r esu l t  from
sex u al  sel ect ion  an d  t h at  t h i s m i g h t  r ep r esen t  a
d i st i n ct  p rocess of sp eci at ion 3 ,4 . S ex u al  sel ect ion  h as
t h e pot en t i a l  to l ead  to r ap i d  d i v er g en ce b et w een
pop u l at ion s, i t  can  b e i n d ep en d en t  of en v i ron m en tal
d i ffer en ces, an d  i t  i s p r ed i sposed  to g en er at e
r ep rod u ct i v e i sol at ion  b ecau se of i t s d i r ect  effect  on
t r ai t s i n v ol v ed  i n  m at e r ecog n i t ion . I t  i s i m por t an t  to
poi n t  ou t  t h at  t h e r ap i d  ch an g e b et w een  pop u l at ion s

The pow er of sexual select ion to drive changes in mate recognit ion t raits gives
i t  t he potent ial to be a potent  force in speciat ion. Much of t he evidence to
support  t his possibi l i t y comes from  comparat ive studies t hat  examine
differences in t he number of species betw een clades t hat  apparent ly differ in
the intensi t y of sexual select ion. We argue t hat  more detailed studies are
needed, examining ext inct ion rates and other sources of variat ion in species
richness. Typically, invest igat ions of extant  natural populat ions have been too
indirect  to convincingly conclude speciat ion by sexual select ion. Recent
empirical w ork, how ever, is beginning to t ake a more direct  approach and rule
out  confounding variables.
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