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Hierarchy Theory, Selection, 
and Sorting 

A phylogenetic perspective 

Bruce S. Lieberman and Elisabeth S. Vrba 

T he h ierarchica l s tructure o f 
n a t u r e h a s s e l d o m b e e n 
prominent ly emphasized in 

evolut ionary t h e o r y , a l though it has 
been recognized by a b r o a d range of 
evolut ionary biologists (e.g. , D o b z -
h a n s k y 1 9 3 7 , Eldredge 1 9 8 5 , M a y r 
1 9 6 3 ) . Its m a r g i n a l ro le may be 
part ly due to w h a t is perceived as a 
pauc i ty of examples and to the dif
f iculty in formula t ing tests to ana
lyze h ierarchica l s t ructure . In this 
ar t ic le , w e discuss h o w a phyloge
net ic perspect ive can be used as a 
technique to study the hierarchica l 
s tructure o f nature . W e analyze h o w 
sort ing and select ion act at ievels in 
addit ion to those o f c lass ic organis -
mic natura l se lect ion. 

V a r i o u s fields o f b i o l o g y have 
produced empir ica l and conceptua l 
a d v a n c e s s u p p o r t i n g t h e need t o 
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Information about clade 
shape and topology is 

important to any test of 
higher level selection 

cons ider several h ierarch ica l levels 
in e v o l u t i o n a r y t h e o r y . In evolu
t i o n a r y b i o l o g y , the development o f 
the theory o f punctuated equi l ibr ia 
(Eldredge and G o u l d 1 9 7 2 ) was an 
i m p o r t a n t c o n c e p t u a l a d v a n c e . It 
postula ted tha t species are m o r p h o 
logical ly s ta t ic t h r o u g h o u t m o s t o f 
their his tory and have dist inct and 
rapid b i r ths and deaths . T h e f o r m u 
lat ion o f Eldredge and G o u l d im
bues species with an ex is tence in 
nature and through t ime . T h i s theory 
a b o u t species f o r m a t i o n and persis
t e n c e , in c o n j u n c t i o n wi th the rec 
o g n i t i o n t h a t species are s p a t i o -
t e m p o r a l l y b o u n d e d e n t i t i e s — o r 
individuals as defined by Ghisel in 
( 1 9 7 4 ) — i n d i c a t e s tha t f a c t o r s in
f luencing the bir ths and deaths o f 
species should be taken in to a c c o u n t 
in e v o l u t i o n a r y t h e o r y (E ldredge 
1 9 8 9 a , b ) . It a lso implies tha t selec
t ion a m o n g species c o u l d o c c u r , a 
possibi l i ty tha t Eldredge and G o u l d 
( 1 9 7 2 ) and Stanley ( 1 9 7 5 ) e x p l o r e d . 
T h e debate , discussion, and analysis 
o f the validity o f species se lect ion, 
as wel l as the d e t e r m i n a t i o n o f c r i te 
ria to be used for its r e c o g n i t i o n , led 
in par t t o the f rui t ion o f a nascent 
h ierarchica l e x p a n s i o n . 

Also re levant to this expans ion 

was the discovery tha t se lect ion op
erates , in a m a n n e r a n a l o g o u s to 
D a r w i n i a n natura l se lec t ion , at sev
eral levels in addi t ion to genes and 
organisms . F o r ins tance , the g r o w t h 
of m o l e c u l a r b io logy has led to the 
recogni t ion tha t several regions of 
the g e n o m e — n o t only genes encod
ing p h e n o t y p e s — c a n ac t as units of 
s e l e c t i o n ( e . g . , D o o l i t t l e 1 9 8 7 , 
Dool i t t l e and Sapienza 1 9 8 0 , Dover 
1 9 8 2 , O r g e l a n d C r i c k 1 9 8 0 ) . Lev
els where select ion is n o w thought 
to w o r k include cell lines and demes , 
in addit ion to noncoding DNA. In 
the pas t , sc ient ists had suggested 
tha t se lect ion might occur at each 
of these levels (e .g. , R o u x 1 8 8 1 , 
Smuts 1 9 2 5 , W r i g h t 1 9 3 1 , W y n n e -
E d w a r d s 1 9 6 2 ) , but their conc lu
sions were e i ther provis ional ly re
futed o r ignored . 

The difference between sorting 
and selection 
In order to c o n t i n u e a discussion on 
h ierarchy theory and select ion one 
must first define sorting a n d distin
guish it f rom selection. Such a dis
t inct ion is needed to recognize that 
b o t h c a n o c c u r a t several levels. 

Sort ing is the pat tern o f dif feren
tial survival and/or r e p r o d u c t i o n o f 
ent i t ies . It occurs a t levels including 
genes , cel ls , o r g a n i s m s , groups , and 
species ( V r b a and G o u l d 1 9 8 6 ) . In 
c o n t r a s t , se lect ion is the in terac t ion 
between her i tab le , varying, emer
gent c h a r a c t e r s o f individuals and 
the e n v i r o n m e n t tha t causes differ
ences in birth and/or death rates o f 
those individuals ( V r b a 1 9 8 9 ) . Se-
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Figure 1 . A phylogeny based on morphological data illustrating different rates of 
speciation in the Alcelaphini (wildebeests, hartebeests, and blesbuck) and 
Aepycerotini (impala) sister groups. Also shown are the durations of taxa. Figure 
adapted from Vrba (1984b) . Morphological data support the alcelaphine-impala 
sister group relationship; however, molecular sequence data are ambiguous about 
the precise placement of the impala clade (Gatesy 1993) . 

lect ion is one of m a n y processes tha t 
can produce a pat tern o f sort ing. 

T o d e m o n s t r a t e t h a t sort ing is 
due to se lect ion, it is necessary to 
s h o w tha t there are her i tab le , vari
able c h a r a c t e r di f ferences . It is also 
cruc ia l to recognize the h ierarchica l 
level at which c h a r a c t e r dif ferences 
that can be selected are mani fes ted , 
or emergent . F o r ins tance , spots on 
a l eopard are emergent a t the level 
o f the individual l eopard . T h e y are 
n o t emergent at the level o f its cells 
or genes , though the spots certa inly 
are the products o f ce l lular a n d ge
net ic processes . S imilar ly , a divided 
popula t ion s tructure in which a spe
cies is split up into m a n y genet ical ly 
dis t inct , i so la ted p o p u l a t i o n s is a 
c h a r a c t e r emergent at the popula
t ion level, because organisms do not 
have popula t ion s tructures a l though 
they have behaviors t h a t may result 
in a cer ta in popula t ion s tructure . 
W i t h these c lar i f i ca t ions , the defini
tion of selection is val id whatever 
the h ierarchica l level o f the selected 
entit ies or individuals under study. 
T h u s , h ierarchy theory embodies the 
essence of D a r w i n ' s select ionist ar
g u m e n t , e x p a n d e d to w o r k a t sev
eral hierarchical levels (Gould 1 9 8 2 ) . 

N o t a l l a u t h o r s h a v e o p e r -
at ional ized this definit ion of selec
tion. S o m e , such as S o b e r ( 1 9 8 4 ) 
and A r n o l d and Fr i s t rup ( 1 9 8 2 ) , 
have argued tha t the cr i ter ia used to 
recognize select ion should not be 
ident ical a c r o s s di f ferent h ierarchi 
cal levels. In par t i cu lar , they have 
argued that group selection should 
be given a b r o a d e r interpretat ion so 
as t o e n c o m p a s s instances o f group 
c o n t e x t d e p e n d e n c e , w h e r e an 
o r g a n i s m ' s f i tness is af fected by its 
presence in a par t i cu lar group , but 
the group 's f itness does n o t c h a n g e 
apar t f rom the additive fitness o f the 
individuals it c o n t a i n s . T h u s , their 
definition of group selection in
cludes instances in w h i c h the group 
increases in size or in which the 
representat ion o f par t i cu lar c h a r a c 
ters possessed by organisms within 
a group increases , w i t h o u t the need 
for increases in the n u m b e r of groups 
or the need for charac ters emergent 
at the group level (Vrba 1 9 8 9 ) . T h i s 
def ini t ion m a y be p laus ib le , but then 
group select ion w o u l d not be a n a l o 
gous to D a r w i n ' s concept ion o f natu
ral select ion act ing on organisms . 

June 1995 

Sober ' s ( 1 9 8 4 ) and Arnold and 
Fr is t rup 's ( 1 9 8 2 ) def ini t ion o f group 
selection is s imilar to tha t used in 
the s tudies o f W a d e ( 1 9 7 7 ) a n d 
W i l s o n ( 1 9 7 7 ) . W a d e and W i l s o n 
identif ied cases of group se lect ion 
tha t we classify as cases o f group 
sort ing and/or c o n t e x t dependence , 
because in their e x a m p l e s the sort 
ing o f groups was e i ther caused by 
p r o p e r t i e s o f o r g a n i s m s o r t h e 
groups were n o t even sorted but 
o r g a n i s m s were a f fec ted by the i r 
g r o u p m e m b e r s h i p ( M u s t a p h a 
M o n d sort ing, according to V r b a 
1 9 8 9 ) . Cases of group sort ing only 
equate wi th group select ion if there 
are emergent group charac ters and 

if their presence leads to dif ferential 
group birth and/or death rates . H o w 
ever, the studies o f W a d e and Wi l 
son have f u n d a m e n t a l i m p o r t a n c e 
because they p o i n t out tha t the e x 
istence o f groups in the natural world 
is vital to unders tanding evolut ion
ary theory . In addi t ion , their studies 
suppor t the c o n t e n t i o n t h a t groups 
and species exis t and are a valid 
level in the h ierarchy o f l i fe, n o t an 
art i f ic ia l c o n s t r u c t . 

Hierarchical selection and 
sorting emphasized 
W o r k in several areas has val idated 
a h ierarchica l a p p r o a c h to the study 
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Figure 2 . An illustration of two representative shell morphologies in the Turritellidae showing the larval shell or protoconch, 
the transition to the juvenile stage, and the juvenile stage (X 100) for (a) a nonplanktonic species, with transition from larva 
to juvenile occurring after approximately 2.5 whorls and denoted by arrow and initiation of linear band of stipples; and (b) 
a planktonic species, with transition occurring after approximately 0.5 whorls and denoted by arrow and initiation of linear 
band of stipples. 

o f se lect ion processes . T h e e lucida
t i o n o f the m e c h a n i s m o f molecu lar 
drive (Dover 1 9 8 2 ) and the demon
strat ion of selfish DNA (Dool i t t le 
and Sapienza 1 9 8 0 , Orge l and C r i c k 
1 9 8 0 ) imply select ion ac t ing within 
nuclear DNA molecu les . In addi
t ion , se lect ion occurs a m o n g m i t o 
c h o n d r i a l DNA ( R a n d and H a r r i s o n 
1 9 8 6 ) . O t h e r i m p o r t a n t h ierarchi 
cal perspect ives indicate that large 
c h u n k s o f the g e n o m e c a n act as a 
single rep l i ca tor , wi th c h r o m o s o m e s 
serving as units o f se lect ion (Nei 
1 9 8 7 ) . T h e s tudies o f E b e r h a r d 
( 1 9 8 0 , 1 9 9 0 ) c o n c l u d e d t h a t or 
ganel les wi th in cells and bacter ia l 
p lasmids can opera te as units o f 
se lect ion. Also , cel l - l ineages within 
bodies can act as venues for selec
t ion processes . T h e r e are wel l -known 
e x a m p l e s wi th in the i m m u n e system 
(e.g. , Buss 1 9 8 7 ) . 

O n e o f the m o s t content ious is
sues in the levels -of -se lect ion debate 
is whether species select ion occurs , 
and if it does whether it is an impor 
tant force in the h is tory o f life. It is 
l ikely tha t m a n y o f the trends seen 
in the fossil and e x t a n t b io ta , par 
t icular ly those involving dif ferences 
in the diversity o f c lades , involve 
some sort o f species sort ing, and 

their exp l i ca t io n m a y in some cases 
be poss ible by recourse to species 
se lec t ion . 

S o m e o f the first cogent argu
ments for the role o f species selec
t ion in evolut ion were presented by 
Stanley ( 1 9 7 5 ) , building upon the 
f i n d i n g s o f E l d r e d g e a n d G o u l d 
( 1 9 7 2 ) . S tanley cons idered a pat 
tern o f di f ferent ia l species bir ths and-
deaths to be a f o r m o f species selec
t ion tha t was a n a l o g o u s to n a t u r a l 
se lect ion. H o w e v e r , w h a t he cal led 
species selection w a s n o t ent irely 
a n a l o g o u s to D a r w i n i a n se lect ion 
but referred t o a type o f species 
sort ing. In par t i cu lar , he did n o t 
focus o n emergent propert ies o f spe
cies tha t re lated to the dif ferent ial 
b i r th a n d d e a t h o f species but s im
ply focused on dif ferences in the 
a m o u n t o f spec ia t ion and e x t i n c 
t ion (Eldredge 1 9 8 9 b ) . 

In the search for cases o f species 
s e l e c t i o n , sc ient is ts have c o n c e n 
tra ted on t w o dist inct evo lut ionary 
m o d e s (Sober 1 9 8 4 ) . T h e f irst m o d e 
is based on the views o f W y n n e -
E d w a r d s ( 1 9 6 2 ) , w h o argued tha t 
species f i tness w a s governed by re
s is tance to e x t i n c t i o n and species 
longevity . T h e second m o d e is based 
on the models o f W r i g h t ( 1 9 3 1 ) and 

posits tha t species f i tness is directly 
re la ted t o the abi l i ty o f species to 
p r o d u c e addi t iona l species . T h e s e 
t w o modes c o r r e s p o n d , respect ively, 
to the dif ferent ial survival and dif
ferent ia l r e p r o d u c t i o n parts o f our 
definit ion o f selection. 

In the quest to d o c u m e n t species 
se lect ion, some authors have con
centra ted on aspects o f species sur
vival (e.g. , E ldredge a n d C r a c r a f t 
1 9 8 0 , Eldredge and G o u l d 1 9 7 2 ) , 
whi le o ther a u t h o r s have e m p h a 
sized aspects o f species reproduc
t ion (e.g. , V r b a 1 9 8 4 a , 1 9 8 9 ) . T h u s 
far , the best prospects for e lucidat
ing species se lect ion appear to lie 
wi th those studies tha t emphasize 
the di f ferent ia l p r o l i f e r a t i o n o f spe
c ies , because emergent propert ies of 
species re lated to their reproduct ion 
are easier to identify than emergent 
propert ies o f species related to their 
s u r v i v a l ( E l d r e d g e 1 9 8 5 , V r b a 
1 9 8 9 ) . 

An e x a m p l e o f an emergent p r o p 
erty o f species re lated to their repro
duct ion is the specif ic mate - recogni 
t ion system (L ieberman 1 9 9 2 ) . It is 
a fer t i l izat ion system that a l lows the 
in i t ia t ion o f reproduct ive in terac 
t io ns by s ignal ing be tween mat ing 
p a r t n e r s or t h e i r ce l l s ( P a t e r s o n 
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1 9 8 5 ) . It is a group-level feature , 
because it requires a male and a 
female in order to opera te (L ieber
m a n 1 9 9 2 ) . A single organism c a n 
n o t have a specif ic mate - recogni t ion 
system, unless it is a s e x u a l . 

Species se lect ion has m a i n l y been 
invoked to expla in t rends such as 
evolut ionary pat terns in which there 
are large numbers of species in one 
c lade relat ive to the n u m b e r in its 
c losest relat ive c lade or s i s ter - taxon. 
T h e r e have been some expl ic i t tests 
of the species select ion hypothesis 
using clades k n o w n f rom the fossil 
a n d e x t a n t b i o t a . O n e o f these tests 
( V r b a 1 9 8 0 , 1 9 8 4 a ) considered a 
trend in Afr ican bovids , the m a m 
mal ian group including ante lopes , 
wi ldebeests , and c o w s . In this test , 
one group o f ante lopes (the Alcela
p h i n i ) , w h i c h inc ludes the har te -
beests and gnus, is k n o w n to be very 
diverse in the fossil and living b io ta 
c o m p a r e d wi th its c loses t e x t a n t 
g r o u p , the impala (Figure 1 ) . W h e n 
analyzed in detai l , these dif ferences 
in diversity were f o u n d not to be a 
c o n s e q u e n c e o f emergent propert ies 
o f ante lope species , but ra ther they 
were due to dif ferent pat terns o f 
resource use by a lce laphine and im
pala organisms (Vrba 1 9 8 9 ) . Alcela
phine organisms are eco logica l spe
c ia l is ts , whi le impalas are ecologica l 
genera l i s t s . T h e s e pa t te rns o f re
source use by organisms led to a 
p a t t e r n o f species sor t ing a m o n g 
ante lope species (Vrba 1 9 8 7 , 1 9 8 9 ) . 
T h i s t rend in species diversity could 
be expla ined as an ef fect o f organis¬ 
mal behavior ra ther than species se
lect ion, and this k ind o f species sort
ing w a s therefore termed the effect 
hypothesis by V r b a ( 1 9 8 0 ) . 

T h e s e results suggest that species 
select ion does not expla in the dif
ference in species diversity a m o n g 
the Afr ican bovids . H o w e v e r , or¬ 
ganismal fitness is inf luenced by an 
o r g a n i s m ' s ex is tence within a spe
cies . Ex i s tence o f an organism within 
a species (or c o n t e x t dependence) 
implies a pat tern dif ferent f r o m se
lection strictly at the organismal level 
w i t h o u t the ex is tence o f groups , be
cause pat terns at a lower level can
n o t be smooth ly e x t r a p o l a t e d to a 
higher level. As evidence , there are 
far m o r e species o f a lce laphines t h a n 
impalas , but the n u m b e r of organ
isms within these t w o clades is esti-

PLANKTON1C 

PLANKTONIC 

NON-
PLANKTONIC 

PLANKTONIC 

PLANKTONIC 

Figure 3 . The shortest length tree for 
the turritellid gastropods produced by 
phylogenetic analysis of a portion of 
the 16s ribosomal RNA gene in the mi
tochondria with the larval type of each 
species substituted for the species name. 
From data in Lieberman et al. ( 1 9 9 3 ) . 

mated to be equivalent ( V r b a 1 9 8 7 ) . 
T h u s , even if species select ion does 
n o t o p e r a t e , the ex is tence o f b i o 
logica l units o f organiza t ion a b o v e 
the level o f the individual organism 
can have evolut ionary e f fec ts . 

Studying levels of selection 
using phylogenies 
O n e o f the i m p o r t a n t roles ascr ibed 
to select ion processes , par t icular ly 
species se lect ion, is the genera t ion 
o f t rends . Such trends of ten take the 
f o r m o f diversity gradients in w h i c h 
t a x a with a cer ta in c h a r a c t e r , pre
s u m a b l y e m e r g e n t a t the spec ies 
level, are l ikely to have a large n u m 
ber o f species when c o m p a r e d wi th 
their c losest relat ives tha t lack the 
c h a r a c t e r . H o w e v e r , th is p a t t e r n 
does n o t by itself unequivoca l ly sup
p o r t species se lec t ion ( L i e b e r m a n 
1 9 9 5 ) . It mere ly suggests species 
sort ing, w h i c h may be expl i cab le by 
one or m o r e causal processes . As
says can be conducted to study trends 
and discriminate species sort ing f rom 
spec ies s e l e c t i o n ; h o w e v e r , these 
analyses must inc lude a phyloge
net ic f r a m e w o r k because the funda
menta l evidence for the ex is tence o f 
trends is i n f o r m a t i o n a b o u t c lade 

shape and t o p o l o g y , which is equiva
lent t o phylogenet ic pa t te rns . 

A phylogenet ic approach w a s used 
by L i e b e r m a n et a l . ( 1 9 9 3 ) to ana
lyze a f requent ly cited t rend in the 
fossi l and living mar ine gas t ropod 
b i o t a tha t h a d typica l ly been as
c r i b e d to species s e l e c t i o n . T h e y 
studied a g r o u p o f m a r i n e gas t ro 
p o d s , the Turr i te l l idae , w h o s e spe
cies general ly possess one o f two 
distinct larval t y p e s — p l a n k t o n i c and 
n o n p l a n k t o n i c (Figure 2 ) . I n f o r m a 
t ion f r o m p o p u l a t i o n genet ic stud
ies on mar ine o r g a n i s m s suggests 
t h a t the i so la ted , subdivided popu
l a t i o n s t r u c t u r e p r o d u c e d by a 
n o n p l a n k t o n i c larval type is likely 
to lead to high spec ia t ion rates rela
tive to those engendered by a p lank
t o n i c larval type (Schel tema 1 9 8 6 ) . 
In addi t ion , in the fossi l and e x t a n t 
b i o t a , turri tel l ids with a n o n p l a n k 
t o n i c larval type o u t n u m b e r those 
with a p l a n k t o n i c larval type by a 
f a c t o r of t w o or three . T h i s infor
m a t i o n l e d S p i l l e r ( 1 9 7 7 ) a n d 
J a b l o n s k i and Lutz ( 1 9 8 3 ) to as
cr ibe this t rend to species se lect ion. 

L i e b e r m a n et a l . ( 1 9 9 3 ) a n d 
L i e b e r m a n ( 1 9 9 5 ) use phylogenies 
to determine b o t h the polar i ty and 
d i s t r i b u t i o n o f p l a n k t o n i c a n d 
n o n p l a n k t o n i c larval types in the 
turri te l l id c lade . A m o l e c u l a r phy-
logeny of the turri tel l ids w a s deter
mined , and the larval type o f each 
g a s t r o p o d species w a s m a p p e d o n t o 
the phylogeny (Figure 3 ) . T h i s phy-
logeny predicts t h a t in the turritel l ids 
a p l a n k t o n i c larval type is primit ive 
and that a n o n p l a n k t o n i c larval type 
arose at least t w o t imes f rom plank
t o n i c turri tel l id l ineages (assuming 
p a r s i m o n i o u s c h a r a c t e r o p t i m i z a 
t i o n s ) . T h u s , a n o n p l a n k t o n i c larval 
type w a s n o t a single a d a p t a t i o n 
(sensu C o d d i n g t o n 1 9 8 8 ) or a key 
innovation associated with elevated 
diversification rates in the turritellids. 

T h e r e f o r e , a t the level o f the 
Turr i te l l idae , species select ion can
n o t expla in the trend in larval- type 
d i v e r s i t y . H o w e v e r , t h e s e p a r a t e 
acquis i t ions o f a n o n p l a n k t o n i c lar
val type , if assoc ia ted with subse
quent elevated divers i f i ca t ion , m a y 
have been driven by species selec
t ion . T o determine this possibi l i ty , a 
c o m p a r i s o n o f divers i f icat ion rates 
o f p l a n k t o n i c and n o n p l a n k t o n i c 
species (based on i n f o r m a t i o n f rom 
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the fossil record) is needed. 
In this case , the role o f species 

select ion must be m i n o r , because in 
b o t h the fossil and e x t a n t turritel l ids 
the ra t io o f n o n p l a n k t o n i c to p lank-
tonic species is only 2 : 1 or 3 : 1 . T h i s 
ra t io can arise as a simple b y - p r o d 
uct o f the o ther pat tern mani fes t in 
the p h y l o g e n y ( L i e b e r m a n et a l . 
1 9 9 3 ) . 

T h e phylogeny in Figure 3 indi
cates an evo lut ionary asymmetry , 
with p l a n k t o n i c l ineages giving rise 
to both n o n p l a n k t o n i c and plank
tonic t a x a whereas n o n p l a n k t o n i c 
l ineages ch ie f ly give rise t o n o n 
p l a n k t o n i c t a x a . Such asymmetr ies 
or biases , recognized in o ther t a x a , 
have been considered evidence for 
select ion act ing on individual or 
ganisms t o prevent t h e reacquis i t ion 
o f a long p l a n k t o n i c ' larval stage 
af ter the s t ructures necessary for 
feeding during such a stage have 
been lost (e.g. , H a n s e n 1 9 8 2 , W r a y 
and R a f f 1 9 9 1 ) . L i e b e r m a n et a l . 
( 1 9 9 3 ) proposed tha t in the turri -
tell id gas t ropods such asymmetr ies 
m a y also represent sort ing or selec
t ion operat ing at the level o f devel
oping cell l ineages . In the case o f 
these g a s t r o p o d s , such sort ing or 
select ion w o u l d involve the t iming 
o f germ-l ine seques t ra t ion , which 
appears t o be t ied t o larval type and 
the t iming of larval m e t a m o r p h o s i s 
(L ieberman et a l . 1 9 9 3 ) . Species wi th 
a p l a n k t o n i c larval type have a long-
last ing w i n d o w in development (as 
defined by Buss 1 9 8 7 ) during w h i c h 
they m a y be s u b j e c t to her i tab le 
changes in o n t o g e n y , while species 
wi th a n o n p l a n k t o n i c larval type 
have a n a r r o w w i n d o w and are likely 
to be buffered and res is tant to de
ve lopmenta l m o d i f i c a t i o n (Lieber
m a n et al . 1 9 9 3 ) . 

T h e t r e n d w i t n e s s e d in t h e 
turritel l ids w o u l d be produced by 
this m e c h a n i s m in the f o l l o w i n g 
m a n n e r : Species with a p l a n k t o n i c 
larval type , if they sequester the 
germ-l ine at a late s tage, can give 
rise t o species wi th both p l a n k t o n i c 
a n d n o n p l a n k t o n i c l a r v a l t y p e s , 
while species wi th a n o n p l a n k t o n i c 
larval type w o u l d give rise a lmost 
exclusively to n o n p l a n k t o n i c spe
cies . Even assuming equal diversifi
ca t ion rates in n o n p l a n k t o n i c and 
p l a n k t o n i c l ineages ( i .e . , n o species 
s e l e c t i o n ) , n o n p l a n k t o n i c species 
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w o u l d still c o m e to p r e d o m i n a t e 
( L i e b e r m a n et a l . 1 9 9 3 ) . 

T h i s m e c h a n i s m has been termed 
cell-lineage drive b y L i e b e r m a n 
( 1 9 9 5 ) in ana logy to D o v e r ' s ( 1 9 8 2 ) 
molecu lar drive. T h u s , it is the mul
tiple or igin o f n o n p l a n k t o n i c s and 
t h e a s y m m e t r i c a l t r a n s f o r m a t i o n 
v e c t o r f r o m p l a n k t o n i c s to n o n 
p l a n k t o n i c s , in c o n j u n c t i o n wi th 
i n f o r m a t i o n a b o u t d i f f e r e n c e s in 
diversity o f the t w o larval types f r o m 
the fossi l a n d e x t a n t b i o t a , t h a t sug
gests species select ion a lone is not 
driving the t rend in the turr i te l l ids . 
D e t e r m i n i n g if cel l - l ineage drive is 
ac tua l ly o p e r a t i n g in the turri tel l ids 
w o u l d require exper imenta l m a n i p u 
lat ions o f deve lopment , studies o f 
m o l e c u l a r m a r k e r s o f germ-l ine dif
ferent ia t ion , and c o m p u t e r model 
ing e x p e r i m e n t s . 

T h e results o f these studies sug
gest t h a t de terminis t i c sort ing or 
select ion processes ac t ing at h ierar
ch ica l levels b e y o n d t h a t o f the or 
ganism m a y produce t rends . Species 
se lec t ion is still a valid hypothes i s , 
but all tests o f the hypothes is c o n 
ducted thus far have indicated tha t 
ei ther it does n o t apply to the par 
t icular case being studied or it is one 
a m o n g several se lect ion processes 
opera t ing . H o w e v e r , such studies 
are only in their in fancy . M a n y ad
di t ional cases a w a i t study, wi th phy-
logenet ic analys is t o provide the in
f o r m a t i o n a b o u t c lade shape tha t is 
vital for evaluat ing hypotheses a b o u t 
trends in species diversity. 

Conclusions 
Act ing at several h ierarchica l levels, 
select ion processes and sort ing m a y 
play a p r o m i n e n t role in shaping the 
m a j o r features o f diversity and b io 
logical o r g a n i z a t i o n . W e believe t h a t 
all o f the disciplines in b io logy (e.g. , 
m o l e c u l a r , deve lopmenta l , popula 
t ion genet ics , z o o l o g y , and pa leon
to logy) are re levant for formula t ing 
and test ing hypotheses a b o u t selec
t ion processes . H o w e v e r , when c o n 
sidering hypotheses a b o u t whether 
or n o t species select ion acts to drive 
t r e n d s , the f u n d a m e n t a l da ta re
quired include i n f o r m a t i o n a b o u t 
c lade shape a n d t o p o l o g y . T h u s , an 
i m p o r t a n t c o m p o n e n t o f any test o f 
h igher level se lec t ion is phylogenet i c 
analys is . 
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