
lnodels ni~lst therefore acc~lrately repro- 
duce these processes to correctly slnlulate 
ENSO. 

With tlie eastern edge of the mJarm pool 
moved back and forth along the equator by 
zonal currents during La Nilia and El Nifio, 
the variation of zonal currents in the eaua- 
torial central Pacific controls the basic time 
scale of the E N S 0  cvcle. In the central 
equatorial Paclflc, these zonal currents are 
generated by local wind forcing, ecl~~atorial 
Kelvin and first nleridional Inode Rossby 
waves, and tlieir retlectlons on tlie eastern 
anil western ocean basin boundaries (8,  15, 
32,  33). Eastern boundary retlections and 
res~llting first lneridional nlode Ross1.y 
waves (enhanced along their propagation 
by wind forcing f~~r t l i e r  west) were observed 
to shift the 1986-87 El Xilio into the 
1988-89 La Xilia tliroueh zonal advection 
of the eastern edge of the warm pool (15). 
Therefore, we propose for the oscillatory 
nature of ENSO an extension of tlie origi- 
nal delaved-action oscillator theorv 134. , , 

35). In ;his extension, the predominant 
ocean-atmosphere coupling is situated in 
the central equatorial Pacific, as observed 
(36). In addition, retlections of equatorial 
waves at both eastern and western bound- 
aries are important in shifting tlie phase of 
E S S O  133). In this scenario. zonal advec- ~, 

tlve processes, as deternllned by us, are fun- 
damental in establishing the ENSO time 
scale. 
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Molar Tooth Diversity, Disparity, and Ecology in 
Cenozoic Ungulate Radiations 

Jukka Jernvall, John P. Hunter," Mikael Fortelius-i- 

A classic example of adaptive radiation is the diversification of Cenozoic ungulates into 
herbivore adaptive zones. Their taxonomic diversification has been associated with 
changes in molar tooth morphology. Analysis of molar crown types of the Artiodactyla, 
Perissodactyla, and archaic ungulates ("Condylarthra") shows that the diversity of genera 
and crown types was high in the Eocene. Post-Eocene molars of intermediate crown 
types are rare, and thus the ungulate fauna contained more taxa having fewer but more 
disparate crown types. Taxonomic diversity trends alone give incomplete descriptions 
of adaptive radiations. 

Mammals  are today the dominant terres- 
trial vertebrate group  sing plants as food 
(1). Mammalian herbivory lias evolved in- 
dependently nulnerous times during the 
past 65 lnillioll years (2).  Along ~x~i th  ro- 
dents, ungulates are the most taxonomically 
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diverse group of herbivorous mammals, 
130th today and in the geologic past (1 ). Tlie 
taxonolnic diversification of ungulates, start- 
ing in the Paleocene, was associated with 
distinct changes in dental morphology (1-  
3),  but the evolution of lnorphologies asso- 
ciated with herhivory is only incidentally 
correlated with phylogenetic groupings (4). 
Ecomorphological gro~lpings that cut across 
phylogenetic boundaries should be used to 
study the rise of herhivory (2, 5). Teeth offer 
good opportunities to link morphology to 
ecolo~v throi~eh diet. Here we develon cri- 

L, , 
teria to classify rna~nlnalian lnolar shapes and 
thus connect taxonomic and rnorpholonical 

u 

~liversity in  ungulates through the Cenozoic. 
Lyle tabulated each morphological type 

of upper second molar as a discrete crorvn 
type (6) .  The crown type classification is a 
pliylogenetically neutral scheme in n.liich 
cusp shape, number, and location as well as 
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loph (shearing blade) number slid orienta- 
tion are recorded (7), allowing measures of 
lnorphological diversity and disparity. Mor- 
phological disparity, ~x~h ich  is different con- 
~ e ~ ~ t ~ ~ a l l y  from simple nulnber of morpho- 
logical types, is understood as "range of 
anatoniical design" (8)  and is usually ap- 
proached as the  distance among samples in 
lnorphospace (9) .  Lyle applied the crown 
tvne scheme to the  North American. Euro- 

type diversity does not appear to be a simple 
f~lnct ion of taxol~ornic diversity. 

T o  s t~tdy the causes behind this discor- 
dance between morphological and taxo- 

cene despite a drop in crown type diversity 
(epochal averages, 2.9 to  3 .2 ) .  For the  
Miocene fossils, disparity values between 
crown types are lnostly high (epochal av- 

nornic diversity, we tabulated tlie morpho- 
logical distance between each crown type 
(disparity) within a land rnalnlnal age (a  
biochronological unit). Morphological dis- 
tance is calculated as the sum of tlie abso- 
lute values of the  differences in each vari- 
able (1  2).  A single disparity value is tlie 
n~llnber of cha~lges needed to make two 

erages, 3.2 to  3 .6) ,  and disparity increases 
f~urther in  the  Pliocene iFie. 3 ) .  T h e  in- ~ L, , 

creasing disparity implies that  the  packing 
of utlgulate molar nlorpliospace decreased 
in tlie Cet~ozoic .  

Adantive shifts in uneulate resource use , 
pean, and Asian lnenlhers of the ungulate 
orders Artiodactyla and Perissodactyla, as 
well as to tlie archaic ~ungulates, the  "Con- 
dylartlira" (1  9). 

Lyle identified 28 upper nlolar crown 

may have been responsible for tlie observed 
Increase In dlsparitv. hdaut ive  shifts can be 

crown types the same. Even a difference of 
one is morphologically quite large (addition 
or loss of 0112 cusp or lopli or a change In 
cusp shape). 

T h e  data show that maximunl disnaritv 

L ,  

analyzed by measures of ecological special- 
izatlon. Inforlnative structures in ungulate 
nlolars that can be directly related to re- 
source use are lophs. Lophs are best devel- 
oped in herbivores cons~uning f i b r o ~ ~ s  plant 
foods (for example, leaves and grass) and 
less develooed in consumers of less fibrous 

types (Fig  I ) .  Only seven crown types 
(2596) are found alllong extant melnbers of 
Artiodactyla and Perissodactyla (Fig. 1).  In  
each region, croaJn type diversity increased 
from tlie Early Eocene to a maximum in the  
Late Eocene and crashed in the  Oligocene 
to pre-Eocene levels (Fig. 2 h ) ,  roughly par- 
alleling changes in ungulate taxonomic di- 
versity (Fig. 2B). T h e  smallest number of 
genera fix each crown type occiurrecl in the  
early Eocene, and only an  average of two 
(\vith a maxilnum of five) genera shared the  
sanle crown type (Fig. 2) .  A low number of 

L ,  

(maximum distance between any pair of 
crown types) rose iluickly in  the  Early Eo- 
cene (Fig  3 ) ,  whicli is in keeping with this 
being a time of expansion in morpliological 
diversity (Fig. 2). Maximum disparity rose 
to the  lnodern levels in the Late Eocene 

plant foods (for example, fruit). Among 
extant mammals. 89% of families l iavit~e a 
diet of only f i b r o ~ ~ s  vegetation liave two or 
Inore lophs o n  their upper molars. Only 
64% of less specialized herbivorous families 
(also eating fruits, nectar, or seeds) and 
459'0 of generalist families have two or more 
lophs ( 1  3).  It can be hypotliesized that loph 
tl~llnber correlates with snecialized lier- 

(except in Europe), and, after a slight de- 
cline in the  Late Oli,oocene-Earlv Mlocene, 
tlie values reached a maximum of seven on 
each continent in the Pliocene. W e  also 
tabulated the  freauencv distribution of in- , , 
dividual disparities ~vitliitl each land m a n -  
ma1 age to  illustrate the  packing of morpho- 
space (Fig. 3 ) .  For the Paleocene fossils 
idata for wliich are lareelv limited to Xorth  

bivory in fossil taxa as well. 
Lyle tabulated the  total number of lot-ihs 

genera per crown type coulil indicate that 
lnorphological diversificatiix~ o~~ts t r ippei i  
taxonomic diversification. It has heen ar- 
gued that this pattern characterizes the be- 
ginning of some adaptive radiations ( 1  1 ). In  
contrast, taxononlic diversification in the  

among the crown types and divided this by 
the  number of crown tvnes for each land 

L, , 
America), most crown type pairs had dis- 
parity \,slues of one or two (epochal aver- 
age, 2.3 for North  America). This analysis 
implies that disparity was higher in the 
Eocene and remained high in the  Oligo- 

, 

mammal age. T h e  resultant statistic-aver- 

Miocene did not result in a similar increase 
in diversity of crown types (Fig. 2,  h and 
B). Thus, in the Miocene, ungulate crown 

O R2300 

.*-A. L 2 2 2 0 e  

.*-A. 0 @ RMMOO' 0 L M 2 1 2  o i ~ 1 p i q n E  
Paleo  Eocene O l l g a  Mlacene Plel 

Age (1 O6 years) and epoch 

Fig. 2. Crown type (A) and generlc (B) diverslty 
trends over tme. Note the concordant peaks In 
crown type and genus dversty In the Eocene and 
the peak In genus diverslty at low crown type 
dversty In the Mocene. Spearman rank correla- 
tons (r,) between genus and crown type diversity 
are as follows: in North Amerlca, r, = 0.44 [not 
signficant (NS)]: in Europe, r, = 0.77 (P < 0 005); 
and in Asia, r, = 0.61 (P < 0.05). For the Paleo- 
gene the corresponding values are a s  follows: r, = 

0 58, 0.89, and 0.90 ( a  are P < 0 05): and for the 
Neogene, r, = 0.66, 0.69, and 0.06 ( a  are NS). 
Paleo., Paleocene; Oligo.. Oligocene: Pllo.. Plio- 
cene; and Plei., Pleistocene. 

Fig. 1. The 28 upper molar crown types encountered in this study. The s m p ~ f e d  drawings represent 
occlusal vews of each crown type. buccal slde toward the top. with no mesodsta polarity. Note that. 
for example, three n g u a  cusps can be any combnaton of prominent protocone, hypocone, meta- 
conule. paraconule. or protostye (epicone). A crown type conssts of five variables: ( i )  cusp shape (R. 
round. S .  sharp. and L,  loph); the number of ( i i )  buccal and ( i )  lingual cusps: and the number of (IV)  

longltudnal and (v) transverse lophs. M ("many") equals 2 4  buccal or n g u a  cusps. The crown types of 
recent Alilodactyla and Per~ssodactyla are marked wlth an asterlsk (R2200 and RMMOO represent 
sulds: L2220 represents camels and pecoran ariodactyls; L2202 represents taplrs: L2212 and L2222 
represent rhinoceroses: and L2333 represents horses). 
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age lopl~edness-increases over t m e  ln 
North America, Europe, and Asia (Fig. 4) .  
T h ~ s  nattern is accounted for bv the  loss of 

shape and stresses the importance of eco- 
logical factors in shaping ungulate commu- 
nities 11. 2) .  In  contrast to the rise In 

environlnental disturbances Isuch as a shift 
toward more open forest envlronrnents and 
increased seasonalitv 11 9 )1 first affected all 

nonlophodont crown types alnd the radia- 
tion of forms [vith manv lophs in the  latter 

~, 

average lophedness in the Paleocene and 
Early Eocene fi~ssils, average lophedness re- 

, ~ , >  

ungulates equally. Later, starting 111 the Oli- 
gocene, the ailapt~ve response ([vhich lnay 
have ~ncluded colnpetltlve displacement) 
~ r c ~ i l ~ ~ c e d  the  observed chances in averaee 

part of the  Cenozoic. ~ o w i v e r ,  the similar 
trends o n  each continent are not c o m ~ o s e d  

mains a t  around one loph per cro\vn type in 
the Late Eocene and Oligocene fi~ssils, de- 

of the same crown types. Only between 
44% ( in  the  Oligocene) and 54% ( in  the 
Miocene) of crown types are shared among 
the regions. Thus, similar average lophed- 
ness among fossils reflects ecological simi- 

lopheilness and dlsparlty. 
T h e  trends 11n~lv  that the Miocene un- 

splte fluctuations in taxonolnic and crown 
type diversity (Fig. 2).  During the Miocene, 
the  data imply that average lophedness 
grailually Increased to the moilern ungulate 
value (2.4 lophs per crown type; Fig. 4).  
T h e  increase in average lophedness in the 
Miocene is concolnltant with the evolution 

A ,  

gulates evolved increasingly disparate 
c ro~vn  types together with dietary special- 
~zat ion in Inore fibrous vegetation. Contin- 

larity rather than lnorphological resern- 
hlance per se. Thls suggests that parallel anil 

ued c l ima t~c  coolllng beginning in the  Mld- 
ille Miocene 11 8)  mav have r~romoteil the  

of h~gh-crowned molars ( 14) and ind~cates 
that dietary specializations gradually shifteil 
to\vard more fibrous food. 

T h e  association of cro\vn tvDe and tax- 

~, , 
further loss of Intermediate crown types 
and. presumablv, lntermeiliate niches. In  

convergent evolution have occurreil fre- 
q~~elnt ly  In the  evolution of ung~llate molar , , 

adilition, the  high taxonolnic i l i v e r s ~ t ~  of 
i~npulates In the  Miocene coulil be a result , 

onolnlc diversif~cation In the  Eocene indi- 
cates a n  Eocene "bloom phase" 115) of 

of Increased provinc~ality, ~vh ich  has heen 
documented for North  Anlerlca (22) .  A n  

North Arner~ca 

adaptive radiation. W i t h  simultaneous 111- 

creases in cro\vn type diversity (Fig. 2) and 
disparity (Fig. 3), as \veil as evolution of 
new dletary specializations (Flg. 4) ,  the Eo- 
cene was the time of the  ereatest number of 

alternative hypothesis 1s that these ungu- 
lates evolved new ways to subd~viile re- 
sources. These evolutionary changes could, 
for example, have been phys~ologlcal adap- 
tatlolls or an  Increase in ranee of hoilv size 

. V . .  .... 
0 . .  . ... - 

ways for an  ungulate to make a living (16).  
I11 recent ecosvstems, taxonomic diversity 

that enabled several specles to share sinlllar 
(but different-sized) cro\vn types. 

W e  have shown that the Eocene and 
h4iocene radiations proiluceii t\vo d~fferent 

generally correlates positively with avail- 
able energy (1 7). Eocene divers i f~cat~on be- 

7 -  

ilngulate communit~es.  T h e  Eocene ungulate 
radiations involved adaptations to narrow 
hut h~gh-quality niches, u~h lch  1s reflected in 
the diverse and less illsparate crown types. 
T h e  Miocene radiations created com~nuni-  

1-n....D* . -. . . . 
Europe r 

gall durlng the  inferred temperature maxi- 

mum for the Cenozoic (18).  As evidenced 

.a w e *  . . .. a .. 

Asia 

by plant leaf size and morphology, tropical- 
like forests were found In the  higher lati- 
tudes iluring this time (1 9) .  Also, plant 
d~versity in the Eocene was colnparatively 
hlgh (20),  which coulil indicate high local 
productivity and environlnental patchiness 
that allo\ved relatively high packing of 
cro\vn types (d~etary  similarity) as corn- 
pared ~ v i t h  that in later epochs. 

Whereas Paleocene and Eocene mor- 
phological and taxonomic trends are gener- 
ally concordant, the post-Eocene patterns 
are not.  Steep cllrnatic coollng 111 the Late 
Eocene was probably responslhle for the 
drop in taxonornic diversity (16, 21).  Al- 
though we observe a similar decline in 
crown type diversity, the  other two mea- 
sures of ecornorphology, average lophedness 
and disparity, do not appear to change in 
pre-Miocene fossils. This may indicate that 

tles of ~lng~llates [vith ile~ntal adaptations to 
deal wlth vegetation of low primary produc- 
tivity, correlated with the loss of intermedi- 
ate crou7n types. T h e  analysis of morpholog- 
ical trends describes the ecological aspect of 
i~npulate radiations better than taxonomical- 
ly hased al~alyses alone. 
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Ecological Controls on the Evolutionary 
Recovery of Post-Paleozoic Crinoids 

Mike Foote 

Analysis of morphological characters of a global sample of post-Paleozoic crinoid echi- 
noderms shows that this group underwent a rapid diversification after the extinction at 
the end of the Permian to reach maximal morphological disparity by the Late Triassic, 
which is essentially the same evolutionary pattern seen during the group's early Paleo- 
zoic radiation. The accelerated morphological diversification of a single class implies 
that, even if clades surviving from the Paleozoic represented ecological incumbents that 
hindered the origin of new higher taxa, species within individual higher taxa rapidly 
exploited available ecological opportunities in the Mesozoic. 

A f t e r  the late Paleozoic (Late Permian) 
mass extinction, the origination of higher 
taxa (phyla and classes) of marine animals 
was more subdued than in the earlv Paleo- 
zoic (1, 2) .  Even though most marine species 
became extinct in the Late Permian (3) .  
most of the major adaptive zones occ~~pied 
during the Paleozoic were not coinpletely 
evacuated (2,  4) .  Thus, Mesozoic taxa may 
have experienced greater competition than 
their earlv Paleozoic counternarts that were 
diversifying into unoccupied adaptive zones 
(4) .  Therefore, given a correlation between 
morphological and ecological diversification 
(2,  5, 6 ) ,  Mesozoic taxa might be expected 
to have reached peak morphological diversi- 
ty (disparity) (7,  8 )  more gradually than did 
many early Paleozoic clades that rapidly at- 
tained lnaximal disparity (8-1 0). Crinoids, a 
large marine clade, reached a plateau of dis- 
parity in the early Paleozoic (1 0 )  but suffered 
a great reduction in diversity in the late 
Paleozoic, apparently to a single lineage 
(1 1 ) .  They then diversified ecologically and 
morphologically (12-15). The fossil record 
of crinoids can thus be used to compare 
~nacroevolutionary patterns within the same 
clade under significantly different ecological 
circumstances. 

The ~ost-Paleozoic radiation of marine an- 
imals has been documented mainly with tax- 
onomic data [ ( I ,  2, 5)  but see (6)]. Because 
the correspondence between taxonomic orig- 
ination and morphological innovation is un- 
clear, it is important to document morpholog- 
ical diversification directlv. O n  the basis of 
the primary systematic literature, I used data 
on 69 discrete characters to quantify the ma- 
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jor anatomical features (1 6)  for a global sam- 
~ l e  of 355 cril~oid s~ecies from the Triassic 
through the Eocene. This sample represents 
121 of the -156 genera known for this -200- 
million-year (17) period (18). This span of 
time was divided into 11 time intervals (mean 
duration, 19 rn~llion years; SD, 7.1 rnillio~l 
years), reflecting a balance between temporal 
resolution and sample size. 'Within each inter- 
val, species were aggregated into a single sta- 
tistical sample. Although genealogy is essen- 
tial in a clade's evolutionary history, disparity 
concerns net rnornholoeical differences rather 

A 

than branching sequence [(7, 8, 10) but see 
(19)]. Therefore, disparity was measured as 
the mean pairwise character difference be- 
tween species (9, 10, 20). I compared dispar- 
ity to genus- and family-level taxo~~oinic di- 
versity [based on several data compilations 
(10, 12, 15, 21, 22)]. The number of species 
sampled for each interval is generally propix- 
tional to the number of known genera and 
families. 

Disparity among post-Paleozoic crlnoids 
peaked early in the radiation (in the Late 
Triassic. less than 40 million vears into the 
~esozoic ) ,  well before the titlle of maximal 
taxonomic diversity (Fig. 1, A through H) 
(23). This period is similar to the 40 million 
to 50 million vears between the atmearance of 
unquestionable crinoids in the Early Ordovi- 
cian and the Paleozoic peak of disparity in the 
Caradocian (1 0 ,  24). Disparity declined from 
the Late Triassic to the Early Jurassic, in part 
reflecting the extinction of encrinids, holo- 
crinids, and other taxa (1 2, 13, 15). Dispar- 
ity again increased early in the Cretaceous 
(Neocomian), hluch of this increase is at- 
tributable to origination within the order 
Cyrtocrinida, which displays many unusual 
forms and habits, such as reduced, bilaterally 
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