
cations (10-12) or for fabrication of inte- 
grated magnetic memory devices or sensors 
(25).  It could also be of interest for ultra- 
high density near-field optical recordillg 
(26,  27), because optical properties also 
inay be locally changed by adj~~st i l lg  the  
irradiatioil conditions. 
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Post-Cam brian Trilobite Diversity and 
Evolutionary Faunas 

Jonathan M. Adrain," Richard A. Fortey, Stephen R. Westrop 

A cluster analysis of the stratigraphic distribution of all Ordovician trilobitefamilies, based 
on a comprehensive taxonomic database, identified two major faunas with disjunct 
temporal diversity trends. The Ibex Fauna behaved as a cohort, declining through the 
Ordovician and disappearing at the end-Ordovician mass extinction. In contrast, the 
Whiterock Fauna radiated rapidly during the Middle Ordovician and gave rise to all 
post-Ordovician trilobite diversity. Its pattern of diversification matches that of the Pa- 
leozoic Evolutionary Fauna; hence, trilobites were active participants in the great Or- 
dovician radiations. Extinction patterns at the end of the Ordovician are related to clade 
size: Surviving trilobite families show higher genus diversity than extinguished families. 

Tri lobi tes  are among the most cotntnon 
fossils of the  Early Paleozoic, and an  under- 
standing of their history is central to ally 
hypothesis of the  developinent of the  ina- 
rine biosphere during this time. Cumulxtive 
trilobite diversity (1 )  is often portrayed as a 
bottotn-heavy spindle diagraln derived by 
couiltillg genera or families recognized dur- 
iqg particular epochs. T h e  most current 
description of cumulative taxonomic diver- 
sity is Sepkoski's cotnpelldiuln of marine 
families (2 )  and genera (3 )  alnd his setnilla1 
factor-analvtical descrivtioil of the  tnarine 
record (4):  W e  used 'a new cotnprehen- 
slve genus-level elobal data set to relnLres- 
tigate patterns of post-Cambrian trilobite 
diversitv. 

~ r i l d b i t e  diversity has been ~lnderstood 
in relation to  three major e\rents in the  
Early Phalnerozoic history of life: the  Cam- 
brian explosioll (5 ) ,  the  Ordoviclaln radia- 
tion (6 ) ,  and the  end-Ordovician inass ex- 
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tillctioll 17). Of these events. the  diversitv ~, 

pattern of trilobites after the  Cambrian ex- 
vlosioil is uncontroversial: with the  advent 
of mineralized hard parts, trilobites radiated 
rapidly and soon reached their peak clade 
diversity (8). T h e  role of trilobites in the  
Ordovician events is less ~vel l  understood. 
T h e  class was in  modest decline during the  
time of the  Ordoviciail radiation ( I ,  3 ,  4 ) ,  
along with other elements of the  Cainbriail 
Evolutiollarv Fauna 14). Trilobites were one 
of the  most' affected by the  end- 
Ordovician extinction, and most estimates 
record a loss of abou; half of familial or 
generic diversity a t  this event (3, 4 ) .  Post- 
Cambrian trilobite history has therefore 
beell ilnferred to follow a general and sus- - 
t;lined decline, or a decay of a hlgh-diversity 
Early Ordovician cohort (9) .  However, the  
cumulative diversity curve poorly reflects 
some important features of trilobite hlstory: 
( i )  N o  natural subgroup of trilobites (inono- 
phyletic order, superfainlly, or family) has 
an  Ordo\rician-Sllurlm diversity history 
inatchillg the  shape of the  cumulative plot. 
Although cotnponents inay have different 
dlverslty histories from cumulative trends, 
n o  clade among the  trilobites is even similar 
to the  curve for the  Ibex (Lower Ordovi- 
cian) through Wenlock (Silurian) series. 
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(ii) There are few examples of surviving 
Silurian trilobite families that record sus- 
tained diversity reductions across the Or- 
dovician-Silurian boundary, even though 
cumulative trilobite diversity was reduced 
by nearly half. (iii) Many trilobite groups 
show increases in diversity during the time 
of the Ordovician radiations, even though 
cumulative trilobite diversity was in de- 
cline. These observations suggest that the 
cumulative trilobite diversity curve is an 
amalgam of more than one major pattern. 

Our survey recognizes 1241 validly pro- 
posed Ordovician and Lower Silurian trilo- 
bite genera. We carried out comprehensive 
taxonomic standardization (10) resulting in 

the recognition of 296 subjective junior 
synonyms, leaving 945 accepted genera 
( I  I). The occurrence of each genus was 
plotted by stratigraphic series (12). Genera 
were then assigned to monophyletic fami- 
lies, and the families were used as the prin- 
cipal units for further analysis. Cluster anal- 
ysis (1 3) grouped families according to their 
numbers of component genera in each of 
the four Ordovician stratigraphic series 
(Ibex, Whiterock, Mohawk and Cincin- 
nati). To test the behavior of families at the 
end-Ordovician events, we omitted Silurian 
occurrences in the cluster analysis. 

Together, dendrograms and histograms 
showing diversity histories of all families 
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Fig. 1. Cluster analysis of all Ordovician and Lower Silurian trilobite families, with plots of their diversity 
through time. Clustering was based on Ordovician diversities only. Taxa were clustered using as 
variables the number of genera in each of the four Ordovician biostratigraphic intervals. The Pearson 
product-moment correlation coefficient was used as the index of similarity; the clusters were formed 
using the average linkage method. Families are numbered as follows: 1, Harpetidae; 2, Dimeropygidae; 
3, Telephinidae; 4, Prosopiscidae; 5, Asaphidae; 6, Raymondinidae; 7, Nileidae; 8, Pliomeridae; 9, 
Bathycheilidae; 10, Shumardiidae; 11, Bathyuridae; 12, Hungaiidae; 13, Leiostegiidae; 14, Entomaspi- 
didae; 15, Alsataspididae; 16, Agnostidae; 17, Remopleurididae; 18, Taihungshaniidae; 19, Panderi- 
idae; 20, Olenidae; 21, Hystricuridae; 22, Pilekiidae; 23, Isocolidae; 24, Pharostomatidae; 25, Eulomi- 
dae; 26, Ceratopygidae; 27, Lichakephalidae; 28, Bavarillidae; 29, Dikelocephalidae; 30, Idahoiidae; 31, 
Nepeidae; 32, Norwoodiidae; 33, Solenopleuridae; 34, Ityophoridae; 35, Brachymetopidae; 36, Aula- 
copleuridae; 37, Acastidae; 38, Odontopleuridae; 39, Lichidae; 40, Illaenidae; 41, Pterygometopidae; 
42, Encrinuridae; 43, Cheiruridae; 44, Proetidae; 45, Scharyiidae; 46, Phacopidae; 47, Rorringtoniidae; 
48, Trinucleidae; 49, Styginidae; 50, Calymenidae; 51, Dalmanitidae; 52, Homalonotidae; 53, Raphio- 
phoridae; 54, Bohemillidae; 55, Cyclopygidae; and 56, Dionididae. 

(Fig. 1) indicate that the trilobites form two 
major clusters (14), termed faunas. The 
Ibex Fauna, named for the epoch during 
which it flourished, is characterized by Early 
Ordovician dominance followed by severe 
diversitv reductions in the later Ordovician 
(conforming to a null hypothesis of cohort 
decav). The Whiterock Fauna. named for 
the epoch in which it radiated rapidly, dis- 
plays a contrasting pattern of minimal Early 
Ordovician diversity, Middle Ordovician 
(Whiterock) radiation, and hieh Late Or- - 
dovician diversity. These alternate, disjunct 
patterns are pervasive and represent high- 
level macroevolutionary trends. Surviving 
Silurian families constitute a subgroup of 
the Whiterock Fauna, termed the Silurian 
Fauna (15). 

The base of the North American White- 
rock Series (16) has been recognized as 
marking the start of the great Ordovician 
radiations of articulate brachiopods (1 7), 
bryozoans ( 18), bivalves ( 19), echinoderms 
(20), and virgellinid graptoloids (21); many 
other groups first occur in the rock record at 
or near this horizon (3, 6, 22). This also 
marks the point of transition between dom- 
inance of Sepkoski's (4,23) Cambrian Evo- 
lutionary Fauna (of which trilobites are the 
main com~onent)  and the rise of the Paleo- 
zoic Evolutionary Fauna (composed of the 
radiating groups). The Whiterock Fauna 
shows explosive and sustained radiation at 
exactly this point, conforming to the Paleo- 
zoic fauna diversity pattern; this indicates 
that trilobites were active participants in 
the Ordovician radiation. Most individual 
trilobite genera in the study interval (503, 
or 53.2% of the total) belong to families 
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+ Whiterock Fauna 
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Fig. 2. Line graphs of the total diversity of each 
major fauna in each of the six biostratigraphic in- 
tervals ( I ,  Ibex; Wh, Whiterock; M, Mohawk; C, 
Cincinnati; L, Llandovery; and We, Wenlock). Ibex 
and Whiterock faunas are as defined in Fig. 1. The 
Silurian Fauna is a subset of the Whiterock Fauna 
comprising those groups that survived the end- 
Ordovician extinction, minus two single-lineage 
relicts (15). 
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compr~sing the R'hiterock Fauna. 
The  Ordovician diversity patterns also 

llreclict the fate o t  clacles at the encl-Orilo- 
vician Inass extinctions (Fig. 2) .  N o  mem- 
ber of the Ibex Fauna survived the enii of 
the Ordovician. In  contrast, nearly three- 
fourths of falllilies (74%) of the  X'hiterock 
Fauna survlveil, and the X'hlterock Fa~lna 

genera, or 5.4"; of Cillclllllati diversity) 
fro111 Upper Ordovician to earliest Silurian. 
From a high in the IvIohaivk level of 127 
genera to the  Wenlock level of 124 genera, 
there is series-level variation of only 14"; of 
the  maximum. Although the  long-term di- 

do~n i l~a te i l  assemblages of the  Cambrian 
anii Early Ordovic~an \Yere replaced by bra- 
chiopod-rich associatio~ls characteristic of 
Sepkoski's 13. 4) Paleozoic Fauna. O n e  of ~, , 

the central themes of investigat~on of the 
Ordovician radiation has been the  hvpoth- 
esis (28)  of onshore ~Ievelop~nent  of the 
Paleozoic Fauna and collcomitant offshore 

versity of most surviving trilobite groups 
I Y ~ S  esselltially unchanged, the end-Ordov- 
~ c i a n  extlnctloll hail a significant short- 
term impact o n  the Silurlan Fauna. Of the 

accounts for all post-Ordov~cian trilobites, 
~vlt11 the exception o t  the  unclustered 

ii~splacement and restriction of the  Cam- 
brian Fauna (of which trilobites are the 

harl~etids. 
Because the Ibex Fa~lna was shoaino a 

Silurian Fauna genera present during the  
Llandovery epoch, 75% also originated in 
that epoch (Fig. 4 ) ,  xvhich demonstrates 
that extinctiolls a e r e  follo\ved bv a rapid 
post-extinction "rebound" (3 ,  4 ) .  Holyever, 
once this Llandoverv rebound \\-as comt~let- 

main const~tuent)  through time. It has been 
iiemonatrated (29)  that the  ilimlnlshed eco- 

general decline in illversitv before the enil 
of the Ordovician while the  R'hiterock 

logic importance of trilobites as a whole ~ 1 1  

o ~ ~ s h o r e  ellvironlnellts most likelv resulted 
Fauna was ~lnilergolng robust raillation, we 
infer that clade surl-~val at the  end-Ordo- 

from iiilution rather than physical displace- 
ment. ,Alpha (vvi thin-commu~li t~)  diversity 
of trilobites is stable in all environments 
throuohout the Ordovician. This contrasts 

vician exti~lctioll  was related to clade sire. 
Comparison of frequency distributions of 
clade sizes for 37 families present in the 
latest Ordovician Cincinnati  Series (Fig. 3 )  

ed, stallding diversitv returned to anii a.as 
maintained a t  pre-extinction amounts. 

End-Ordovician fates are linked to Or-  
dovician c j i~-ers i t~  traiectories, hlost extin- 

- 
markedly \vith the  major fluctuations in 
clade patterns presented here, anil suggests 
a n  ~lnexpected ilecoupli~lg of global taxo- 
nornic cllversit\i and local ecological success 
through the  hliddle and Upper Ordovician 
(32).  

, , 
g ~ ~ i s h e d  groups were members of the Ihex 
Fauna anil hail alreaclv ~lnderoone sustained 

demonstrates that survivors have larger ge- 
nus diversity (mean,  8.3 genera) than those 
faln~lies that n-ere extinguished (mean, 3.6 
genera). T h e  influence of clade size o n  sur- 

and severe diversity culls after the  Early 
Ordovician. T h e  absolute decline in Jiver- 

viva1 contrasts rvith patterns of molluscan 
genus survival at the end-Cretaceous event 

sity involved 111 the  end-Ordovician disap- 
pearance of the  Ibex Fauna \\-as about half 
the  lnagllitude of its LVhiterock-hlohawk 
drop (67% reilllctioll) anii about one-third 
the magn~tuile of the  Ibex-VYhlterock d r o l ~  
(48% re~luction) (Fig. 2) .  Physical enr.iron- 
mental changes were linked to the  end- 
Ordovician extillction of some trilobite 
cla~les (7 ) ;  the  relatively sudden decilnatioll 
of LVhiterock Fa~lna fa~niliea such as Cyclo- 
pygidae and R,~phioyhoridae is other~vise 
difficult to explain (27) .  I\:evertheless, the 
diversity model \ve propose casts nea- light 
o n  the nature of the end-Ordovici,~n trilo- 
bite decline. Most of the clades that became 

There is a strong zoogeographic cornyo- 
nent  to  the  radiation of the  LVhiterock 
Fauna. Of the  2 1 families present during the 
early \Yhiterock, eight had a l ~ r e d o m i n a ~ ~ t l ~ ~  
lo~v-lat~tucle distribution o n  the Laurent~an 
paleocolltillellt (31 ) ,  nine \yere restricteil to 
high-latitude Gond\vanaland and Baltica, 
anii four were cosmopolitan. Ho~vever,  his- 
tograms of clade sires (Fig. 1 )  illilicate that 
the radiation of the R'hiterock Fauna was 
more pronounced a t  low latit~ldes (Lauren- 

- 
(24) )  gastropod genus survival at the  end- 
Permian event (25))  anil trilobite falnilv 
survi~ral a t  the end of the  Calnbrian (26) ,  
all of n.hich were unrelated to claile size. 

These patterns are influenced by genus 
originat~on rates (Fig. 4 ) .  T h e  decay of the 
Ibex Fauna cohort nas  drlven by low post- 
LVhiterock origination. T h e  genus origina- 
tions of the YVhiterock Fauna were at times 
more than double those of the Ibex Fauna. 
This high rate led to larger meall clade sizes, 
effectil-ely buffering YVhiterock F,~una fam- 
ilies from end-Ordovician extinction. 

tian groups experienced a genus increase o t  
more than 5L?CU;, versus about 3L?CU; for 
Gondn ,~nan  and Baltic families). Further- 
more, end-Ordovician survival was marked- 
ly higher among LVhiterock Fauna groups 
that initiallv diversified at low versus hiuh 

Silurian Fauna groups show onl\- a sslnall 
diversit\- rreluction at the series level (1C 

extinct were alreadl- in long-term Jecline, 
whereas most of the clades that surviveii 
suffered no  sustaineil iiiversity reduction af. 
ter the estinction. 

latitudes. ~ l l  eight L a ~ ~ r e n t i a n  fanlilies sur- 
vived the enil-Ordol-ician extinction, com- 

T h e  pattern of cliversification of the 
\Yhiterock F'luna has several i~nplications 
for the Ordovician railiation. This el-ent 
was one of the largest diversity illcreases in 

pareil wit11 only three of the nine Gond-  
\vanan/Baltic groups. Groups that had a 
Laurentian early distribution account for 
the bulk of the Silurian Fa~lna.  

the  histor)- o t  life, cornparable in  magnitude 
only to the Cambrian evolutionarv e x ~ ~ l o -  

This latitudillal contrast betLvee11 radi- 
,ition intensitv and survivorshi~> also ex- , 

sion. It involved a complete reorganization 
of bellthic lnarine communities, as trilobite- 

tends to  the  ecological con tes t  of the  
radiation. \Yhiterock Fauna urouns that  1 Extinguished (N = 19) 

Mean genera per family: 3.6 
L .  

iiil-ersifiecl in the  clastic environlnents of 
Gond~vanaland occur in a broad hathv- 
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Fig. 4. Genus origination of each major fauna in 
each of tile six biostratigraphic intewals. Origina- 
tions are shown as the percentage of the total 
-,umber of genera present in the interval that have 
their first occurrence in that ntewal. 

lnetric and environmental range, a distri- 
bution difficult to ~lisringuish from that  of 
coeval elements of the  Ibex Fauna. H o ~ v -  

0 4 8 12 16 20 
Number of genera per family 

ever, the  tropical Laurentian origins of the  
Silurian Fauna (32)  were almost exclu- Fig. 3. Frequency distribution of clade size, mea- 

sured by number of genera for trilobite families 
present in the Upper Ordovician (Cincinnati) that 
survived (upper panel) or became extinct (lower 
panel) at the end-Ordovician. The distributions are 
significantly different (Mann-Whitney u test P = 

0.01 1 .  Surviving families have a mean Cincinnati 
dversiy of 8.3 genera, $,whereas the value for ex- 
tingushed famies IS 3.6 genera. 

sively in  platform-margin environments.  
Shallo~v-water L a u r e n r i , ~ ~ ~  faunas 133) , , 

were dominated by the  Ibex Fauna at the  
onset of the  radiation, although the  LVhite- 
rock Fauna rapidly spreail onshore. This  
pattern is o i  collsiiierahle i m ~ ~ o r t a n c e  and 
requires filrther stud7- because it implies 
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settings than  tha t  of the  Paleo:oic Fauna. Pterygometopcae and Raphophorcae. In eacli of 19851  pp. 153-190: J. J. Sepkoski Jr. and P. M. 
Ill ,~ssessing tile re,Isolls for the differing ivhish a s n g e  oiv-diversity neage extencec n t o  the Sheehan in 61ot;c Ir~teractbos ;o Recent aod Fossil 

S ~ r i a n  c ~ t  cesame extnst durng the per~od. responses of trilobite groups during the Or- 18, Upper Erltlsh terlnlnology, 
Beri:nic Commuriities, M. J. S. Tel'esz and P. M. 
McCa ,  Eds. :Plenum, heiv Yorlc 1933 '  pp. 673- 

dovician radiation, it \rill ~~l t imatelv  be nec- 17, M. E. Patrkowskv n (22, 413-414. 71 7. 
essarb- to understand their early phylogelletic 
history. hlany prohleins remain in resolving 
trilobite relationships across the Cambro- 
Ordo~.ician boundar\- (34). However, it is 
principally Ibex Fauna families that have 
l t n o \ ~ n  or suspected Calnhrian distributions. 
LVhiterock  faun,^ families, '111d 111 par t ic~~lar  
Silurian Fauna groups, can generall7- be 
traced only to the Early Ordovician, anil in 
many cases they are entirely "cryptogenetic." 
These clades certainl7- had Cambrian fore- 
bears, but the fact that they 11ar.e avoided 
ilerectioll is a strong illdication that novel 
morphologies \I-ere beillg developed very 
rapidly. This implieii difference in rates of 
evolution is testable through analysis of spe- 
cies tumor.er, and is perhaps the most com- 
pelling clue to the strikmgly iiisjunct fates of 
post-Camhrian trilobites. 
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Manfred Fiebig," Kenjiro Miyano, Yoshinori Tomioka, 
Yasuhide Tokura 

The light-induced insulator-metal transition in the "colossal magnetoresistance" com- 
pound Pr,,,Ca,,,MnO, is shown to generate a well-localized conducting path while the 
bulk of the sample remains insulating. The path can be visualized through a change of 
reflectivity that accompanies the phase transition. Its visibility provides a tool for gaining 
insight into electronic transport in materials with strong magnetic correlations. For 
example, a conducting path can be generated or removed at an arbitrary position just 
because of the presence of another path. Such manipulation may be useful in the 
construction of optical switches. 

Manganese  oxides of the  general formula 
R,-,A,Mn03 ( ~ r h e r e  R ancl A are rare- and 
'~lkaline-earth Ions, respectirrely) 11'1r-e re- 
cently attracted cons~iierable attention be- 
cause of their unusual magnetic and elec- 

M F e c g  Depa-tment or Appec  Physcs The Unlversty 
or Tokyo, Tokyo 11 3-8656, Japan, and Japan Scence 
anc Technology Corporat~on (JST:, Tokyo 171-0031, 
Japan. 
K. Myano Department of Apped  Phys~cs, The 1Jnvers1- 
ty or Tokyo, Tokyo 113-8656, Japan. 
Y. Tolnoka, Jolnt Research Center for Aton-c Tesh,iol- 
ogy :JRCAT: Tsukuca 305-0046, Japan. 
Y. Tokura Depal-tinent of Appiec Physcs The U.ii!ers~ty 
of Tokyo, Tokyo 11 3-8656. Japan, anc JRCAT Ts~kuba  
305-0046, Japan. 

*To vdhom sorresponcense should ce adcressed. E-n-all: 
f~eb~g~~ap. t .u tokyo.ac .  p 

tronic properties ( I ) .  In  some of these ma- 
terials, insulator-metal (I-M) transitions 
call be observeil where both c o n d ~ ~ c t ~ v i t y  
and magnetization change markeclly. T h e  
s = 0 and x = 1 end meinhers of the  
R,-,A,MnO, family are ~nsulating and an- 
tiferromagner~c (AF) n.1t11 the b111 ion 111 

the Mili-- and Mnt-- state, respectively. For 
intermediate s, the average M n  valence is 
non-integer and the  material is generall7- 
semicond~~ct ing or illetallic a t  high ternper- 
atures. Most of the perovskite nlanganites 
s h o ~ r  a ferromagnetic (FM) ground state 
n h e n  the holes are optimally doped (usually 
0.2 5 x 5 0.5) by che~nical  substitution of 
the  perovskite A-site. Hower-er, in corn- 
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