
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 recording
(26, 27), because optical properties also
may be locally changed by adjusting the
irradiation conditions.

REFERENCES AND NOTES
___________________________

1. E. Grochowski and D. A. Thompson, IEEE Trans.
Magn. MAG-30, 3797 (1994).

2. D. N. Lambeth, E. M. T. Velu, G. H. Bellesis, L. L. Lee,
D. E. Laughlin, J. Appl. Phys. 79, 4496 (1996).

3. S. Gadetsky, J. K. Erwin, M. Mansuripur, ibid., p.
5687 (1996).

4. S. Y. Chou, M. S. Wei, P. R. Krauss, P. Fischer, ibid.
76, 6673 (1994).

5. S. Y. Chou, P. R. Krauss, P. J. Renstrom, Science
272, 85 (1996).

6. Y. Xia, X. M. Zhao, G. M. Whitesides, Microelecton.
Eng. 32, 255 (1996).

7. Y. Chen et al., J. Vac. Sci. Technol. B 12, 3959
(1994).

8. A. Fernandez, P. J. Bedrossian, S. L. Baker, S. P.
Vernon, D. R. Kania, IEEE Trans. Magn. Mag. 32,
4472 (1996).

9. J. L. Simonds, Phys. Today 48 (no. 4), 26 (1995).
10. E. Betzig et al., Appl. Phys. Lett. 61, 142 (1992).
11. B. D. Terris, H. J. Mamin, D. Rugar, W. R. Studen-

mund, G. S. Kino, ibid. 65, 388 (1994).
12. T. J. Silva, S. Schultz, D. Weller, ibid., p. 658.
13. M. Mansuripur, The Physical Principles of Magneto-

Optical Recording (Cambridge Univ. Press, Cam-
bridge, 1995).

14. V. Kottler, N. Essaidi, N. Ronarch, C. Chappert, Y.
Chen, J. Magn. Magn. Mater. 165, 398 (1997); V.
Kottler, C. Chappert, N. Essaidi, Y. Chen, IEEE
Trans. Magn., in press.
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Post-Cambrian Trilobite Diversity and
Evolutionary Faunas

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

A cluster analysis of the stratigraphic distribution of all Ordovician trilobite families, 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.

Trilobites are among the most common
fossils of the Early Paleozoic, and an under-
standing of their history is central to any
hypothesis of the development of the ma-
rine biosphere during this time. Cumulative
trilobite diversity (1) is often portrayed as a
bottom-heavy spindle diagram derived by
counting genera or families recognized dur-
ing particular epochs. The most current
description of cumulative taxonomic diver-
sity is Sepkoski’s compendium of marine
families (2) and genera (3) and his seminal
factor-analytical description of the marine
record (4). We used a new comprehen-
sive genus-level global data set to reinves-
tigate patterns of post-Cambrian trilobite
diversity.

Trilobite diversity has been understood
in relation to three major events in the
Early Phanerozoic history of life: the Cam-
brian explosion (5), the Ordovician radia-
tion (6), and the end-Ordovician mass ex-

tinction (7). Of these events, the diversity
pattern of trilobites after the Cambrian ex-
plosion is uncontroversial; with the advent
of mineralized hard parts, trilobites radiated
rapidly and soon reached their peak clade
diversity (8). The role of trilobites in the
Ordovician events is less well understood.
The class was in modest decline during the
time of the Ordovician radiation (1, 3, 4),
along with other elements of the Cambrian
Evolutionary Fauna (4). Trilobites were one
of the groups most affected by the end-
Ordovician extinction, and most estimates
record a loss of about half of familial or
generic diversity at this event (3, 4). Post-
Cambrian trilobite history has therefore
been inferred to follow a general and sus-
tained decline, or a decay of a high-diversity
Early Ordovician cohort (9). However, the
cumulative diversity curve poorly reflects
some important features of trilobite history:
(i) No natural subgroup of trilobites (mono-
phyletic order, superfamily, or family) has
an Ordovician-Silurian diversity history
matching the shape of the cumulative plot.
Although components may have different
diversity histories from cumulative trends,
no 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
(11). 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 (13) 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

(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
diversity reductions in the later Ordovician
(conforming to a null hypothesis of cohort
decay). 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 high 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 (17),
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 component) 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

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. 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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comprising the Whiterock Fauna.
The Ordovician diversity patterns also

predict the fate of clades at the end-Ordo-
vician mass extinctions (Fig. 2). No mem-
ber of the Ibex Fauna survived the end of
the Ordovician. In contrast, nearly three-
fourths of families (74%) of the Whiterock
Fauna survived, and the Whiterock Fauna
accounts for all post-Ordovician trilobites,
with the exception of the unclustered
harpetids.

Because the Ibex Fauna was showing a
general decline in diversity before the end
of the Ordovician while the Whiterock
Fauna was undergoing robust radiation, we
infer that clade survival at the end-Ordo-
vician extinction was related to clade size.
Comparison of frequency distributions of
clade sizes for 37 families present in the
latest Ordovician Cincinnati Series (Fig. 3)
demonstrates that survivors have larger ge-
nus diversity (mean, 8.3 genera) than those
families that were extinguished (mean, 3.6
genera). The influence of clade size on sur-
vival contrasts with patterns of molluscan
genus survival at the end-Cretaceous event
(24), gastropod genus survival at the end-
Permian event (25), and trilobite family
survival at the end of the Cambrian (26),
all of which were unrelated to clade size.

These patterns are influenced by genus
origination rates (Fig. 4). The decay of the
Ibex Fauna cohort was driven by low post-
Whiterock origination. The genus origina-
tions of the Whiterock Fauna were at times
more than double those of the Ibex Fauna.
This high rate led to larger mean clade sizes,
effectively buffering Whiterock Fauna fam-
ilies from end-Ordovician extinction.

Silurian Fauna groups show only a small
diversity reduction at the series level (10

genera, or 8.4% of Cincinnati diversity)
from Upper Ordovician to earliest Silurian.
From a high in the Mohawk 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-
versity of most surviving trilobite groups
was essentially unchanged, the end-Ordov-
ician extinction had a significant short-
term impact on the Silurian Fauna. Of the
Silurian Fauna genera present during the
Llandovery epoch, 78% also originated in
that epoch (Fig. 4), which demonstrates
that extinctions were followed by a rapid
post-extinction “rebound” (3, 4). However,
once this Llandovery rebound was complet-
ed, standing diversity returned to and was
maintained at pre-extinction amounts.

End-Ordovician fates are linked to Or-
dovician diversity trajectories. Most extin-
guished groups were members of the Ibex
Fauna and had already undergone sustained
and severe diversity culls after the Early
Ordovician. The absolute decline in diver-
sity involved in the end-Ordovician disap-
pearance of the Ibex Fauna was about half
the magnitude of its Whiterock-Mohawk
drop (67% reduction) and about one-third
the magnitude of the Ibex-Whiterock drop
(48% reduction) (Fig. 2). Physical environ-
mental changes were linked to the end-
Ordovician extinction of some trilobite
clades (7); the relatively sudden decimation
of Whiterock Fauna families such as Cyclo-
pygidae and Raphiophoridae is otherwise
difficult to explain (27). Nevertheless, the
diversity model we propose casts new light
on the nature of the end-Ordovician trilo-
bite decline. Most of the clades that became
extinct were already in long-term decline,
whereas most of the clades that survived
suffered no sustained diversity reduction af-
ter the extinction.

The pattern of diversification of the
Whiterock Fauna has several implications
for the Ordovician radiation. This event
was one of the largest diversity increases in
the history of life, comparable in magnitude
only to the Cambrian evolutionary explo-
sion. It involved a complete reorganization
of benthic marine communities, as trilobite-

dominated assemblages of the Cambrian
and Early Ordovician were replaced by bra-
chiopod-rich associations characteristic of
Sepkoski’s (3, 4) Paleozoic Fauna. One of
the central themes of investigation of the
Ordovician radiation has been the hypoth-
esis (28) of onshore development of the
Paleozoic Fauna and concomitant offshore
displacement and restriction of the Cam-
brian Fauna (of which trilobites are the
main constituent) through time. It has been
demonstrated (29) that the diminished eco-
logic importance of trilobites as a whole in
onshore environments most likely resulted
from dilution rather than physical displace-
ment. Alpha (within-community) diversity
of trilobites is stable in all environments
throughout the Ordovician. This contrasts
markedly with the major fluctuations in
clade patterns presented here, and suggests
an unexpected decoupling of global taxo-
nomic diversity and local ecological success
through the Middle and Upper Ordovician
(30).

There is a strong zoogeographic compo-
nent to the radiation of the Whiterock
Fauna. Of the 21 families present during the
early Whiterock, eight had a predominantly
low-latitude distribution on the Laurentian
paleocontinent (31), nine were restricted to
high-latitude Gondwanaland and Baltica,
and four were cosmopolitan. However, his-
tograms of clade sizes (Fig. 1) indicate that
the radiation of the Whiterock Fauna was
more pronounced at low latitudes (Lauren-
tian groups experienced a genus increase of
more than 500%, versus about 300% for
Gondwanan and Baltic families). Further-
more, end-Ordovician survival was marked-
ly higher among Whiterock Fauna groups
that initially diversified at low versus high
latitudes. All eight Laurentian families sur-
vived the end-Ordovician extinction, com-
pared with only three of the nine Gond-
wanan/Baltic groups. Groups that had a
Laurentian early distribution account for
the bulk of the Silurian Fauna.

This latitudinal contrast between radi-
ation intensity and survivorship also ex-
tends to the ecological context of the
radiation. Whiterock Fauna groups that
diversified in the clastic environments of
Gondwanaland occur in a broad bathy-
metric and environmental range, a distri-
bution difficult to distinguish from that of
coeval elements of the Ibex Fauna. How-
ever, the tropical Laurentian origins of the
Silurian Fauna (32) were almost exclu-
sively in platform-margin environments.
Shallow-water Laurentian faunas (33)
were dominated by the Ibex Fauna at the
onset of the radiation, although the White-
rock Fauna rapidly spread onshore. This
pattern is of considerable importance and
requires further study because it implies

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 5
0.01). Surviving families have a mean Cincinnati
diversity of 8.3 genera, whereas the value for ex-
tinguished families is 3.6 genera.

Fig. 4. Genus origination of each major fauna in
each of the six biostratigraphic intervals. Origina-
tions are shown as the percentage of the total
number of genera present in the interval that have
their first occurrence in that interval.
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that the radiation of the Whiterock trilo-
bite fauna was initiated in more offshore
settings than that of the Paleozoic Fauna.

In assessing the reasons for the differing
responses of trilobite groups during the Or-
dovician radiation, it will ultimately be nec-
essary to understand their early phylogenetic
history. Many problems remain in resolving
trilobite relationships across the Cambro-
Ordovician boundary (34). However, it is
principally Ibex Fauna families that have
known or suspected Cambrian distributions.
Whiterock Fauna families, and in particular
Silurian Fauna groups, can generally be
traced only to the Early Ordovician, and in
many cases they are entirely “cryptogenetic.”
These clades certainly had Cambrian fore-
bears, but the fact that they have avoided
detection is a strong indication that novel
morphologies were being developed very
rapidly. This implied difference in rates of
evolution is testable through analysis of spe-
cies turnover, and is perhaps the most com-
pelling clue to the strikingly disjunct fates of
post-Cambrian trilobites.
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Visualization of the Local Insulator-Metal
Transition in Pr0.7Ca0.3MnO3

Manfred Fiebig,* Kenjiro Miyano, Yoshinori Tomioka,
Yasuhide Tokura

The light-induced insulator-metal transition in the “colossal magnetoresistance” com-
pound Pr0.7Ca0.3MnO3 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
R1–xAxMnO3 (where R and A are rare- and
alkaline-earth ions, respectively) have re-
cently attracted considerable attention be-
cause of their unusual magnetic and elec-

tronic properties (1). In some of these ma-
terials, insulator-metal (I-M) transitions
can be observed where both conductivity
and magnetization change markedly. The
x 5 0 and x 5 1 end members of the
R1–xAxMnO3 family are insulating and an-
tiferromagnetic (AF) with the Mn ion in
the Mn31 and Mn41 state, respectively. For
intermediate x, the average Mn valence is
non-integer and the material is generally
semiconducting or metallic at high temper-
atures. Most of the perovskite manganites
show a ferromagnetic (FM) ground state
when the holes are optimally doped (usually
0.2 # x # 0.5) by chemical substitution of
the perovskite A-site. However, in com-
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