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Abstract

The Ordovician radiation is the earliest and most important biodiversification event in the evolution of the Paleozoic Evolutionary
Fauna (PEF), when the basic framework of PEF was established. The radiation underwent a gradual, protracted process spanning more
than 40 million years and was marked by several diversity maxima of the PEF. Case studies conducted on the Upper Yangtze Platform
(South China Palaeoplate) showed that the Ordovician radiation was characterized by drastic increases in a- and b-diversity in various
groups of organisms. During the radiation, brachiopods, trilobites, and graptolites of the PEF became more diverse to dominate over the
Cambrian Evolutionary Fauna (CEF) in all marine environments. At either global or regional scales, however, the Ordovician radiation
was highly heterogeneous in time and space, and the rate and pattern of radiation exhibited by different major fossil groups were also
variable.
� 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Since Sepkoski [1–4] proposed the biodiversity curve of
Phanerozoic marine fauna and recognized three evolution-
ary faunas (Fig. 1), increasingly greater efforts have been
directed to the study of diversity change in Ordovician
marine faunas. The Ordovician became a main focus of
palaeobiological investigation for several reasons: (1) dur-
ing this period, the Cambrian Evolutionary Fauna (CEF)
was gradually replaced by the Paleozoic Evolutionary
Fauna (PEF), and the PEF underwent its first radiation
after its origination in Late Cambrian time; (2) globally,
the Ordovician epicontinental seas became much more
widespread [5], resulting in a diverse suite of lithofacies,

biofacies, and ecotypes (e.g., the ecological regime and tier-
ing), and the number of taxa of various marine organisms
increased rapidly; (3) the fundamental knowledge of the
Ordovician (taxonomy, biostratigraphy, palaeoecology,
and palaeobiogeography), accumulated for more than a
century has made it possible for carrying out large-scale
analyses of the rates and patterns of evolution of various
marine organisms.

The globally coordinated IGCP Project 410 (Great
Ordovician Biodiversification, 1997–2002) has been a great
stimulus for the investigation of Ordovician biodiversity
fluctuations. During the great Ordovician biodiversifica-
tion, the basic framework of the PEF and its dominant
position in the Paleozoic marine ecosystems were estab-
lished and persisted for more than 200 million years (Ma)
until the end-Permian mass extinction. It was also during
this time that the CEF (represented by the Ibexian-type
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trilobites and phosphatic-shelled brachiopods) declined
drastically, whereas the PEF (dominated by calcareous-
shelled brachiopods, crinoids, stromatoporoids, rugose
corals, bryzoans, nautiloids) increased sharply. Bivalves
and gastropods, both major components of the Modern
Evolutionary Fauna (MEF), originated during the Cam-
brian but went through their first major radiation also dur-
ing the Ordovician [6]. Among more than 500 publications
(including the monumental summary volume of IGCP Pro-
ject 410, see [7]) dealing with the Ordovician biodiversifica-
tion, the scopes of study are highly diverse-some dealing
with regional or global trend (e.g. [8,9]), some with diver-
sity change and palaeoecological synthesis (e.g. [10–12]),
and some with regional case studies (e.g. [13]). Jablonski
et al. [14] detected a major ecological evolutionary pattern
for three evolutionary faunas that showed an onshore–off-
shore expansion, which subsequently was supported by
data from many regions [10,15–20]. Adrain et al. [21] noted
a major transition between two trilobite faunas, the Ibexian
Fauna and the Whiterockian Fauna. On the basis of global
fossil data of trilobites, brachiopods, bryzoans, bivalves,
etc., Webby [8] suggested that there were three diversity
maxima during the great Ordovician biodiversification, in
the latest Arenig (earliest Darriwilian), mid-late Caradoc
(late Sandbian), and mid Ashgill (late Katian) respectively.

In the extensive previous studies, there are several com-
mon problems that need to be solved. (1) Up-to-date taxo-
nomic database is the foundation for any analyses of
biodiversity. Many global or regional patterns or trends
of biodiversity have been based, at least partly, on outdated
taxonomy. (2) Many studies emphasize broad trend of fau-
nal evolution, without detailed, convincing, regional case
studies. There is also a general scarcity of integrated biodi-
versity study involving the major Ordovician fossil groups.
(3) There have been numerous analyses of taxonomic diver-
sity (i.e., a-diversity), but only limited investigations of
community diversification (b-diversity), and far few studies
of palaeobiogeographical diversification (c-diversity). (4)

Most previous studies tend to focus on large-scale, low-res-
olution trends of biodiversity change, limited by available
field data and species- or genus-level taxonomic database.
These analyses reveal only broad macroevolutionary trends
at the stage or even series intervals, resulting in obliteration
of detailed processes of faunal evolution or even false
trends that deviate from detailed case studies. (5) The envi-
ronmental and palaeobiological controlling factors of the
Ordovician biodiversification require more in-depth inves-
tigation, as most studies are confined to analyses of the pat-
terns and processes of biodiversity change during the
Ordovician.

As one of the key working groups of IGCP Project 410,
the Chinese geologists and palaeontologists have con-
ducted extensive and intensive studies dealing with the
great Ordovician biodiversification event, with a focus on
the South China palaeoplate. South China serves as an
ideal place for this research project for several reasons.
(1) Here, the Ordovician stratigraphical succession is con-
tinuous and widespread, with numerous well-exposed sec-
tions. (2) There is a wide range of palaeogeographical
divisions, from the shallow-water Yangtze Platform, to
the deeper-water Jiangnan Slope, and to the deep-water
Zhujiang Basin (Fig. 2). In addition, there are highly heter-
ogeneous and diverse lithofacies and biofacies across the
Yangtze Platform. (3) In a single stratigraphical section,
various major fossil groups of different palaeoecological
niches (e.g., vagile trilobites, sessile brachiopods, plank-
tonic graptolites, and nektic nautiloids) often occur in the
same strata or closely intercalated strata, providing reliable
biostratigraphical correlations across different lithofacies in
different areas or regions. (4) The palaeontological and bio-
stratigraphical work in South China has had a long history
of more than a century, leading to the accumulation of a
wealth of geological and palaeontological data. Most of
the work, however, has been published in Chinese, which
was probably the chief reason why South China and other
regions of China were treated as terrae incognitae in some
previous global palaeogeographical reconstructions
[22,23]. Taking these advantages, and supported by the
Ministry of Science and Technology of China, National
Natural Science Foundation of China, and the Chinese
Academy of Sciences, the Chinese Ordovician workers car-
ried out a series of team-oriented, multidisciplinary
research projects in the field and in the laboratories, with
a concentrated effort to investigate the Ordovician biodi-
versification event. Based on detailed taxonomy and
high-resolution biostratigraphy, these studies have led to
some significant discoveries of the timing, scale, pattern,
process, diachroneity, heterogeneity, and other characteris-
tics of Ordovician biodiversification [24].

2. Major characteristics of the Ordovician biodiversification

The great Ordovician biodiversification is marked by a
rapid increase in the diversity of middle- to lower-rank taxa
of many marine invertebrate groups, in the scale and com-

Fig. 1. Familial biodiversity curves of Phanerozoic marine faunas
showing the three evolutionary faunas and five mass extinctions (the
width of the dark, downward arrows indicates the approximate severity of
each extinction) (modified from Sepkoski [1–4]). E, Ediacara; C,
Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous;
P, Permian; Tr, Triassic; J, Jurassic, K, Cretaceous; T, Tertiary.
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plexity of ecospace, and in the multiplication of biogeo-
graphical provinces. This diversification event lasted for
more than 40 million years formed the framework of the
PEF, and represented by three diversity maxima. During
the Ordovician, the CEF was replaced gradually but decid-
edly by the PEF. Compared to the well-known Cambrian
explosion, however, the Ordovician biodiversification is
distinct in a number of features.

(1) Taxonomic level of radiation: The Cambrian explo-
sion is characterized by the abrupt appearance of
most phyla and classes of animals, including some
distinct high-rank taxa [26,27]. In contrast, the Ordo-
vician biodiversification is marked by the abrupt
increase in middle- and low-rank taxa (orders, fami-
lies, genera, species), with bryozoans being the only
new comers at the phylum level (with the earliest
known occurrence in the lower Tremadocian Fen-
ghsiang Formation of South China; see [28]). In the
metaphorical tree of life, it can be said that the trunk
and major branches formed during the Cambrian
explosion, whereas the large canopy took shape in
the Ordovician biodiversification.

(2) Scale of radiation: Apart from the failed bauplan
experimentation of the Ediacara biota in the Ediaca-
ran Period (latest Precambrian), the extant animal
bauplans at the phylum level appear to have formed
from scratch during the Cambrian explosion. Simul-
taneous biomineralization to form exoskeletons
among many phyla was one of the giant steps in life

history. At that time, however, most phyla were rep-
resented by single class, order, family, or even genus
[29], and the overall diversity of marine life was
low. During the Ordovician, the increase in the num-
ber of taxa, from primary producers to top carni-
vores, was three times higher than that in the
Cambrian [8]. The cumulative number of taxa at
the end of the Ordovician radiation was seven times
higher than that at the end of the Cambrian [9].

(3) Effects of the radiation: The CEF originated during
the Cambrian explosion, peaked in diversity in Late
Cambrian, declined during the Ordovician, markedly
reduced by the end of the Ordovician, and then
diminished gradually through the rest of the Paleo-
zoic to a negligible component of the evolutionary
faunas by Permian time. The PEF produced by the
Ordovician radiation maintained a high diversity pla-
teau spanning 280 million years, punctuated by many
minor diversity fluctuations, leading to a dramatic
increase in the complexity of life on Earth.

(4) Constituents and ecological structures of the evolu-
tionary faunas. The CEF was dominated by arthro-
pods (particularly trilobites), phosphatic
brachiopods, archaeocyathids, and echinoderms.
The ecological niches of these organisms were simple,
either vagile or sessile, ranging from deposit feeders,
scavengers, to suspension filter feeders, mostly with
a slow rate of metabolism. Calcimicrobes and archae-
ocyathids initiated true skeletal reef building for the
first time in life history, although the diversity of

Fig. 2. Palaeogeographical map and the different sedimentological belts during the Early and Mid Ordovician of South China (based on the map from
[25]). (a) Map of China with the South China Palaeoplate highlighted by two thick lines. (b) Enlarged view of the Yangtze Platform (light grey) and the
Jiangnan Slope (dark grey) of the South China Palaeoplate. Solid circles show the position of investigated Ordovician sections, and the solid squares show
the positions that have been measured in great detail, and with the fossils collected: 1, Shuanghe, Changning County, southeastern Sichuan Province; 2,
Honghuayuan, Tongzi County, northern Guizhou Province; 3, Shatuo, Yanhe County, northeastern Guizhou; 4, Chenjiahe, Yichang City, western Hubei
Province; 5, Houping, Chengkou County, Chongqing District; 6, Shizipu, Gaoqiao of Zunyi City, northern Guizhou.
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the archaeocyathid reefs was notably low compared
to the coral-stromatoporoid reefs that began in the
Mid Ordovician. From the Early Ordovician, many
order-level taxa appeared in the phylum Brachio-
poda, with their evolutionary vitality manifest in their
morphological innovations, such as various new
types of calcareous shells with punctae, pseudopunc-
tae, complex cardinal processes and internal skeletal
supports for muscle and lophophore attachment
(e.g., dalmanelloid orthides, strophomenides, and
pentmerides). Brachiopods rapidly evolved to become
the dominant group in the PEF. Hemichordates
(graptolites), echinoderms, trilobites, bryozoans,
and molluscs (nautiloids and bivalves), corals, and
stromatoporoids were also major components of the
PEF. Different combinations of these groups in time
and space formed various subsets of the PEF. Ana-
tomical and morphological innovations were associ-
ated with exploration and adaptation to a wider
range of ecological settings and niches, and to more
complex competition and increasing predation pres-
sure. Planktonic–nektic invertebrates, such as grapto-
lites, achieved a dominant status in the pelagic realm
for the first time. By Mid Ordovician time, a rapid
change occurred in the shallow marine reef ecosystem
from sponge-dominated to bryozoan-dominated, and
finally replaced by the coral-stromatoporoid reefs
that expanded subsequently into the grandest reef
ecosystems in life history [30,31]. Palaeoecological
diversification was also reflected in the increased tier-
ing in benthic communities. In general, the marine
ecosystem became much more complex in time and
space during the Ordovician biodiversification.

The differences between the Cambrian explosion and the
Ordovician biodiversification, as outline above, are clearly
exhibited on the South China palaeoplate. During the
Cambrian, much of South China, especially the Yangtze
Platform, was a shallow-water, stable carbonate craton,
with arthropods, and particularly trilobites, being the pre-
dominant and most abundant fossil group. In Ordovician
time, various litho- and biofacies commonly persisted later-
ally for tens of kilometres. Brachiopod-dominated benthic
shelly biofacies were diverse and widespread. Such biofa-
cies were often mixed or intercalated with pelagic graptolite
facies. These, together with many other groups of marine
invertebrates, constituted a thriving Ordovician ecosystem.

3. Faunal diversity and turnover during the Ordovician

biodiversification

Since the late 1990s, we have conducted extensive field
investigations on the Upper Yangtze Platform, including
more than 30 continuous and well-exposed Ordovician sec-
tions in Hubei, Hunan, Sichuan, Guizhou, and Yunnan.
Among these, six classic sections were measured bed-by-
bed, with detailed fossil collections (Fig. 2). More than

40,000 macrofossil specimens were collected (approxi-
mately 80% being brachiopods), accompanied by system-
atic collections of microfossils and key lithological
samples, as well as sedimentological data. Such field data
formed a solid basis for detailed taxonomic, biostrati-
graphical, and palaeoecological studies in the laboratory.
With further benefit from broad international research col-
laboration, we have by now recognized some interesting
patterns of the Ordovician radiation using South China
as a window.

3.1. Taxonomic diversity

Taxonomic diversity (a-diversity) is the most com-
monly used proxy of the Ordovician radiation world-
wide. Many case studies from South China indicate
that the biodiversity change during the Early–Mid Ordo-
vician was not an abrupt, clear-cut event, but a gradual,
protracted process. In the case of brachiopods (see Fig. 7
in [32]), their diversity increase started from the early
Tremadocian, accelerated in the early Floian, and
attained their first acme of a-diversity in the Didymo-

graptellus eobifidus Biozone (late Floian, late Early Ordo-
vician). This predates the first diversity maximum of the
global biodiversity curve and the integrated global biodi-
versity curve by about four graptolite biozones (6–8 mil-
lion years), as the first global diversity maximum
occurred in the lower Undulograptus austrodentatus Bio-
zone (earliest Darriwilian).

The increase in taxonomic diversity is reflected not
only in the rapid proliferation of existing taxa, but also
in the rapid diversification of newly evolved taxa. Among
the brachiopods of South China, the orthides, which
made their first appearance during the Late Cambrian,
played a major role in the radiation towards the first
diversity maximum, with a drastic increase from three
genera (two superfamilies, two families) in the lower
Tremadocian to 22 genera (five superfamilies, ten fami-
lies) in the upper Floian. The dalmanelloids and plectam-
bonetoids, newly evolved during the early Floian, also
contributed to the first diversity acme. Strophomenoids
first appeared in South China during the early Dapingian
(Expansograptus hirundo Biozone), and became key com-
ponents in the second and third diversity acmes. Atryp-
ides and rhynchonellides made their first appearance in
South China during the Sandbian, notably later than in
some other palaeoplates or terranes, whereas spiriferides
first appeared during the mid-Ashgill (late Katian), much
earlier than in other regions. These three orders of bra-
chiopods did not diversify in South China until Silurian
time.

3.2. Palaeoecological diversity

Palaeoecological diversity is also known as community
diversity or b-diversity. During the Tremadocian, the
brachiopod Tritoechia Fauna developed in the shallow-
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water, level-bottom, carbonate depositional environment
of South China. The fauna was characterized by a low
species diversity but locally high abundance. By early
Floian time, The Sinorthis Fauna appeared in the fine-
grained siliciclastic depositional settings of the middle
part of the Upper Yangtze Platform (Tongzi area) and
rapidly proliferated and spread to other areas of the
platform, evolving into various brachiopod communities
or associations [33], such as the Desmorthis Community
in the Changning area of Sichuan, the Paralenorthis

Community and Sinorthis Community in the Tongzi area
of northern Guizhou and the Yanhe area of northeastern
Guizhou. The Euorthisina Community first appeared
somewhat later than the Sinorthis Community in the
middle part of the Upper Yangtze Platform and subse-
quently, with the multiplication of brachiopod faunas
and increasing competition pressure in relatively shal-
low-water platform environments (BA3), migrated suc-
cessfully to relatively deep-water platform settings
(BA4) during the Mid Ordovician [18]. The radiation
of the Sinorthis Fauna attained a b-diversity acme during
the late Floian, occurred mainly in the middle part of the
Yangtze Platform (BA3), and was characterized by a
high degree of differentiation of brachiopod communities
in time and space [34].

The brachiopod b-diversity maxima in the Ordovician of
South China were represented by highly endemic brachio-
pod faunas. In addition to the Sinorthis Fauna, such radi-
ation events include the Saucrorthis Fauna (Darriwilian)
and the Altaethyrella Fauna (late Katian). The Sinorthis
Fauna originated in South China and was most abundant
here, with wide regional distribution, broad palaeoecologi-
cal range, long geological duration, and most variable com-
munity differentiation. Outside South China, Sinorthis

occurs only sporadically in Tarim (China) and Montagne
Noir (France) and it is unknown whether it is associated
with other brachiopods typical of the Sinorthis Fauna in
these regions. The Saucrorthis Fauna is largely confined
to the Upper Yangtze Platform [35], with a minor occur-
rence in Burma (Sibumasu terrane), where its diversity
and abundance are far lower than on the Upper Yangtze
Platform [36]. The Altaethyrella Fauna has been reported
from southern Kazakhstan, the western margin of the
North China palaeoplate, and the Zhejiang-Jiangxi border
area in the southeastern part of the South China palaeo-
plate. The Altaethyrella Fauna appeared in South China
slightly later (in the Dicellograptus complexus Biozone)
than in the other two regions, but had a much higher level
of species diversity and richness.

The high level of faunal endemism and provincialism
does not seem to have been linked to any major global
environmental perturbations. As a distinct feature of the
b-diversity radiation, it probably reflects the rapid, tempo-
rally diachronous, and palaeogeographically heteroge-
neous evolution of brachiopod faunas in separate
palaeoplates or terranes during the great Ordovician biodi-
versification event.

3.3. Faunal turnover

On the basis of the high-resolution biostratigraphy in
South China, it is now possible to analyse brachiopod fau-
nal turnovers at the scale of graptolitic biozones. In our
study, a binary dataset, using graptolite biozones as cases
and brachiopod genera as variables, was subjected to a
multivariate analyses (principal component and cluster
analyses) to detect major faunal dissimilarities between
stratigraphically adjacent faunas (faunal turnovers) in the
Ordovician of South China (Fig. 3). The cluster analysis
indicated that the Sinorthis Fauna is the most distinct bra-
chiopod fauna, showing a maximum difference in its gen-
eric composition from any other Ordovician brachiopod
faunas in South China. This implies two major brachiopod
faunal turnover events, one being the transition from the
Tremadocian Tritoechia Fauna to the Floian Sinorthis

Fauna, the other being the transition from the Sinorthis

Fauna to the Darriwilian Saucrorthis Fauna. The former
turnover was a transition from a relatively low-diversity,
cosmopolitan fauna to a high-diversity, orthide-dominated,
endemic fauna, leading to the first diversity peak in South
China; the latter turnover was a change between similarly
endemic brachiopod faunas (i.e. from the Sinorthis to the
Saucrorthis Fauna), resulting in the second peak of Ordo-
vician brachiopod radiation [35]. The Saucrorthis Fauna
was less diverse than the Sinorthis Fauna (see Appendix
A for details) and was characterized by a rapid increase
in the plectambonitoids and strophomenoids. During the
second faunal turnover, the strophomenidides replaced
the pentameridides as a dominant brachiopod group for
the first time in the course of brachiopod faunal evolution
in South China. The transition from the Saucrorthis Fauna
to the Foliomena Fauna occurred during a major rise in sea
level (early Sandbian) and the development of relatively
deep-water Foliomena Fauna. Later, the Foliomena Fauna
expanded into shallower, mid-shelf settings [37]. The Altae-

thyrella Fauna appeared in a relatively shallow-water shelf
environment in South China during the late Katian, but
was confined to a small area in the border region of Zhe-
jiang and Jiangxi provinces, East China. The Hirnantia

Fauna was cosmopolitan, developed during the Hirnantian
glaciation during the latest Ordovician. It is usually
regarded as a highly distinct brachiopod fauna, but it seems
to have a certain degree of affinity to the Foliomena and the
Altaethyrella faunas because several brachiopod genera
extended from the latter two faunas to the Hirnantia

Fauna.
The Ordovician trilobite radiation was manifested by

the turnover between the Cambrian Ibexian Fauna and
the Ordovician Whiterockian Fauna [21,38]. The Ibexian
Fauna declined from the beginning of Ordovician time
and became extinct during the end Ordovician mass extinc-
tion. In South China, the Ibexian Fauna can be further dif-
ferentiated into Ibexian-I and Ibexian-II faunas, and the
Ibexian-II Fauna experienced a brief, minor radiation dur-
ing the Early Ordovician. The Ibexian and the Whiterocki-
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an faunas lived contemporaneously in South China for a
long time, and the Ibexian Fauna died out during the first
episode of the end Ordovician mass extinction [39–41].

4. Heterogeneity of the Ordovician radiation

The Ordovician radiation was influenced by the combi-
nation of intrinsic factors (variable rates and patterns of
evolution in different marine organisms) and extrinsic fac-
tors (plate tectonics, palaeogeography, palaeoclimate, pal-

aeoceanography). Variations in local or regional
characteristics of these intrinsic and extrinsic factors would
lead to variable rates and patterns of radiation among dif-
ferent groups of organisms and different regions.

4.1. Heterogeneity of a single fossil group among different

palaeogeographical regions

In South China, brachiopod a-diversity achieved its first
peak in early Floian (D. eobifidus Biozone), and b-diversity

Fig. 3. Principal component analysis (a) and cluster analysis (b) of Ordovician brachiopods of South China using time intervals as cases (based on
graptolitic biozones) and brachiopod genera in each interval as variables. Six brachiopod faunas are recognized in the Ordovician: the Tritoechia Fauna,
the Sinorthis Fauna, the Saucrorthis Fauna, the Foliomena Fauna, the Altaethyrella Fauna, and the Hirnantia Fauna. The Sinorthis Fauna could also be
further differentiated into the Sinorthis Subfauna (a-2) and the Euorthisina Subfauna (a-1). The major faunal turnovers were represented by the appearance
and disappearance of the Sinorthis Fauna. See Appendix A for details of faunal composition and the number code of brachiopod genera.
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in early Dapingian (E. hirundo Biozone). In the Precordill-
era region of Argentina, brachiopod a-diversity reached its
first peak during the late Floian, slightly later than in South
China but predating the global trend [13]; the first b-diver-
sity acme was similarly delayed compared to that in South
China (Benedetto, personal communication, 2006). In
Bohemia, the transition between Cambrian-type and Ordo-
vician-type brachiopod faunas and communities was
achieved in Darriwilian time [42], influenced by immigrants
from South China and other regions (such as the Noctur-

nellia Community and the Euorthisina Community). In
North America, brachiopod a-diversity attained its first
peak in the Darriwilian. The delayed radiation was partly
due to the delayed major marine transgression and flooding
of the Laurentian interior by epicontinental seas, which
began in Sandbian time and reached a maximum extent
by late Katian. The Cambrian-Early Ordovician trilobite
fauna was not replaced by the Mid-Late Ordovician trilo-
bite fauna until latest Darriwilian time in Laurentia
[10,21,43].

4.2. Heterogeneity among different ecotypic fossil groups in a
single palaeogeographical region

In South China, the benthic sessile brachiopods
reached their first a-diversity and b-diversity acmes ear-
lier than the vagile, deposit-scavenging trilobites or the
planktonic-nektic graptolites. The a-diversity change of
trilobites attained the first acme only by mid-late Sand-
bian time. Despite its general abundance in the Ordovi-
cian rocks of South China, the graptolites did not
undergo any drastic diversity fluctuations or abrupt,
major radiations at the generic level on the Yangtze Plat-
form. During the early Floian, when brachiopod a-diver-
sity change reached a maximum, graptolites experienced
a minor radiation, with the number of genera increased
to nine from the three in late Tremadocian. Subse-
quently, graptolite diversity remained stable, with only
minor fluctuations until late Katian time when the Wuf-
eng graptolitic shale was deposited. It has been shown
that, in South China, graptolite radiation occurred
mainly in the Jiangnan Slope region [44,45]. The anisog-
raptids, dichograptids and diplograptids, for example,
originated in the deep-water settings of the Jiangnan
Slope, then migrated to, and diversified in, the shallow-
water environment of the Yangtze Platform as well as
the open-ocean, pelagic realm, and eventually became
cosmopolitan [46]. The epibenthic to infaunal bivalves
constituted a major part of the Modern Evolutionary
Fauna. In the Ordovician of South China, bivalves were
usually subordinate to minor components of benthic
shelly communities. Bivalve-dominated communities have
been found locally in some beds, usually in near-shore,
shallow-water settings with silty to sandy substrates.
The only bivalve a-diversity peak detected in the Ordovi-
cian of South China (Yangtze Platform) occurred in the
Dapingian [6].

4.3. Heterogeneity among the subgroups of a single fossil

group in a single palaeogeographical region

During approximately 40 million years of the Ordovi-
cian biodiversification, various groups of brachiopods
showed different rates and patterns of radiation. In the first
a-diversity acme, the main contributors were orthoids, with
syntrophiidine pentamerides and lingulates also showing
increases in diversity. Dalmanelloids, plectambonitoids,
and strophomenoids first appeared on the Yangtze Plat-
form during the first radiation but were only very minor
elements. The subsequent diversification of these three
groups developed into the main portion of the second a-
diversity acme in South China during Darriwilian time.
The third brachiopod a-diversity acme in South China (late
Katian) was due to the adaptive radiation of orthoids, plec-
tambonetoids, and strophomenoids. Other brachiopod
groups, such as rhynchonellides, atrypides, and spiriferides,
made their first appearances at relatively late stages of the
Ordovician biodiversification—the former two in Sand-
bian, and the last in late Katian time. With their morpho-
logical innovations (e.g., strong shell costae, prominent
fold and sulcus, and spiralia) and increased potential for
adaptive radiation, these groups formed the basis for the
diversification of brachiopod faunas during the ensuing
Silurian Period.

4.4. Heterogeneity of a single fossil group in various

palaeoecological settings of a single palaeogeographical

region

Jablonski et al. [14] recognized a broad pattern of
onshore–offshore migration of the three evolutionary fau-
nas, with newly evolved faunas pushing older faunas to
increasingly offshore settings. This hypothesis is supported
by some case studies but unsupported by other cases in
South China, as many dominant taxa of the brachiopod
faunas did not originate in shallow water, but commonly
in deeper, BA3–BA6 settings [34,47]. A few brachiopod
genera, such as Desmorthis or some undescribed strophom-
enoids, did appear first in near-shore, shallow-water, silici-
clastic-rich rocks during the early Floian, and subsequently
expanded palaeogeographically and diversified taxonomi-
cally towards the middle part of the Yangtze Platform.
On the other hand, there are many genera that have been
shown to be of deep-water origin. For example, in the
Sandu area of southeastern Guizhou, which was located
on the upper part of the Jiangnan Slope during the Early
and Mid Ordovician, Nereidella, Paralenorthis, Protosken-

idioides, Nocturnellia and some others made their earliest
known appearance in the lower Tetragraptus approximatus

Biozone (earliest Floian). These genera migrated onto
increasingly shallower waters of the Yangtze Platform in
increasingly younger graptolite biozones [47].

In the six measured Lower-Middle Ordovician sections
shown in Fig. 2, each occupied a different palaeoecologi-
cal setting on the Upper Yangtze Platform. Because of the
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variable substrate conditions (e.g. water depth, water tur-
bulence level, sediment type, and sedimentation rate), the
rate and pattern of brachiopod radiation differed consid-
erably from one to the other across correlative strati-
graphical intervals. The brachiopod a-diversity change
reached its first acme early in the relatively deep-water
(BA3) settings of the Tongzi, Yanhe, and Chengkou areas
(D. eobifidus Biozone, Meitan and Yingpan formations,
Lower Floian), later in Yichang (lower C. deflexus Bioz-
one, Dawan Formation, upper Floian), and still later in
the shallow-water environment of the Changning area
(E. hirundo Biozone, upper Dapingian). This implies that
the timing and rate of brachiopod radiation were not uni-
form in different palaeoecological settings across the Yan-
gtze Platform.

5. Conclusions

The great Ordovician biodiversification spanned nearly
the entire Ordovician Period, lasting approximately 40
million years, and marked by at least three a-diversity
peaks. The diversification event was not associated with
any abrupt and drastic global environmental change,
but was characterized by long, gradual, and multi-phased
radiations. The radiations were manifested not only in
terms of increase in the number of taxa (a-diversity) but
also in autecological and synecological differentiations
(b-diversity) in time and space. The succession and prolif-
eration of various types of benthic shelly faunas in differ-
ent palaeoenvironmental and geological settings are
important features of the a- and b-diversity increase.
Many case studies in South China improved our
understanding of the rate, pattern, and other detailed
macroevolutionary processes of the Ordovician biodiversi-
fication. Our study clearly shows that the community suc-
cession and faunal evolution during this event did not
follow a unitary model. Various types of heterogeneity,
as discussed above, can be considered an important fea-
ture of the biodiversification event. Such heterogeneity
was most likely the result of the interactions between pal-
aeobiological (intrinsic) and palaeoenvironmental (extrin-
sic) factors. The Ordovician Period featured a sustained
major greenhouse episode, grand-scale sea-level rise and
marine transgression that created widespread, epiconti-
nental, tropical seas, prevailing carbonate platforms,
limited emergent landmasses, active orogenic activities
with volcanic and magnetic events, and so on, which have
been considered as the extrinsic factors for the Ordovician
biodiversification. Local or regional variations in these
factors would have led to differences in the timing, rate,
and pattern of biotic radiations.

The Ordovician biodiversification is a particularly sig-
nificant event in life history, when the Paleozoic Evolu-
tionary Fauna evolved and subsequently sustained a
high level of diversity for 280 million years. Because of
its rich rock and fossil record, South China holds key
data for many aspects of the biodiversification event.

Our immediate future research needs to focus on the
controlling mechanisms of the diversification. Other
important, potentially ground-breaking research areas
include investigations on the ancestors and origins of
the Ordovician faunas, the origin and long-term develop-
ment of these faunas in terms of their a- and b-diversi-
ties, and the development of endemism and
provincialism during the Ordovician.
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Appendix A

A.1. Faunal list and abbreviations used in multivariate

analyses in Fig. 3

ET: Early Tremadoc (Rhabdinopora flabelliforme

Zone): Lingulella; Nanorthis, Apheoorthis, Finkeln-

burgia; Syntrophinella, Imbricatia, Punctolira,
Tetralobula.

MT: Mid Tremadoc (Psigraptus Zone): Lingulella;
Conotreta; paterinid indet. 1; Archaeorthis, Nanor-

this, Fasciculina; Tritoechia; Syntrophina, Syntro-

phinella, Tetralobula.
LT: Late Tremadoc (Adelograptus-Clonograptus Zone):

Lingulella, Obolus?; Conotreta?; Archaeorthis,
Nanorthis, Xinanorthis, Apheoorthis, Fasciculina,
Oligorthis, Pseudomimella; Tritoechia; Imbricatia,
Syntrophina, Yangtzeella, Punctolira, Tetralobula.

EEA1: Early early Arenig (Tetragraptus approximatus

Zone, early Floian): Ectenoglossa, Lingulella, Obo-

lus?, Schmidtites, Westonia; Acanthocrania?;
Archaeorthis, Xinanorthis, Euorthisina, Diparelas-

ma, Desmorthis, Pseudomimella, Nocturnellia, Tar-

faya; Tritoechia; Fenxiangella, Syntrophina,
Yangtzeella, Pseudoporambonites, Tetralobula.

EEA2: Early early Arenig (Acrograptus filiformis Zone,
early Floian): Ectenoglossa, Obolus, Palaeoglossa,
Schmidtites?, obolid indet. 1; Acanthocrania?;
Orthis, Paralenorthis, Sinorthis, Taphrorthis, Tron-

dorthis, orthid indet. 1, Archaeorthis, Xinanorthis,
Euorthisina, Diparelasma, Desmorthis, Pseudomim-

ella, Nothorthis, Nocturnellia, Tarfaya, Nereidella,
Virgoria; Anchigonites, Tritoechia; Leptella, plec-
tambonitid indet. 1; Fenxiangella, Stichotrophia,
Syntrophina, Yangtzeella, syntrophiid indet. 1,
Pseudoporambonites, Doloresella, Imbricatia,
Punctolira.
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LEA1: Late early Arenig (Didymograptellus eobifidus Zone,
late Floian): Apatobolus, Ectenoglossa, Elliptoglos-

sa, Ferrobolus, Lingulella, Obolus?, Palaeoglossa,
Schmidtites?, Westonia, lingulid indet. 1, Pseudolin-

gula, Orbiculoidea; Conodiscus, Conotreta?; Acanth-

ocrania?, Philhedra; Orthis, Orthambonites,
Paralenorthis, Sinorthis, Taphrorthis, Trondorthis,
orthid indet. 1, Archaeorthis, Xinanorthis, Euorthisi-

na, Diparelasma, Corineorthis, Desmorthis, Pseudo-

mimella, Nothorthis, Protoskenidioides,
Skenidioides, Drabovinella, Nocturnellia, Tarfaya,
Nereidella, Paurorthis?, Virgoria; Anchigonites,
Atelelasmoidea, Progonambonites?, estlandid indet.
1, Martelia, Tritoechia; sowerbyellid indet. 1, Leptel-
la, Schedophyla; Idiostrophia, Trigonotrophia,
Fengxiangella, Stichotrophia, Syntrophinella, Yan-

gtzeella, syntrophiid, Pseudoporambonites, Syn-

trophopsis, Doloresella, Punctolira.
LEA2: Late early Arenig (Corymbograptus deflexus Zone,

late Floian): Elliptoglossa, Obolus, Palaeoglossa;
Conotreta?; Paralenorthis, Sinorthis, Taphrorthis,
Trondorthis, Euorthisina, Diparelasma, Desmorthis,
Pseudomimella, Nothorthis, Skenidioides, Noctur-

nellia, Tarfaya, Nereidella, Paurorthis?; Anchigo-

nites, Atelelasmoidea, estlandid indet. 1, Martelia,
Tritoechia; Leptella, Schedophyla; Fenxiangella,
Stichotrophia, Syntrophinella, Yangtzeella, syn-
trophiid indet. 1, Pseudoporambonites, Syntrophop-

sis, Punctolira.
ELA1: Early late Arenig (Azygograptus suecicus Zone, lat-

est Floian to earliest Dapingian): Ectenoglossa,
Elliptoglossa, Lingulella, Obolus?, Palaeoglossa,
Schmidites, obolid indet. 1, Orbiculoidea; Conotre-
ta?; Paralenorthis, Sinorthis, Taphrorthis, Trondor-

this, orthid indet. 1, orthid indet. 2, Lepidorthis,
Xinanorthis, Metorthis, Euorthisina, Diparelasma,
Desmorthis, Pseudomimella, Nothorthis, Protosken-

idioides, Skenidioides, Nocturnellia, Dalmanella,
Tarfaya, Nereidella, Paurorthis?; Anchigonites,
Atelelasmoidea, estlandid, Martellia, Tritoechia;
Leptestia?, sowerbyellid indet. 2, Leptella, Schedo-

phyla; Trigonotrophia, Diaphelasma?, Fenxiangella,
Stichotrophia, Yangtzeella, syntrophiid, Pseudop-

orambonites, Syntrophopsis.
ELA2: Early late Arenig (Expansograptus hirundo Zone,

early Dapingian): Ectenoglossa, Elliptoglossa,
Leontiella, Lingulella, Obolus?, Palaeoglossa, obo-
lid indet. 1; Conotreta?; Orthis, Paralenorthis, Sin-

orthis, Sivorthis, Taphrorthis, Trondorthis, orthid
indet. 1, orthid indet. 2, orthid indet. 3, Glyptorthis,
Lepidorthis, Dolerorthis, Metorthis, platystrophid
indet. 1, Euorthisina, Diparelasma, Desmorthis,
Pseudomimella, Nothorthis, Skenidioides, Noctur-

nellia, Horderleyella, Tarfaya, Nereidella, Pauror-
this?, Virgoria; Atelelasmoidea, Martellia,
Tritoechia, Leptestia?, sowerbyellid indet. 2, Lep-

tella, Schedophyla, strophomenid indet. 1, strop-

homenid indet. 2; camerellid indet. 1,
Diaphelasma?, Fenxiangella, Stichotrophia, Yan-

gtzeella, syntrophiid indet. 1, Syntrophopsis.
ELA3: Early late Arenig (Exigraptus clavus Zone, late

Dapingian): Elliptoglossa, Obolus?, Orbiculoidea;
Conotreta?; Paralenorthis, Sinorthis, Sivorthis, Glyp-
torthis, Lepidorthis, Monorthis, Metorthis, Euorthisi-

na, Diparelasma, Desmorthis, Pseudomimella,
Nothorthis, Skenidioides, Eodiorthelasma, Nocturnel-

lia, Nereidella, Paurorthis?, Virgoria; Atelelasmoi-

dea, Martellia, Tritoechia; Leptestia?, sowerbyellid
indet. 2, Leptella, strophomenid indet. 1, Glyptome-

na, rafinesquinid indet. 1; camerellid indet. 1, Fenx-

iangella, Stichotrophia, Yangtzeella, syntrophiid
indet. 1, Porambonites, Syntrophopsis.

LLA: Late Arenig (Undulograptus austrodentatus Zone,
earliest Darriwilian): Obolus, Orbiculoidea; Orthis,
Paralenorthis, Sinorthis, Sivorthis, Sulcatorthis,
Taphrorthis?, orthid indet. 1, orthid indet. 2, Glyptor-

this, Lepidorthis, Parisorthis, Hesperonomia, Monor-

this, Nicoloidea, Metorthis, Multicostella, Nicolella,
Saucrorthis, Euorthisina, Diparelasma, Phragmor-
this,Desmorthis,Pseudomimella, Nothorthis, Skenid-

ioides, Eodiorthelasma, Nocturnellia, Tarfaya,
Nereidella, Paurorthis?, Virgoria; Atelelasmoidea,
Martellia, Tritoechia; Calyptolepta, Leptastichidia,
Leptella, Glyptomena, Pentagomena; Fenxiangella,
Stichotrophia, Yangtzeella, Syntrophopsis.

LLAN: Llanvirn (Undulograptus intersitus Zone-Gymno-

graptus linnarsoni Zone, Darriwilian): Lingula, Lin-
gulella; Orthambonites, Paralenorthis, orthid indet.
1, Glyptorthis, Lepidorthis, Parisorthis, Monorthis,
Dolerorthis, Nicolella, Saucrorthis, Plectorthis,
Phragmorthis, Nothorthis, Skenidioides, Drabovia?,
Drabovinella, Onniella?, dalmanelid indet. 1, dal-
manelid indet. 2, Horderleyella, Tarfaya, Pauror-

this, tyronellid indet. 1; clitambonitid indet. 1,
Raunites, Peritritoechia, Tritoechia; Triplesia; Caly-
ptolepta, Leptellina, Leptastichidia, Leangella?,
Eoplectodonta, Aporthophyla, Chonetoidea?, Chris-

tiania, Glyptomena, Platymena, Heteromena, Kjae-

rina, Leptaena, Macrocoelia, Pentagomena,
Bellimurina, Longvillia, Strophomena, strophome-
nid indet. 1, strophomenid indet. 2; Camerella,
Yangtzeella, Porambonites.

EC: Early Caradoc (early Sandbian): Acrotreta?; Sulca-
torthis, Taphrorthis?, Glyptorthis, Dolerorthis, Nic-

oloidea, Dedzetina; Skenidioides; Diambonioidea,
Anoptambonites?, Durranella, Kassinella?, Bilobia,
Leangella, Leptellina, Anisopleurella, Eoplecto-

donta, Multiridgia, Chonetoidea?, Christiania,
Foliomena.

MLC: Mid-late Caradoc (late Sandbian to early Katian):
Petrocrania; maturellid; Glyptorthis, dalmanelloid,
Epitomyonia; Skenidioides, Leangella, Anisopleurel-

la, Eoplectodonta, Chonetoidea, Christiania, Nubi-

alba, Foliomena; Cyclospira.
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EA: Early Ashgill (late Katian): lingulid, Paterula;
Orbiculoidea, Acrothele?; Philhedra; Trimerella,
Costitrimerella, Eodinobolus, Fengzuella, Gyrosele-

nella, Palaeotrimerella, Paradinobolus, Sinotrime-

rella; Glyptorthis?, Dedzetina; plectambonitoid,
Durranella, Kassinella, Leptestiina, Eoplectodonta,
Kozlowskites, Chonetoidea, Christiania, Foliomena;
Cyclospira.

MA: Mid Ashgill (late Katian): Ectenoglossa, Plecto-

glossa; Acanthocrania; Pseudopholidops?; Peritrime-

rella; orthine, Glyptorthis, Zhejiangorthis,
Ptychopleurella?, Plaesiomys?, Retrorsirostra?,
Plectorthis, Dalmanella, Dedzetina, Onniella, dal-
manelloid, Epitomyonia, Wangyuella; Skenidioides;
Triplesia, Oxoplecia, Fardenia; Bimuria?, Anop-

tambonites, Kassinella, Leptellina, Reversella, Sow-

erbyella, Rugosowerbyella, Metambonites,
Synambonites, xenambonitid, Strophomena,
Fenomena, Holtedahlina, Katastrophomena, Leptae-

na, Tashanomena, teratelasmine, Christiania,
Foliomena, Eopholidostrophia; Parastrophinella,
Eosotrophina, parastrophinid, Brevilamnulella,
Deloprosopus; Altaethyrella; Antizygospira, Eospir-

igerina, Ovalospira, atrypid, Cyclospira; Eospirifer.
HIRN: Hirnantian: lingulid 2, Lingulella?; Orbiculoidea,

Trematis; Acanthocrania, Philhedra; Pseudopholid-

ops; Dalmanella, Mirorthis, Onniella, Trucizetina,
Toxorthis, Draborthis, Drabovinella, Hirnantia,
Kinnella, Dysprosorthis; Triplesia, Cliftonia, Ony-

choplecia, Fardenia; Aegiromena, Leptaena, Paro-
malomena, Eostropheodonta; Sphenotreta,
Dorytreta, Plectothyrella; Hindella, Whitfieldella;
Eospirifer.

A.2. Number code for the genera used in Fig. 3

1. Acanthocrania; 2. Acrothele?; 3. Acrotreta?; 4. Aegi-

romena; 5. Altaethyrella; 6. Anchigonites; 7. Anisopleurella;
8. Anoptambonites; 9. Antizygospira; 10. Apatobolus; 11.
Apheoorthis; 12. Aporthophyla; 13. Archaeorthis; 14. Atel-

elasmoidea; 15. atrypid; 16. Bellimurina; 17. Bilobia; 18.
Bimuria?; 19. Brevilamnulella; 20. Calyptolepta; 21. Came-

rella; 22. camerellid indet. 1; 23. Chonetoidea; 24. Christi-

ania; 25. Cliftonia; 26. clitambonitid indet. 1; 27.
Conodiscus; 28. Conotreta; 29. Corineorthis; 30. Costitrime-

rella; 31. Cyclospira; 32. dalmanelid indet. 1; 33. dalmane-
lid indet. 2; 34. Dalmanella; 35. dalmanelloid; 36.
Dedzetina; 37. Deloprosopus; 38. Desmorthis; 39. Diambo-

nioidea; 40. Diparelasma; 41. Dolerorthis; 42. Doloresella;
43. Dorytreta; 44. Draborthis; 45. Drabovia?; 46. Drabovi-

nella; 47. Durranella; 48. Dysprosorthis; 49. Ectenoglossa;
50. Elliptoglossa; 51. Eodinobolus; 52. Eodiorthelasma; 53.
Eopholidostrophia; 54. Eoplectodonta; 55. Eosotrophina;
56. Eospirifer; 57. Eospirigerina; 58. Eostropheodonta; 59.
Epitomyonia; 60. estlandid indet. 1; 61. estlandid; 62. Euor-

thisina; 63. Fardenia; 64. Fasciculina; 65. Fengzuella; 66.

Fenomena; 67. Fenxiangella; 68. Ferrobolus; 69. Finkelnbur-

gia; 70. Foliomena; 71. Glyptomena; 72. Glyptorthis; 73.
Gyroselenella; 74. Hesperonomia; 75. Heteromena; 76.
Hindella; 77. Hirnantia; 78. Holtedahlina; 79. Horderleyella;
80. Idiostrophia; 81. Imbricatia; 82. Kassinella; 83. Kata-

strophomena; 84. Kinnella; 85. Kjaerina; 86. Kozlowskites;
87. Leangella; 88. Leontiella; 89. Lepidorthis; 90. Leptaena;
91. Leptastichidia; 92. Leptella; 93. Leptellina; 94. Leptes-

tia?; 95. Leptestiina; 96. Lingula; 97. Lingulella; 98. lingulid
2; 99. lingulid indet. 1; 100. lingulid; 101. Longvillia; 102.
Macrocoelia; 103. Martellia; 104. maturellid; 105. Metamb-

onites; 106. Metorthis; 107. Mirorthis; 108. Monorthis; 109.
Multicostella; 110. Multiridgia; 111. Nanorthis; 112. Nereid-

ella; 113. Nicolella; 114. Nicoloidea; 115. Nocturnellia; 116.
Nothorthis; 117. Nubialba; 118. obolid indet. 1; 119. Obolus;
120. Oligorthis; 121. Onniella; 122. Onychoplecia; 123.
Orbiculoidea; 124. Orthambonites; 125. orthid indet. 1;
126. orthid indet. 2; 127. orthid indet. 3; 128. orthine;
129. Orthis; 130. Ovalospira; 131. Oxoplecia; 132. Palaeo-

glossa; 133. Palaeotrimerella; 134. Paradinobolus; 135. Par-

alenorthis; 136. Parastrophinella; 137. parastrophinid; 138.
Parisorthis; 139. Paromalomena; 140. paterinid indet. 1;
141. Paterula; 142. Paurorthis; 143. Pentagomena; 145.
Peritrimerella; 146. Peritritoechia; 147. Petrocrania; 148.
Philhedra; 149. Phragmorthis; 150. Plaesiomys?; 151.
Platymena; 152. platystrophid indet. 1; 153. plectambonitid
indet. 1; 154. plectambonitoid; 155. Plectoglossa; 156. Plec-

torthis; 157. Plectothyrella; 158. Porambonites; 159. Progo-

nambonites?; 160. Protoskenidioides; 161. Pseudolingula;
162. Pseudomimella; 163. Pseudopholidops; 164. Pseudop-
orambonites; 165. Ptychopleurella?; 166. Punctolira; 167.
rafinesquinid indet. 1; 168. Raunites; 169. Retrorsirostra?;
170. Reversella; 171. Rugosowerbyella; 172. Saucrorthis;
173. Schedophyla; 174. Schmidtites; 175. Sinorthis; 176. Sin-

otrimerella; 177. Sivorthis; 178. Skenidioides; 179. Sowerby-

ella; 180. sowerbyellid indet. 1; 181. sowerbyellid indet. 2;
182. Sphenotreta; 183. Stichotrophia; 184. Strophomena;
185. strophomenid indet. 1; 186. strophomenid indet. 2;
187. Sulcatorthis; 188. Synambonites; 189. syntrophiid
indet. 1; 190. syntrophiid; 191. Syntrophina; 192. Syntrophi-

nella; 193. Syntrophopsis; 194. Taphrorthis; 195. Tarfaya;
196. Tashanomena; 197. teratelasmine; 198. Tetralobula;
199. Toxorthis; 200. Trematis; 201. Trigonotrophia; 202.
Trimerella; 203. Triplesia; 204. Tritoechia; 205. Trondorthis;
206. Trucizetina; 207. tyronellid indet. 1; 208. Virgoria; 209.
Wangyuella; 210. Westonia; 211. Whitfieldella; 212. xenam-
bonitid; 213. Xinanorthis; 214. Yangtzeella; 215. Zhejian-

gorthis; 216. Diaphelasma.
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