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The reconstruction of the phylogenetic tree of animals (TOA) has long been one of the central interests in biolog-
ical and paleobiological sciences.We review the latest results of paleontological and stratigraphical studies on the
Ediacaran–Cambrian sequences mainly from South China for revising the TOA in accordance with modern ge-
nome biology. A particular focus is given to the pattern of animal diversification based on the fossil first appear-
ances of high-rank clades chiefly in phylum-level. The results show an abrupt divergence of lineages during the
Ediacaran–Cambrian transition; however, the appearances of metazoan phyla were obviously diachronous, with
three major phases recognized herein. The first phase is marked by the appearances of basal metazoan phyla in
the latest Ediacaran. Very few unequivocal bilaterian clades were present at this phase. The second phase oc-
curred in the Terreneuvian (Cambrian Stages 1–2), represented by the occurrences ofmany lophotrochozoan lin-
eages. This phase also involves the appearances of calcified basal metazoan lineages, and possibly, those of
contentious ecdysozoans in the latest Terreneuvian, but no deuterostome has been known from this age. The
third and also the largest phase occurred in the Cambrian Stage 3, which involve all the three supraphylogenetic
clades of the Eubilateria. A number of lophotrochozoan lineages, the bulk of ecdysozoans, and all deuterostome
phyla, appeared for the first time in this phase. Since there is no unambiguous evidence for bilaterians in the Edi-
acaran, the Cambrian explosion sensu stricto was an abrupt diversification of bilateral lineages in a short time of
ca. 25 million years across the Ediacaran–Cambrian boundary. Next critical issues in research include high-
resolution chrono- and chemostratigraphic analyses, correlations between biotic events and environmental per-
turbations, physiological approach to the biological connotation of biomineralization, and exploration for the lost
mid-oceanic biota and environments, which are crucial in understanding the entire picture of the Cambrian
explosion.
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1. Introduction

The term “Cambrian” was first used by Adam Sedgwick for the
“Cambrian successions” in north Wales and Cumberland, UK (in
Sedgwick and Murchison, 1835). The Cambrian was officially accepted
as the lowermost system of the Paleozoic at the 21st International Geo-
logical Congress (IGC) in Copenhagen, Denmark. As used today, the
Cambrian applies only to a part of the Lower Cambrian as originally pro-
posed by Sedgwick in 1852, representing the first geological period
after the long-lasting Precambrian time. The beginning of the Cambrian
period, ca. 541 Ma (Peng et al., 2012), marked one of the most signifi-
cant changes in the history of life on Earth, i.e. the onset of the golden
animal age named the Phanerozoic. This change was significant not
only in driving the great diversity of animals but also in determining
the entire course of the animal evolution in the Phanerozoic. In contrast
to the proceeding Precambrian time, the size, variety, and complexity of
animals increased dramatically in the Cambrian, and the fossil occur-
rences also became increasingly common from the Cambrian and over-
lying strata, mostly due to the acquisition of hard skeletons.

As the emergence of diverse animal lineages was once believed as if
it occurred in a relatively short time, this unique event has been often
called the “Cambrian explosion”. The term “Cambrian explosion” was
first coined by Cloud (1948). Later, on the basis of the sophisticated
series of paleontological researches on the Burgess Shale in Canada
by Charles D. Walcott and the Cambridge working group (see
Whittington, 1985), S.J. Gould, 1989 very much emphasized the signifi-
cance of this unique event in thehistory of life,making the Cambrian ex-
plosion extremely popular even to general public. Nonetheless, in the
1990s–2000s, remarkable progresses were made particularly in South
China, as to the early animal evolution (e.g., Shu, 2008). The latest dis-
coveries of many fossil groups, such as tunicate, fishes, and the new
phylum Vetulicolia from the Chengjiang biota (Fig. 1), filled the long-
lost missing links in the early evolution of animals, in particular of
Chordates.

The new results of geochronological dating definitely lead to major
changes in our understanding of the overall picture of the early animal
evolution (e.g., Bowring et al., 1993). At present, it becomes apparent
that the emergence of animals in fossil records was indeed a long-
lasting process that spanned roughly from 580 to 500 Ma rather than a
single event that happened in a extremely short time interval. The
major increase in both animal diversity and disparity occurred particular-
ly during the early Cambrian between 541 and 520 Ma. In addition, the
biodiversification was further accelerated in the subsequent Ordovician
time, as recently recognized as the Great Ordovician Biodiversification
Event (GOBE) (e.g., Droser and Finnegan, 2003; Servais et al., 2010). At
any rate, we still do not fully understand what caused this big change,
how long it took, and what kind of immediate biological responses
were made to the environmental changes (see X.L. Zhang et al., 2014;
Z.F. Zhang et al., in press).

On the other hand, the comparison with molecular analyses dramat-
ically enhanced the resolution of the phylogenetic tree of animals (TOA)
(e.g., Dunn et al., 2008; Erwin et al., 2011). Furthermore, the real history
of the Cambrian explosion on our planet may provide a clue to under-
stand the critical conditions for large animal evolution/diversification
on other Earth-like planets. It becomes more frequent to discuss about
extra-solar life, as we are looking for some kind of animals also on extra-
solar (or exo-)planets, simply because nearly 1000 exoplanets, including
many Earth-like ones, were discovered outside of our solar system (e.g.,
Marcy, 2009).
This article reviews the latest aspect of the unique animal diversifi-
cation events during the Cambrian explosion and an updated TOA, on
the basis of newly added fossil information from South China to the pre-
vious database.

2. A brief summary of recent progress

Alreadymore thanfive years have passed since Shu (2008) reviewed
extensively on the Cambrian explosion by scrutinizing over 450 previ-
ous relevant articles that include the classic papers by Buckland
(1837) and Darwin (1859). Even in such a short elapse of time, howev-
er, great progresses have been added mainly in South China to our
knowledge on the entity of the Cambrian explosion, particularly in the
following five aspects; i.e. (1) advance in geochronology, (2) new pale-
ontological discoveries (Fig. 1), (3) detailed analyses on small shelly fos-
sils (SSFs), (4) re-evaluation of the role of mass extinction, and (5)
revision of the overall history of early animal evolution (TOA). In the
next two sections, we briefly introduce the first four of these aspects.
The updated discussion on the uniqueness of the Cambrian explosion
(5) will be discussed separately afterwards.

2.1. Geochronology

During the last decade, the stratigraphy of the Ediacaran and Cam-
brian systems has been extensively studied worldwide, particularly in
South China as the key investigated target. Newprogresses have provid-
ed better time constraints on the evolution of earlymetazoans. Since the
landmark work by Bowring et al. (1993), a large number of respectable
ages have been added also in South China (e.g. Condon et al., 2005;
P. Liu et al., 2009; Xiao and Laflamme, 2009; Sawaki et al., 2010; Liu
et al., 2013; Zhu et al., 2013; Tahata et al., 2013; Okada et al., 2014-in
this issue).

2.1.1. The Ediacaran
Two schemes of the subdivision of the Ediacaran system, one with 4

and the other with 5 stages, were recently proposed on the basis of new
chemo-, bio-, and chronostratigraphical data (Narbonne et al., 2012). In
the preferred scenario with 5 stages (epochs), the earlier half of the
Ediacaran before the Gaskiers Glaciation is subdivided into two stages
(Ediacaran 1–2), whereas the post-Gaskiers younger half into three
(Ediacaran 3–5). Spiny acritarchs, Doushantuo “embryos”, and com-
plex carbonaceous macrofossils occurred immediately above the
base of the Ediacaran, whereas all the three assemblages of the
soft-bodied Ediacara-type biotas, bilaterian traces, and mineralized
metazoan tubes appeared in the upper Ediacaran. These two distinct
sets of fossil occurrencewere clearly separated by the Gaskiers glaciation
(ca. 582 Ma).

2.1.2. The Cambrian
The subdivision with 4 series and 10 stages (Peng et al., 2012) has

beenwidely accepted in the geological community. Among the current-
ly ratified five GSSPs (Global Stratotype Sections and Points), three are
located in South China (see Peng et al. (2012) and references therein).
The upper two series (roughly equivalent to the traditional Middle
and Upper Cambrian) have many significant levels for global correla-
tion, each subdivided into three stages, and four of the six stages defined
at these GSSPs.
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Fig. 1. Lately found some significant fossils relevant to the Cambrian explosion. Onemillimeter-grid for A, E–H. Scale bars: 500 μm for B; 1 cm for C, D, K–N; 200 μm for I, J. All the illustrated
fossils were unearthed from Yunnan, except specimens I and J from Shaanxi, South China. Specimens of A, C–H, and K–N were from the Lower Cambrian Yu'anshan Member (Stage 3),
those of B from the Lower Cambrian Zhongyicun Member (Stage 2) in Yunnan, and those of I and J were from the Kuanchuanpu Formation (Stage 1) in Shaanxi. A: the oldest tunicate
fossil (Cheungkongella ancestralis) from Ercai near Haikou (Shu et al., 2001a), B: various SSFs fromHongjiachon near Chengjiang (Sato et al., 2014-in this issue), C, D: two new vetulicolian
specimens from Erjie near Jinning (Ou et al., 2012a, 2012b), E: the oldest fish (Haikouichthys ercaicunensis) from Jianshan near Haikou (Shu et al., 2003), F: the enlarged head part of
Haikouichthys, G: the ancestral soft-bodied echinoderm (Vetulocystis catenata) from Jianshan (Shu et al., 2004), H: the ctenophore-like vendobiont (Stromatoveris psygmoglena) from
Erjie (Shu et al., 2006), I, J: ancestral polypoid cnidarian Eolympia (I) and unnamed cubozoan (J) from Ningqiang, Shaanxi (Han et al., 2010, 2013), K: “walking cactus” lobopodian (Diania
cactiformis) from Ercai (Liu et al., 2011), L: bivalved arthropodwith venomous glande (Isoxys) fromErcai (Fu et al., 2011), M:Onychodictyon ferox as a stem-group panarthropod from Erjie
(Ou et al., 2012a, 2012b), and N: a stem-group arthropod with tripartite brain (Fuxianhuia protensa) from Erjie (Ma et al., 2012).
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The lower two series (approximately equivalent to the traditional
Lower Cambrian) represent the critical interval for the Cambrian explo-
sion, during which world oceans experienced a rapid diversification of
metazoans. The Lower Cambrian consists of 2 series, i.e., Terreneuvian
and Series 2 in ascending order. The former is subdivided into Fortunian
(Stage 1) and Stage 2, whereas the latter into Stage 3 and Stage 4
(names for the latter 3 will be given hopefully in near future). Because
of the strong faunal provincialism and fewer correlative levels of GSSP
quality in the earlier part of the Cambrian Period, each of these lower
two series may be subdivided into two stages, only the base of the Cam-
brian being defined by the GSSP. However, there are still a few levels
that have potential utility for global or intercontinental correlation
(Steiner et al, 2007; Peng et al., 2012). This new chronological frame-
work of the Cambrian is crucial for understanding the episodic nature
of the Cambrian explosion, and for constraining the duration of this
event.
2.2. Paleontological discoveries from exceptionally preserved Lagerstätten

The Ediacaran–Cambrian sequences of South China have incessantly
been a favorite among paleontologists. Dozens of exceptionally well-
preserved biotas in sequence have been found, which almost complete-
ly recorded the biological communities in marine habitats during the
Ediacaran–Cambrian transition. New animal taxa continue to be found
in old and new fossil localities, e.g., as added in various contributions
in this special issue, thus give us an unrivaled insight into the Cambrian
explosion.

On the basis of the fossil-bearing rock types and theirmode of occur-
rence, the Ediacaran–Cambrian Lagerstätten biotas can be categorized
into two distinct types of preservation, i.e., Orsten-type (phosphatiza-
tion of soft-bodied organisms) and Burgess Shale-type (soft-tissue pres-
ervation in fine-grained siliciclastic rocks). The former was named after
the Upper Cambrian Orsten bed in Sweden, while the latter after the
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Middle Cambrian Burgess Shale in western Canada. Accordingly, we
here present an update review on recent discoveries from the two
types of biotas in South China, each arranged in a chronological
sequence.

2.2.1. Orsten-type biota
The Ediacaran phosphatized Weng'an biota, that pre-date (Xiao and

Laflamme, 2009) or post-date (Zhu et al., 2007) the Gaskiers glaciation,
contains globular fossils showing palintomic cleavage. These have been
interpreted as embryos of some of the earliest animals (e.g., Xiao et al.,
1998) or alternatively as giant bacteria (Bailey et al., 2007). More recent
study conservatively assigned these fossils within the total-group
Holozoa, but outside the crown-groupMetazoa, largely because the end-
less cell division does not generatemetazoan synapomorphies, tissue dif-
ferentiation, and/or association of juvenile/adult forms (Butterfield,
2011; Huldtgren et al., 2011). Other putative metazoan adults include
sponges (Li et al., 1998), cnidarians (e.g., Xiao et al., 2000; Liu et al.,
2006), and even bilaterians (Chen et al., 2004). However, nearly all of
these fossils are still regarded controversial (Budd, 2008). Up to the pres-
ent, therefore, no unequivocal animal remains have been recovered from
this biota.

In contrast, phosphatized biotas of Cambrian yield diverse of meta-
zoan fossils, exemplified by many occurrences of SSF faunas. Three
Orsten-type faunas are known from the Cambrian strata in South
China. The Fortunian Kuanchuanpu fauna contains abundant embryos,
larva, and adults of cnidarians, e.g., Punctatus, allowing the more com-
plete reconstruction of their developmental sequence (Y.H. Liu et al.,
2009; Yao et al., 2011). More recently a tiny sea anemone and some an-
cestral cubozoanswith unequivocal internal anatomical structureswere
described from this fauna (Han et al., 2010, 2013). The limestone nod-
ules of Cambrian Stage 3 in the Heilinpu Formation in Yunnan also con-
tain phosphatized crustaceans showing nicely preserved soft-tissues
(Zhang et al., 2007, 2010; Zhang and Pratt, 2012), which provide valu-
able data for the evaluation of the early evolutionary development
and phylogenetics of the Crustacea and other related euarthropods. Ad-
ditionally, phosphatized embryos of priapulids were also described
from the Guzhangian–Paibian limestones of Hunan Province (Dong
et al., 2004).

2.2.2. Burgess Shale-type biota
This type of Lagerstätten occurs widely in Cambrian fine-grained

siliciclastic strata in South China, and range from lower Ediacaran to
the Furongian (Cambrian Series 4). The early Ediacaran Lantian biota
is dominated by macroscopic and morphologically complex algae
along with problematic fossil informally compared with cnidarians
and simple bilaterian (Yuan et al., 2011). Several Lantian macroscopic
algae also range into the younger Miaohe biota, which is late Ediacaran
epoch 5 in age, approximately 551 Ma, and contain a large diversity of
megascopic algae. The eight-armed spiral body fossil Eoandromeda
from the Miaohe biota of South China, and also from the Ediacara
biota of South Australia, was favorably interpreted as a diploblastic-
grade animal, belonging to either cnidarians or stem-group cteno-
phores (Zhu et al., 2008; Tang et al., 2011). The latest Ediacaran
Gaojiashan biota from the silty mudstone in the middle part of the
Dengying Formation is characterized by megascopic tubular fossils,
including Cloudina, Conotubus Gaojiashania, and Shaanxilithes. These
fossils are accustomedly considered asmetazoan tubes, althoughmeta-
zoan synapomorphies have not been perfectly recognized. Re-
description based on a large number of specimens reveals some details
of these organisms, suggesting possible reconstruction of their life
mode (Cai et al., 2010, 2011, 2012, 2013).

In Cambrian, Burgess Shale-type biotas have been found in vast area
throughout South China, straddling both shallow and deep shelf facies,
but concentrated in Cambrian Stage 3 to Stage 5. This type of biota
from the sub-trilobitic Lower Cambrian (Terreneuvian) appears con-
ceivably more important but has not been documented yet. In the past
five years, new animals and fantastically informative specimens have
continuously been excavated from these biotas.

In particular, the Chengjiang biota from Stage 3 provides a unique
window to look into the evolution of earliest deuterostomes (Shu
et al, 2010), fromwhich the oldest pterobranch hemichordate,morpho-
logically similarity to extant representatives, was described (Hou et al,
2011), and new evidence on the structure of the lateral gills of
vetulicolians strengthens their deuterostome relationships (Ou et al.,
2012a, 2012b; Smith, 2012; Fig. 1C, D). Many more findings come out
within the protostome clade. New material indicates that brachiopods
are not only morphologically diversified but also ecologically expanded
during the second epoch of the Cambrian period (Zhang et al., 2011a,
2011b, 2011c; Wang et al., 2012). Lobopodians, resembling worms
with legs, have long attracted much attention because they may have
given rise to both Onychophora and Tardigrada, aswell as to arthropods
in general. They are especially diverse in the Cambrian of South China,
from where three more taxa were described (Liu et al., 2011; Ou et al.,
2011; Steiner et al., 2012). Intriguingly, the lobopodian Diania
cactiformis (Fig. 1K) possesses sclerotized and jointed appendages, and
thus may represent transitional form from lobopodians to arthropods,
implying that arthropodization (sclerotization of the limbs) preceded
arthrodization (sclerotization of the body) (Liu et al., 2011).

Arthropods are by far the most diversified and the most abundant
fossil group in Cambrian. Each year, many new or old taxa are steadily
described or redescribed from the Chengjiang and other biotas (e.g.,
Fu and Zhang, 2011; X.L. Zhang et al., 2014; Zhang et al., 2013). There
are also some interesting points. The predatory arthropod Isoxys
curvirostratus (Fig. 1L) probably has venomous glands at the base of its
fang-like appendages, suggesting that venomous predation evolved as
early as Cambrian Epoch 2 (Fu et al., 2011). In addition, tripartite brain
was documented in the stem-group arthropod Fuxianhuia protensa
(Fig. 1N), suggesting that the arthropod nervous systemacquired signif-
icant complexity by the early Cambrian (Ma et al., 2012). Also notewor-
thy is the occurrence of the Burgess Shale-type Lagerstätten from the
Ordovician inMorocco (VanRoy et al., 2010); however, non-such exam-
ple was reported from the Ordovician in China.

2.3. SSFs (small shelly fossils)

The diversification of SSFs constitutes an important episode of the
Cambrian explosion because they record the onset of widespread bio-
mineralization among animals. The Lower Cambrian (equivalent to Se-
ries 1 and 2) contains abundant and taxonomically diverse SSFs
(Fig. 1B). The abundant SSF data from South China were summarized
in the book by Qian (1999). During the past decade, the increase in
number of re-described taxa, using new material, was not so large
(e.g. Na and Li, 2011); however, much attention was paid to their
biozonation, mineralogy, and pattern of diversification of SSFs.

The fossil first appearance of SSFs is some 400 m above the base of
Cambrian at the GSSP in Newfoundland, Canada. In South China, on
the other hand, the base of Cambrian is not formally defined. Steiner
et al. (2007) provided an updated SSF-zonation in South China, which
consists of five biozones in the sub-trilobitic Lower Cambrian
(Terreneuvian) and one biozone in the Cambrian Stage 3; i.e., 1)
Anabarites trisulcatus–Protohertzina anabarica Assemblage Zone (corre-
lated to middle Stage 1 = Forturian), 2) Paragloborilus subglobosus–
Purella squamulosa Assemblage Zone (upper Stage 1), 3) Watsonella
crosbyi Assemblage Zone (lower Stage 2), 4) poorly fossiliferous
interzone (middle Stage 2), 5) Sinosachites flabelliformis–Tannuolina
zhangwentangi Assemblage Zone (upper Stage 2), and 6) Pelagiella
subangulata Taxon-range Zone (Stage 3) in ascending order.

According to the SSF dataset of Li et al. (2007), 19 genera occur in the
first biozone, whereas 140 in the second to fourth biozones, and 50 in
the fifth biozone. Thus, the highest diversity of SSF on genus level obvi-
ously occurred at the Forturian (Stage 1)–Stage 2 transition, within the
second and third SSF assemblage zones (Li et al., 2007). When numbers
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of new genera were calculated in every 2 million years, fossil first ap-
pearances of SSFs in China are clustered in two pulses; i.e., a major
pulse in the late Stage 1 and a minor one in the upper Stage 2. These
two pulses are separated by a barren interval (Maloof et al., 2010).
This pattern is slightly different from the global dataset with three
pulses, which also includes an additional smaller pulse in the lower
Fortunian (see Maloof et al., 2010, Fig. 7).

As for mineralogy of SSFs, it is difficult to determine the primary
minerals of these skeletal fossils because of diagenetic alterations, but
a number of well-accepted criteria can be used to infer primary miner-
alogy of ancient skeletons (see Porter, 2007). Three principal classes of
minerals are widely exploited by animals to build skeletons. They are
calcium carbonate minerals (aragonite and calcite), calcium phosphate
minerals (e.g., apatite), and silica minerals (opal-A), all of which have
been recognized in SSFs (Li et al., 2007, 2011; Kouchinsky et al., 2012).
Silica mineral in fossil is only known in the Ediacaran sponges before
the first fossil appearance of radiolaria from Stage 5 of Series 3
(Maletz, 2011). Carbonate minerals and phosphate minerals are most
common biominerals and have equal importance in diverse of SSFs.
Within the carbonate skeletons, aragonitic taxa systematically appeared
earlier, followed by calcitic taxa, which beganmineralizing in the end of
Terreneuvian (Porter, 2007; Kouchinsky et al., 2012). Thismineralogical
shift likely corresponds to a change of seawater chemistry (Mg2+/Ca2+

ratio) from aragonitic sea to calcitic sea.Wood and Zhuravlev (2012) re-
cently discuss further that changes in seawater chemistry and predation
pressure had determined the pattern of the Cambrian biomineralization
from the viewpoint of cost–benefit ratio.

2.4. Multiple mass extinctions

The early Cambrian (roughly corresponding to Terreneuvian and
Epoch 2) is a period characterized by a dramatic increase of disparity
(measured by the number of high ranking lineages in phylum or class
level) (Marshall, 2006; Erwin et al., 2011), which is generally referred
to the Cambrian explosion. In contrast, high-level morphological inno-
vation occurred scarcely during the following 500 million years.
Under the big shadow of this image of overall explosive increase in bio-
diversity (e.g., Gould, 1989), an important aspect might be overlooked;
that is the involvement of multiple mass extinction events.

The diversity patternmeasured in generic level is fundamentally dif-
ferent from the disparity pattern. The diversity curve does not steadily
rise throughout the early Cambrian but is interrupted by several drops
(Zhuravlev and Riding, 2001; Li et al., 2007). The rapid change of diver-
sity is attributed not only to new origination but also to extinction
events during the Cambrian. Bambach (2006) illustrated 3 major ex-
tinctions within the Cambrian. For example, at the end of early Cambri-
an, a mass extinction totally eliminated redlichiid trilobites and nearly
all archaeocyathids.

On the basis of detailed compilation of Ediacaran–Cambrian fossil re-
cords and C-isotope data mostly from South China, Zhu et al. (2007)
pointed out that multiple extinction episodes, at least 7 times, might
have occurred during the Ediacaran–Cambrian time. In other words,
The Ediacaran–Cambrian time was characterized not merely by the
widely-believed, one-sided origination of new taxa but also by frequent
termination/replacement of pre-existing taxa. This aspect requires a
drastic change in our understandings, as the so-called Cambrian explo-
sion has been long emphasized as a single big/rapid episode of the ap-
pearance of various new animals (e.g., Gould, 1989).

Owing to the scarceness of fossil records, no reasonable statistics
have not yet been hitherto available unfortunately; however, each of
the above-mentioned 7 distinct extinctions may possibly correspond
in magnitude to the biggest mass extinction of the Phanerozoic across
the Paleozoic/Mesozoic (or Permo-Triassic) boundary (e.g., Jin et al.,
2000; Erwin, 2006), because the extinctions during the Ediacaran–
Cambrian time involved the terminations of various animal phyla, and
also because extremely large perturbations in surface environments
were suggested by the nicely-documented C-isotope secular changes
for each events (Zhu et al., 2007). The Cambrianworldwasmuchwilder
than previously imagined. The possible link between the neighboring
extinction and radiation events should be tested in future study.

3. Current knowledge of the Ediacaran–Cambrian animal evolution

From paleontological point of view, the essential of the Cambrian
explosion is no doubt the abrupt appearances of diverse animal
phyla in a relatively short period during the Ediacaran–Cambrian
transition. To elucidate the process of this macroevolutionary
event, we need to check the sequences of the first occurrences of
38 extant animal phyla (Nielsen, 2012), together with those
of some extinct phylum-level clades (e.g., Archaeocyatha and
Vetulicolia), in the context of updated molecular-based animal phy-
logeny. On the other hand, patterns of adding taxon in class- and
genus-level should be checked on the basis of available datasets of
“real” fossil records. In the following discussion, the Ediacaran–
Cambrian fossil first occurrence of each phylum is assigned to an ap-
propriate geological stage, according to the new stratigraphic frame-
work with five stages in Ediacaran and 10 stages in Cambrian
(Narbonne et al., 2012; Peng et al., 2012), as summarized in Fig. 2.

3.1. Fossil first appearance of animal phyla through geological periods

Porifera, classically comprising extant phyla Silicea, Calcarea and
Homoscleromorpha, and the extinct phylum Archaeocyatha, is proved
to be a paraphyletic group. The molecular record of the Silicaea
(Demospongiae + Hexactinellida) may have extended back to the
Cryogenian (Love et al., 2009), but bona fide fossil spicules of
domosponge affinities first appeared in the Cloudina reefs of Namibia
(Reitner and Wörheide, 2002), which is correlated to the Ediacaran
Stage 5 (Fig. 2). Spicules of hexactinellids first occurred in the upper
Tsagan Oloom Formation (Brasier et al., 1997), but the age of this fossil
horizon was not well constrained; probably in latest Ediacaran or earli-
est Cambrian. There were many other occurrences of sponge-like spic-
ules or sponge-grade metazoans from older rocks (e.g. Gehling and
Rigby, 1996), but all their identities are questionable (see Kouchinsky
et al. (2012) for discussion). Both Calcarea and Archaeocyatha first oc-
curred in the upper Stage 2 of the Cambrian (Reitner, 1992; Rowland
and Hicks, 2004). The fossil record of Homoscleromorpha is somewhat
uncertain, and the earliest forms were obtained from no earlier than
Carboniferous (Reitner and Wörheide, 2002).

Within the basal eumetazoans, the basal-most phylum Placozoa vir-
tually does not have fossil record, but the fossil Dickinsonia (Ediacaran
4) has recently been interpreted as a placozoan (Sperling and Vinther,
2010). Dickinsonia may be the most controversial fossils hitherto
known, which has been assigned to many phyla, ranging from lichens,
Cnidaria, Ctenophora, Platyhelminthes, Annelida, and a phylum of its
own to a non-metazoan kingdom (see Zhang and Reitner (2006) and
references therein). If it was an animal, Dickinsonia, together with
many other “bilaterally” and non-bilaterally symmetrical fossils from
the Ediacara-type biotas (ranging in the Ediacaran epochs 3 to 5), is like-
ly within the variety of cnidarian-grade organisms, or more safely be-
longs to clades below the protostome/deuterostome split (Erwin,
2009). Moreover, many early tubular fossils are frequently compared
to cnidarians. A couple of microtubes from theWeng'an biota (Ediacar-
an 3) are considered to be cnidarian affinities (Xiao et al., 2000; Chen,
2004). Tubular fossils like Cloudina and others from the Nama Group
in Namibia and the Gaojiashan biota in South China, both of which
are of the Ediacaran epoch 5 in age, are usually considered as
cnidariomorphs (Kouchinsky et al., 2012). There are also a number of
calcified cnidariomorphs, e.g., corallomorphs, anabaritids, and
protoconulariids, and their lowermost occurrence is documented from
the Fortunian. Although there are many possible cnidarians in the Edia-
caran, the oldest fossils that can be unequivocally assigned into the
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Cnidaria are the soft-bodied microfossils Eolympia pediculata and some
cubozoans from the Fortunian Kuanchuanpu fauna (Han et al., 2010,
2013; Fig. 1I–L). Fossils with possible Ctenophora affinities were report-
ed from theMiaohe biota in China (Tang et al., 2011) and theWhite Sea
assemblage (Zhang and Reitner, 2006), both being of the Ediacaran
epoch 4 in age. However, unambiguous ctenophores first occurred as
embryo fossils in the Kuanchuanpu fauna (Chen et al., 2007), and adults
from the Chengjiang fauna (Chen and Zhou, 1997). It is very interesting
that a ctenophore-like vendobiont also appeared from the Chengjiang
fauna (Shu et al., 2006; Fig. 1H).

Acoelomorpha is favorably placed at the basal position of the
Bilateria (Edgecombe et al., 2011; Nielsen, 2012), which contains
three small phyla, i.e. Acoela, Nemertodermatida, and Xenoturbellida,
all escaping the fossil record. Alternatively, some workers place the
acoelomorphs as the sister group of the ambulacrarians (Philippe
et al., 2009). Eubilateria is traditionally divided into Protostomia and
Deuterostomia. The lineages of the Protostomia are further grouped
into two supraphyletic clades (Ecdysozoa and Lophotrochozoa), as
this is supported by latest molecular phylogenies. The phylogenetic po-
sition of the Chaetognatha is highly controversial, which has variously
been considered as a sister group or an ingroup of these supraphyletic
clades: Protostomia, Lophotrochozoa, and Ecdysozoa. Edgecombe et al.
(2011) and Nielsen (2012), however, place the Chaetognatha at the
base of the Protostomia. The consensus lies in that the Chaetognatha is
located somewhere within the Protostomia. Therefore, its phylogenetic
position remains open. Unquestionable chaetognathan fossils preserved
with anatomical details have been described from the Chengjiang biota
(Chen and Huang, 2002; Hu et al., 2007). Since protoconodonts like
Protohertzina is believed to be grasping spines of chaetognathans
(Szaniawski, 2002), the lowermost occurrence of this phylum extends
down to the Fortunian (Fig. 2).
The Lophotrochozoa comprises 14 extant phyla, but 4 phyla
(Gastrotricha, Gnathostomulida, Micrognothozoa, and Cycliphora) lack
fossil record, and additional 3 phyla first appeared in post-Cambrian,
Nemertini in the Carboniferous, Platyhelminthes in the Paleocene, and
Rotifera in the Eocene (see references in Erwin et al., 2011; Fig. 2). The re-
liable fossil of the Entoprocta is known from the Jurassic (Todd and
Taylor, 1992), but possible stem group entoproct may range down to
the Cambrian Stage 3 (Zhang and Pratt, 2012). Kimberella, a possible
soft-bodied mollusk, occurred in the Ediacaran epoch 4 (Fedonkin and
Waggoner, 1997). Mollusca with complete hard shell (not composed
of sclerites), as well as shelly fossils showing mollusk affinities
(e.g., hyoliths, halwaxiids and chancelloriids), first occurred in the mid-
Fortunian (Kouchinsky et al., 2012). The lowermost occurrence of the
phylum Brachiopoda that includes the stem-group tommotiids (Holmer
et al., 2011) is documented from the Cambrian Stage 2 (Kouchinsky
et al., 2012). Cloudina and a number of tubular fossils from theGaojiashan
biota (Ediacaran 5) are morphologically compared with annelid tubes
(Hua et al., 2005; Cai et al., 2014-in this issue), but they are alternatively
considered as cnidariomorphs (Kouchinsky et al., 2012). The earliest un-
questionable annelid fossil appears to be Phragmochaeta from the Sirius
Passet fauna (Conway Morris and Peel, 2008) of the Cambrian Epoch 3.
Phoranida has no reliable fossil but Eccentrotheca from the Wilkawillina
and Ajax limestones of South Australia was putatively placed in the
stem-group of phoranids (Skovsted et al., 2011). The fossil horizon is cor-
responding to Cambrian Stage 3. A number of sipunculan fossils strikingly
resembling extant forms have been described from the Chengjiang biota
(Huang et al., 2004), representing the lowermost occurrence of the phy-
lum Sipuncula. The appearance of the Bryozoawas long regarded to have
occurred in the Ordovician; however, their occurrence from the
Jiangshanian (Cambrian Stage 9) was lately confirmed (Landing et al.,
2010), albeit it has calcified skeletons.
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In the SSFs, there are also a number of fossil groups with uncertain
high-rank taxonomy (Fig. 1B). Cambroclavids first occurred in the
upper Fortunian, and the first appearances tianzhushanellids,
stenothecoids and mobergellids are in the upper part of the Cambrian
Stage 2 (Fig. 2). Since they are frequently compared with brachiopods,
mollusks, we place these four groups within the Lophotrochozoa, in
agreement with the solution by Kouchinsky et al. (2012).

The Ecodysozoa contains eight living phyla. The fossil first appear-
ance of the Nematoda was in the Devonian, and that of the
Nematomorpha was in the Cretaceous (Poinar et al., 2008; Poinar and
Buckley, 2006; Fig. 2). Within the Scalidophora (Kinorhyncha +
Loricifera + Priapula), the Kinorhyncha is unknown in the fossil record,
an ancestral loriciferanwas described from the Sirius Passet fauna (Peel,
2010), andmany priapulid fossils have found in deposits as low as Cam-
brian Stage 3 (Chen, 2004;Hou et al., 2004). The embryo fossilMarkuelia
is worthmentioning here. Itfirst appears in the Cambrian Stage 2, and is
phylogenetically assigned to the scalidophoran total group (Dong et al.,
2010). The Panarthropoda embraces three living phyla: Tardigrada,
Onychophora, and Arthropoda. Lobopodians that have generally been
considered as the (marine) stem-group of the modern (terrestrial) on-
ychophorans, first occurred in Cambrian Stage 3 (Liu et al., 2007,
2011), the earliest terrestrial onychophoran fossil has been found
from Cretaceous amber (Grimaldi et al., 2002). Trace fossils such as
Rusophycus that are likelymade by arthropods have been found in Cam-
brian stage 2; however, no arthropod body fossils occurred until the
lowermost part of the Cambrian Stage 3. Tardigrad fossils are rarely
known. A fossil form described from the Cambrian Stage 5 of Siberia
strongly resembles living tardigrades, but has only three pairs of ap-
pendages (Müller et al., 1995).

The monophyly of the Deuterostomia is now accepted by bothmor-
phological and molecular studies. It falls into two well-defined
supraphyletic clades, Ambulacraria and Chordata, each comprising
three living phyla (Nielsen, 2012). In addition, the Vetulicolia is also
established as a phylum-rank deuterostome clade (Shu et al., 2001b;
Fig. 1C, D). Cambroernids might be in this case, too. Both clades first
occur in the Chengjiang biota and extend to Cambrian Stage 5 (Fig. 2),
with vetulicolians being placed at base of the Deuterostomia (Ou et al.,
2012a, 2012b) and cambroernids at the base of Ambulacraria (Caron
et al., 2010). Within the Hemichordata, the earliest fossil of the
Pterobranchia was recently documented from the Chengjiang biota
(Hou et al., 2011), but no reliable fossil of the Enterpropneusta has
been reported except for Yunnanozoon and Haikouella from
the Chengjiang biota, which were controversially interpreted as
enterpropneusts, cephalochordates, basal deuterostomes or uncertain
affinities (see Shu et al., 2010). Vetulocystids from the Chengjiang
biota were described as ancestral soft-bodied echinoderms (Shu et al.,
2004; Fig. 1G), and the earliest mineralized echinoderm plates were re-
ported from the Cambrian Stage 3 of Siberia (Kouchinsky et al., 2012),
both indicating the fossil first appearance of the Echinodermata at this
time. As for the Chordata, all the three living phyla, i.e. Cephalochordata,
Urochordata, and Vertebrata, have been documented from the
Chengjiang biota (Shu et al., 1999, 2001a; Fig. 1A, E, F), no fossil earlier
than this age has ever been found (Shu et al., 2010).
3.2. Patterns of new addition in phylum-, class-, and genus-level

Since very few fossil of the Ediacaran can be safely assigned to bona
fide metazoan, the following discussion will mainly focus on the Cam-
brian fossil record. Erwin et al. (2011) prepared an updated database
on the appearances of phyla and classes throughout the geological pe-
riods. Fig. 3 illustrates the adding pattern of phylum on the basis of
the latest data, which is slightly different from that by Erwin et al.
(2011). The following discussion on the appearances of new classes is
based essentially on the dataset in Erwin et al. (2011), together with
new genera added according toMaloof et al. (2010) and Li et al. (2007).
The new pattern (Fig. 3) confirms the previous suggestions that the
diversification of animal phyla abruptly occurred in the fossil record
during the first three stages of the Cambrian period (Shu et al., 2009).
Only two bona fide metazoan phyla (Silicea and probable Cnidaria)
appeared in the late Ediacaran, followed by the dramatic rise in novel
phyla in the Terreneuvian, and by the later burst in the Cambrian
Stage 3. This burst of phyla may be, at least partly, due to the intensive
excavation in the exceptionally well-preserved fossil Lagerstätten,
such as the Chengjiang biota and the Sirius Passet biota. Out of extant
38 phyla, 20 living phyla appeared by the Cambrian Stage 3 (Fig. 2).
As to the rest, 9 phyla were continuously added to the fossil record in
the later geological periods, and 9 phyla have not beenknown in the fos-
sil record. As the most advanced members in both prostomes and deu-
terostomes, e.g., true arthropods and vertebrates, already appeared in
the Chengjiang fauna, evolutionally and logically these late-coming
“lower” phyla must have been present much earlier, to say in the early
Cambrian. Most of those “new faces” except for the Bryozoa might es-
cape from fossilization owing to little or no preservation potential;
e.g., soft-bodied. In other words, their later fossil first appearances are
largely artifact. Addition of new classes also exhibits this dramatic rise
in first occurrences beginning in the Fortunian, soaring in the Cambrian
Stage 3, and continuing into the Ordovician (e.g., Servais et al., 2010).
From the early Paleozoic onward, there was very little addition of new
classes, and again, many of these later class appearances are restricted
to soft-bodied ones with poor preservation potential, suggesting earlier
cryptic originations (Erwin et al., 2011).

The first fossil appearances of animal genera during the Terreneuvian
occurred in three pulses; a small pulse in the early Fortunian, a large one
in the late Fortunian, and the moderate in the Cambrian Stage 2 (Maloof
et al., 2010; Fig. 2). Global data in the later geological periods are current-
ly not yet available, but amuch bigger pulse can be predicted in the Cam-
brian Stage 3 based on the data also from South China (Li et al., 2007).

3.3. Summary on the Cambrian explosion

In short, basal metazoans were no doubt present in the late Ediacar-
an, with calcified clades in succession added in the early Cambrian
(Figs. 2, 3). On the other hand, there is no unambiguous evidence for
the existence of bilaterians in the Ediacaran period, although controver-
sial candidates are continuously emerging. The pattern of the fossil first
occurrences of classes mirrors the pattern of phyla, both showing a dra-
matic rise during the first three stages of the Cambrian with little addi-
tion thereafter. Thus the Cambrian explosion sensu stricto was surely a
unique event of an abrupt diversification of bilateral lineages in a short
time spanduring thefirst 20 million years of the Early Cambrianperiod.
The appearances of lophotrochozoan lineages were somewhat gradual
and relatively long lasting, which began in the latest Ediacaran or the
earliest Cambrian, followed by continuous addition of new clades in
stages of the Early Cambrian. On the contrary, many ecdysozoan and
all deuterostome lineages seem to have appeared suddenly in the Cam-
brian Stage 3.

Here we emphasize that the fossil first appearances of metazoan
phyla (the Cambrian explosion sensu lato) occur in distinct three phases
during the Ediacaran–Cambrian transition (Fig. 4). The first phase rec-
ognized herein ismarked by a set of the first appearances of basal meta-
zoan phyla in the latest Ediacaran (Fig. 2). It is noteworthy that no
unequivocal bilaterian clade was present at this phase except
Kimberella, a possible stem lophotrochozoan. The second phase, roughly
equivalent to the first biomineralization phase recognized by
Kouchinsky et al. (2012), occurred in the Terreneuvian, as evidenced
by the occurrences of many lineages in the SSFs (Fig. 1B) that can be
placedwithin the total group Lophotrochozoa. This phasewas also char-
acterized by the occurrences of calcified basal metazoan lineages (e.g.,
Calcaraea and Archaeocyatha), and possibly, by the appearances of con-
tentious ecdysozoans in the latest Terreneuvian; however, no deutero-
stome has been known from the Terreneuvian. The third phase that
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occurred in the Cambrian Stage 3 was the largest, with the appearance
of all the three supraphylogenetic clades (Figs. 2–4). A number of
lophotrochozoan lineages, the bulk of ecdysozoans, and all deutero-
stome phyla, first appeared in this phase and this virtually marked the
apex and the end of the Cambrian explosion.

4. Phylogenetic tree of animals (TOA)

To date numerous attempts have been made for establishing the
TOA. In terms of the methodology and dataset employed, these at-
tempts can be categorized into the following four groups; i.e., 1) the tra-
ditional approach based onmorphological data since Haeckel (1866), 2)
approach based on fossil data coupled with the check in development
biology of extant animals (e.g., Margulis and Schwatz, 1982; Shu,
2008), 3) approach frommolecular biology utilizing genome comparison
for extant animals (e.g., Dunn et al., 2008), and 4) synthesized approach
on the basis of fossil records and molecular phylogeny (e.g., Carroll,
2008; Carroll et al., 2001). During the second half of the 20th century,
the third approachwas regarded as a perfect shortcut to finalize the en-
tire picture of TOA. Nonetheless, the recognition of gene lateral transfer
poses some ambiguity, although the “animal kingdom”was unlikely af-
fected too much. At any rate, as long as we deal with one and only
history developed, it seems fair to take the last approach to check what
really happened in the past, rather than theory-driven understanding.

By virtue of more new data from the paleontological/geological re-
searches during the last two decades (Fig. 1), we can reconstruct more
sophisticated TOA in the Ediacaran–Cambrian transition, as shown in
Figs. 3, 4 that were compiled based on numerous previous works from
all fields. As clearly demonstrated in Figs. 2–4, the major diversification
of animals mirroring morphological innovations took place during the
early Cambrian. SSFs, and exceptionally preserved fossil Lagerstätten
in the Early Cambrian have been and will be constituting the major in-
formation source for understanding the Cambrian explosion.

5. Next critical issues to be solved

As discussed above, the stratigraphical and paleontological achieve-
ments from South China provided the best clue to date for understand-
ing the essential of the Cambrian explosion. On the basis of the latest
knowledge, we summarized the current aspects of early animal evolu-
tion during the Ediacaran–Cambrian transition. Nonetheless we still
need more data to fully clarify the ultimate cause and processes of the
biggest biological event during the last 600 million years. The main as-
pects that should be tested and/or clarified are listed below.

1) The Cambrian chronostratigraphy has made a lot of new progresses
during the last two decades; however, we still need more high-
resolution measurements of several significant boundaries because
most stage boundaries have not yet been directly constrained by nu-
merical dating (e.g., Peng et al., 2012).

2) Recent progresses in geological researches relevant to the
Ediacaran–Cambrian periods are opening new windows to deci-
pher the co-evolution of animals and background environments.
Chemostratigraphic correlations of various proxies can check
the global nature of environmental changes including seawater
chemistry. Moreover, the close association of SSF occurrences
with the peculiar deposition of huge phosphorites drives us to
have a better understanding on the cause–effect links between
the animal diversification/biomineralization and environmental
perturbations, as previously pointed out by Cook and Shergold
(1984). The unique Lower Cambrian phosphorite beds hosting
abundant SSFs, particularly in southwestern South China, indi-
cate that a peculiar environmental condition may have appeared
in extremely shallow marine settings along a mantle plume-
related continental rift zone in South China and have started the
very first SSF diversification (Sato et al., 2014-in this issue). This
is against the conventional explanation for the supply of excess
phosphorous by coastal upwelling, and invites further investiga-
tion and discussion.

3) Many metazoan lineages likely escaped from fossilization probably
because of the lack of biomineralized hard parts. Our knowledge
on the earlier appearances of many non-skeletonized animals in
the early Cambrian is largely due to the intensive excavations of nu-
merous exceptionally well-preserved Lagerstätten. This means that
the actual appearances of many non-skeletonized phyla might pre-
cede their first fossil occurrences currently known, and that the
above-discussed pattern of animal diversification may vary signifi-
cantly with new discoveries, in particular, those from possible
Lagerstätten older than the Chengjiang biota. Future test, therefore,
is inevitable.

4) The evolution of biomineralization itself needs more attention not
only from conventional paleontological viewpoints but also from
more biological, i.e., physiological approaches based on modern
analogs. The acquisition of sensory organs, in particular eyes
(e.g., Parker, 2003), definitely had an intimate link to the early bio-
mineralization. Molecular analyses and their comparison with real
fossil records will become more necessary.

5) On the basis of the standard stratigraphy in South China, the global
correlation is definitely needed to check the surface environmental
changes during the Ediacaran–Cambrian interval. As South China
was located in the mid-latitude of the southern hemisphere during
the Cambrian (e.g., Rino et al., 2004), the coeval strata in the low-
latitude areas and high to mid-latitude domains of the northern
hemispherewill provide vital pieces of information for documenting
the animal evolution/radiation pattern on a global context. Follow-
ing the successfully performed studies for the Permo-Triassic bound-
ary event (e.g., Isozaki, 1997; Isozaki and Ota, 2001; Isozaki et al.,
2007; Kani et al., 2013), we need to check and to hunt fossils from
unexploredmid-oceanic strata; i.e., deep-sea cherts and shallowma-
rine paleo-atoll carbonates on seamounts from the Ediacaran–
Cambrian mid-oceans (e.g., Ota et al., 2007; Uchio et al., 2008;
Kawai et al., 2008; Nohda et al., 2013).
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