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Abstract

Brachiopods, a group of benthic suspension-feeding marine invertebrates, made their first appearance in the Lower Cambrian. In the Yangtze
Platform (South China), well-exposed Lower Cambrian stratigraphic succession represents shallow to deeper water environments. Strata from
eastern Yunnan, southern Shaanxi and the Yangtze gorges areas of western Hubei Province, deposited in muddy-siltstone and carbonate
lithofacies, contained an abundant variety of brachiopods, including all the representatives of the subphylum Linguliformea and the calcareous-
shelled genera of Kutorgina and Nisusia from the subphylum Rhynchonelliformea. Thus the fossil assemblage bears witness to the first major
phase of evolutionary radiation of brachiopods during the ‘Cambrian explosion’ interval of metazoans. Brachiopods from the celebrated
Chengjiang fauna have exquisitely preserved soft-tissues, which reveal the body plans and evolutionary acquisition of morphological novelties of
the early stocks, and also provide a good opportunity for testing the analogies with the stem groups from the extant representatives. These fossils
have corroborated the view that brachiopods developed complex organization of tissues, and achieved considerable evolutionary success already
by the onset of ‘Cambrian Explosion’. Thus it is not improbable that a large part of this radiation occurred within, or only just before early
Cambrian time. Studies of Chengjiang brachiopods suggest that attachment by a pedicle to the substrate was probably the most common
relationship of Cambrian brachiopods with the substrate where they inhabited.
© 2007 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Although substantially lower in diversity today, brachiopods
were among the most abundant and diverse skeletal marine
invertebrates throughout most the Paleozoic era. So far, well
over 4500 genera have been described, a large proportion of
which are known from fossil shell material in that their strongly
biomineralized exoskeleton was prone to preservation. Tradi-
tionally, the Brachiopoda comprised two classes, Inarticulata
and Articulata, but it is now generally accepted that the
brachiopoda are divided into three subphyla, Linguliformea,
Craniiformea and Rhynchonelliformea (Williams et al., 1996,
2000), despite some molecular studies repeatedly suggest that
⁎ Corresponding author. Early Life Institute and Department of Geology,
Northwest University, 229#, Taibai Road, Xi'an, 710069, China. Tel.: +86 29
88303553; fax: +86 29 88302128.

E-mail addresses: elizf@nwu.edu.cn, zhangelle@126.com (Z. Zhang).

1342-937X/$ - see front matter © 2007 International Association for Gondwana R
doi:10.1016/j.gr.2007.08.001
the Phoronida should be considered as a shell-less Subphylum
or Class (Cohen, 2000; Cohen and Weydmann, 2005). In many
different palaeoenvironmental settings, brachiopods are well
preserved and easily collected as fossils, therefore they play an
important role in biostratigraphy, palaeobiogeography, palaeoe-
cology, functional morphology and evolutionary palaeobiology
(e.g.: Kondo et al., 2006). As a result, the early origin and early
Palaeozoic diversification of brachiopods have been a subject of
increasing interest in the last decade (e.g. Holmer and Popov,
1996; Popov et al., 1996; Holmer et al., 1997; Popov et al.,
1997; Bassett et al., 1999; Holmer, 2001; Robson and Pratt,
2001; Holmer et al., 2002; Popov et al., 2002; Robson et al.,
2003; Li and Holmer, 2004; Zhan et al., 2005; Skovsted and
Holmer, 2005; Holmer and Caron, 2006). Despite intensive
searches of late Pre-Cambrian strata in many parts of the world,
no acknowledged fossil brachiopods have been found in strata
earlier than the Lower Cambrian: all records of alleged
Precambrian brachiopods are now highly doubtful (Holmer
esearch. Published by Elsevier B.V. All rights reserved.
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and Popov, 1996). The unquestionable earliest known brachio-
pods together with the small shelly fossils occur in the lower-
most of Cambrian (Holmer and Popov, 1996; Popov et al.,
1996). Recent studies of brachiopods recovered from the Lower
Cambrian of the Yangtze platform (South China) have sub-
stantially increased our understanding of the phylum (X.G.
Zhang et al., 2003; Z.F. Zhang et al., 2003; Li and Holmer, 2004;
Zhang et al., 2004a,b, 2005, 2006, 2007a,b,c). Of these, the
reports of soft-tissue preservation of brachiopods (X.G. Zhang et
al., 2003; Z.F. Zhang et al., 2003, 2004a,b, 2005, 2006, 2007a,b,
c) are of key importance to understanding the body plans and
palaeoecology of brachiopods in the Early Cambrian (Jin et al.,
1991; Jin and Wang, 1992; Jin et al., 1993; Z.F. Zhang et al.,
2005, 2006, 2007a), and thus has attracted considerable attention
(Sutton et al., 2005; Holmer and Caron, 2006; Fang, 2006). The
findings of soft tissues in brachiopods of South China dem-
onstrate that the brachiopods had already achieved considerable
evolutionary success already during the rapid radiation of
metazoans (i.e. the Cambrian explosion interval), and that they
became a numerically important component of marine benthic
communities during that time (X.G. Zhang et al., 2003; Z.F.
Zhang et al., 2003, 2004a,b, 2005, 2006, 2007a,b,c). It is crucial
to the study of the Early Cambrian radiation of brachiopods to
determine which lineages had emerged by that time, then the
diversity of these lineages, and finally the evolutionary acqui-
sition of the major morphological character states that charac-
terize the taxonomic diversification of these lineages.

The main objective of this paper is to give an outlined
summary of the Lower Cambrian diversification of brachiopods
from the Yangtze Platform, and provide a perspective of the
character-states of Early Cambrian brachiopods in the light of
the available soft-tissue data from the Chengjiang Lagerstätte,
South China. All the material illustrated herein was collected by
the work-team of the Early Life Institute (prefix: ELI); and all
Fig. 1. (a) Geographic location of the eastern Yunnan (1), the southern Shaanxi (2)
nomenclature and correlation of the Early Cambrian of these three areas, adapted fr
the specimens are deposited in the ELI, Northwest University,
Xi'an, China.

2. The diversification of early Cambrian brachiopods in the
Yangtze platform (South China)

The Yangtze Block in South China has figured in many
recent reports related to the tectonic evolution of the South
China Block (e.g., Ye et al., 2007; Zhou et al., 2007) and its
correlation with adjacent crustal fragments (Oh, 2006; S.Z. Li et
al., 2007). The Yangtze Platform was adjacent to Gondwana,
and even a constituent part of this supercontinent at the temporal
interval from at least Early Cambrian to late Early Devonian.
This platform was most probably connected to the Great India–
Australia region of the Gondwana margin (Li and Powell, 2001;
S.H. Zhang, 2004). In this Platform, the latest Precambrian–
Cambrian depositional sequences are finely developed and
exposed. Within the Lower Cambrian, brachiopods have been
broadly documented in different regions of the Yangtze
Platform (Mansuy, 1912; Xie, 1988; Zeng, 1987; Shu, 1990;
Jin et al., 1991; Jin and Wang, 1992; Jin et al., 1993; Li and
Holmer, 2004). Detailed descriptions and taxonomic study of
many of them, however, remain to be done. In this context, we
concentrate on the diversification of the brachiopods in the
Yangtze Platform, exemplified by the eastern Yunnan Province,
the southern Shaanxi Province, and the Yangtze-gorge areas of
western Hubei Province, South China (Fig. 1a). The Precam-
brian geological evolution of the Yangtze-gorges area, the
history of sedimentation and chrono- and sequence stratigraphy
have been investigated in various studies (e.g., Wang et al.,
1999; Chen and Wang, 1999; Wang and Li, 2001, among
several other workers). Of the three study provincial areas,
Early Cambrian brachiopods are, however, well-documented
only in the former two provinces (Rong, 1974; Jin and Wang,
, and the Yangtze gorges area in western Hubei province (3). (b) Stratigraphic
om Luo et al. (1994) and Zhu et al. (2005).
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1992; Jin et al., 1993; Li and Holmer, 2004; Zhang et al., 2005,
2006, 2007a,b,c and references therein).

2.1. Eastern Yunnan Province

The Lower Cambrian and terminal Proterozoic stratigraphic
successions are extremely developed and well exposed in
eastern Yunnan Province, notably the areas near Kunming,
Jinning, and Chengjiang. Consequently, a well-known candi-
date section for the global stratotype of the boundary between
the Cambrian and Precambrian has been proposed at Meishucun
Section in Jinning Country. According to the most recent
biostratigraphic investigations in Yunnan (e.g. Zhu et al., 2005
and references therein), the depositional sequences from
terminal Proterozoic to Early Cambrian comprise, in ascending
order, the Ediacaran Dengying Formation, the Meishucunian
(equivalent to the Tommotian of Siberia) Zhujiaqing and
Shiyantou Formations, the Qiongzhusian (Atdabanian) Yu'an-
shan Formation, the Canglangpuian (Botomian) Hongjingshao
and Wulongqing Formations, and the Longwangmian (Toyo-
nian) Shanyicun Formation (Luo et al., 1999; Zhu et al., 2005).
The Dengying Formation is composed of Donglongtan,
Jiucheng and Baiyanshao Members (Zhu et al., 2005); the
Zhujiaqing Formation consists of Daibu, Zhongyicun and Dahai
Members, the latter two of which bear an abundant variety of
small-shelly fossils (Luo et al., 1984; Qian and Bengtson, 1989;
Bengtson et al., 1990; Li and Xiao, 2004). The Lower Cambrian
Yu'anshan–Shanyicun Formations is a succession of muddy–
siltstone–sandstone–siltstone deposition sequences, while the
Longwangmian (Toyonian) Shanyicun Formation is represented
by a set of carbonate deposition. The Yu'anshan Formation
contains the well-known Burgess Shale-type Chengjiang fauna
(see Hou et al., 2004). Recently a new Burgess Shale-type fauna,
called the Guanshan fauna (Luo et al., 1999), was recovered
from the Lower Cambrian Canglangpuian Wulongqing Forma-
tion, including the primitive deuterostomes known as vetulico-
lians (Luo et al., 2005), an abundant variety of arthropods (Luo
et al., 2006, 2007, Liu et al., 2006) and lingulate brachiopods not
Fig. 2. Some fossil brachiopods from the Lower Cambrian Qiongzhusian Stage of e
brachiopod putatively allied to obolellids, with a pedicle attached on a trilobite. (b)
Nisusia. Scale bars 5 mm.
yet described in details (Hu et al., 2007; Zhang et al., 2007b),
some of which are definitely allied to the brachiopod genera
Lingulellotreta and Palaeobolus.

The study of Cambrian brachiopods in eastern Yunnan can
be traced back to Mansuy (1912), when 7 species of
brachiopods were first reported, including Acrothele mathewi
eryxWalcott, Obolus demesisWalcott, O. chinensisWalcott, O.
detritus Mansuy, and two species, Acrothele orbicularis, Lin-
gulella yunnanensis, firstly erected by Mansuy (1912).
Sixty years later, Fang (1974) re-illustrated the brachiopods
discovered by Mansuy (1912), and added two-species, Kutor-
gina cingulata and Obolus? Meneghini Walcott, to the
assemblage of Early Cambrian brachiopods in eastern Yunnan
Province. The same year, investigations of the Lower Cambrian
brachiopods were made by Rong (1974), who reported the
findings of three new species Diandongia pista, Lingulellotreta
malongensis (Rong), Lingulellotreta yunnanensis, and two
uncertain species Acrothele sp. and Lingulella sp. However,
there was no further investigation and study of the brachiopods
in eastern Yunnan until lingulids with soft-bodied preservation
were found in the Lower Cambrian Chengjiang Lagerstätte (Jin
et al., 1991; Jin and Wang, 1992; Jin et al., 1993). Meanwhile,
the two species L. malongensis and ‘Lingulella’ chengjiangensis
was detailed described. Later, Luo et al. (1994) summarized the
study of Early Cambrian brachiopods in East Yunnan, and
illustrated by a plate of brachiopods, but no additional information
was provided. Continuing excavation of the exceptional Cheng-
jiang Lagerstätte revealed 8 species of brachiopods. They consist
of L. malongensis Rong, 1974, “Lingulella” chengjiangensis Jin
et al., 1991, Longtancunella chengjiangensis Hou et al., 1999,
Xianshanella haikouensis Zhang and Han, 2004, the probable
stem soft-shelled Wangyuia chengjiangensis Jin et al., 2004,
D. pista Rong, 1974, the problematic brachiopod Heliomedusa
orienta Sun et Hou 1987 (Jin and Wang, 1992; Holmer et al.,
2003, 2004; Chen et al., 2007), and the cosmopolitan Kutorgina
recently reported by Zhang et al. (2007c) as a representative of the
Subphylum rhynchonelliformea in the unique muddy deposit. In
addition, a single brachiopod specimen from Chengjiang is
astern Yunnan and the Yangtze gorge area of Hubei province. (a) A lamellose
ELI YBP-001B, a mold of shell of Palaeobolus. (c) ELI YBN-001, a mould of
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probably akin to the obolellids on the basis of its general shell
contour and the lamellose surface shell ornamentation (Fig. 2a),
but further confirmation awaits findings of additional data. To
sum up, the brachiopod assemblage from the eastern Yunnan
comprises 11 reported genera, of which only one is definitely
assigned to the SubphylumRhynchonelliformea, and the other ten
to the Subphylum Linguliformea. It is accordingly presumed that
the brachiopod assemblage recovered from eastern Yunnan could
reflect the first radiation of Brachiopoda during metazoan
macroevolution in South China (Fig. 3).

2.2. Southern Shaanxi Province

Recently, a diverse fauna of lingulate brachiopods has been
made well available from the Early Cambrian (Qiongzhusian
Stage) Guojiaba and Xiannüdong carbonates in southern
Shaanxi Province (Fig. 1a and b) (Li and Holmer, 2004). The
Fig. 3. (a) Fossil occurrence, and (b) a preliminary statistic for the Early Cam
assemblage consists of 8 species, assigned to 6 genera, in-
cluding the Lingulellotretid L. malongensis (Rong), the obolid
Palaeobolus liantuoensis Zeng, Eoobolus aff. Viridis (Cobbold,
1921), Eoobolus? shaanxiensis Li and Holmer, and Kyrsha-
baktella? sp., the acrotheloid Botsfordia minuta Li and Holmer,
as well as two primitive acrotretoid Eohadrotreta zhenbaensis
Li et Holmer, and E. zhujianhensis Li et Holmer. Of these, L.
malongensis is also known from the Lower Cambrian
Yu'anshan (equivalent to late Atdabanian stage) and Wulongq-
ing (Botomian) Formations in eastern Yunnan Province, as well
as from equivalent strata from Kazakhstan (Shabakty Group,
Malyi Karatau). In addition, Eoobolus aff. E. viridis of the
widespread family Eoobolidae, is also non-endemic in the
Shaanxi lingulate assemblage (Li and Holmer, 2004). Similar
species are known both from Avalonia (England and New-
foundland) and Australia (Ushatinskaya and Holmer, 2001) of
Gondwana supercontinent.
brian brachiopod diversification in the Yangtze Platform (South China).
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2.3. The Three Gorge area of western Hubei Province

The Lower Cambrian and terminal Proterozoic stratigraphic
successions are well exposed in the Three Gorge areas of Hubei
Province (Fig. 1a), where the Early Cambrian strata consist of,
in ascending order, the Yanjiahe/Tianzhushan Formations,
Shuijingtuo Formation, Shipai, Tianheban, and Shilongdong
Formations (Fig. 1b).

The known brachiopods from the Three Gorge area were
mainly derived from the Shuijingtuo, Shipai, Tianheban
Formations (Fig. 1b). The brachiopod assemblage is composed
of Palaeobolus liantuoensis (Fig. 2.b), Homotreta changyan-
gensis, Iphidella liantuoenis, and Nisusia liantuoensis
(Fig. 2. c), and some specimens possibly belonging to Lingu-
lella, Kutorgina, and Obolella (Zeng, 1987). Recently, several
constituents of the Chengjiang brachiopod assemblage in
Yunnan have been found in the Three Gorge area, notably the
botsfordiid D. pista, which is widely distributed in the
yellowish-green siltstone of the lower part of the Shipai
Formation. In some specimens, the slim and labile pedicle
was finely preserved (Zhang and Hua, 2005, 2006). In addition,
several large individuals (also see: Fig. 2b) are putatively related
to Palaeobolus liantuoensis, also preserved as flattened
impressions or composite molds in some cases with marginal
setae or pedicles (Zhang and Hua, 2006). However, a detailed
investigation of the brachiopods from this region remains to be
done.

2.4. Remarks and discussion

Brachiopods, a group of benthic tentaculated suspension-
feeding, bivalved invetebrates, were an important component of
the Early Palaeozoic marine communities. Together with the
Early Cambrian Meishucunian “Small Shelly Fossils” distrib-
uted worldwide, brachiopods occur in the lowermost Cambrian.
They are, therefore, considered to be the result of the Cambrian
Explosion and the outcome of repeated attempts at mineraliza-
tion by early animals. The organophosphatic-shelled subphy-
lum Linguliformea comprises two Classes, Lingulata and
Paterinata, the former of which is composed of three orders,
Lingulida, Acrotretida, and Siphonotretida, and the latter
composed exclusively of the order Paterinida. In the Lower
Cambrian of south China, the Order Lingulida is widely
represented by the predominant linguloids, while the Order
Acrotretida is less common, represented by a single genus of
Eohadrotreta (Li and Holmer, 2004) (Fig. 3). Recently the
senior author (Zhang, Z.) made available an important col-
lection of a large number of acrotretid brachiopods from the
Early Cambrian (Qiongzhusian Stage) upper Shuijingtuo
Formation in the Yangtze gorges areas. This collection has
not yet been prepared and studied in detail, but it is clear that
they could be assigned to two different acrotretid genera (Our
unpublished data). With regard to discinids, it is worth of noting
that the Lower Cambrian brachiopod H. orienta, which was
first identified as a jellyfish (Sun and Hou 1987), later described
as a representative of subphylum Craniiformea (Jin and Wang,
1992; Popov and Holmer, 2000), but most recently assigned to
Discinidae (Chen et al., 2007). Its affinity with discinids still
remains controversial, mainly due to mixoperipheral and
hemiperipheral growth respectively in ventral and dorsal valves
with well-defined pseudointerarea (Fig. 4a–d). In addition, no
fossil evidence could lend support for the presence of a pedicle
in the postero-median region of the ventral valve. The only
inferred cast of pedicle illustrated by Chen et al. (2007: Figs. 7.
5, 6) is most probably related to three dimensionally preserved
visceral cavity (Fig. 4d), as this type of preservation of body
cavity has been found in the contemporaneous lingulid
brachiopods (see: Zhang et al., 2005: Fig. 1C). Anyway, the
Class Lingulata has abundant Early Cambrian representatives
dominated by their lingulid and acrotretid lineages.

No acknowledged paterinid brachiopods were published and
described in detail from the Lower Cambrian of the three
regions of South China. Nonetheless, Tianzhushanella ovata of
Tianzhushanellidae (Bengtson et al., 1990) is commonly
referred to the Paterinida. The other eight genera reported by
Liu (1979), including Scambocris, Acidotocarena, Artimyc-
tella, Protobolus, Plicatolingula, Dolichomocelypha, Psa-
mathopalass, Heosomocelypha, are in essence of importance to
understanding the origin and body plan of the Lower Cambrian
brachiopods because of their occurrence in the basal-most of
Cambrian (Liu, 1979). Unfortunately, since then no additional
study on these fossils was carried out. Now, some authors
(Bengtson et al., 1990; Qian, 1999; Li et al., 2006) contended
to classify them into a group of pseudobrachiopods, their
convincing affinities with the phylum Brachiopoda, however,
remain to be resolved. Nevertheless, the Class Paterinata
has their possible representative as Iphidella? Liantuoensis
(Zeng, 1987) in the Three Gorge area, Hubei, and one prepre-
sentative as Micromitra. sp. derived from the eastern Yunnan
(Luo et al., 1994). The Class has also the Tommotian Cryptotreta
neguertchenensis as representative in Siberia (Pelman, 1977), and
Askepasma sp. in South Australia (Ushatinskaya and Holmer,
2001). This inconsistency of paterinid brachiopod taxa between
Siberia, Australia, and South China awaits a pending detailed
comparative study of the Early Cambrian brachiopods in these
three Blocks.

The calcareous-shelled rhynchonelliformean brachiopods
represented by Kutorgina and Nisusia occurred in the late
Qiongzhusian Stage of the Yangtze platform, equivalent to late
Atdabanian of Siberian Block. However, in the Siberian
platform, the earliest calcareous-shelled brachiopods were
referred to the order Obolellida that made its first appearance
in the mid-Tommotian (Pelman et al., 1992; Geyer, 1994). This
inconsistency of the earliest calcitic-shelled taxon of brachio-
pods between the Yangtze and Siberian platforms is therefore
awaiting additional data to comparatively study, although we
could owe this discrepancy to the differences of Early Cambrian
paleogeographic locations of the two blocks.

Clearly, the brachiopod associations (Fig. 3) in the three
regions of South China bear witness to the first major phase of
evolutionary radiation, and it is not improbable that a large part
of this radiation occurred within, or just before early Cambrian
time (Benton and Ayala, 2003). Nonetheless, as organophas-
phatic-shelled lingulates dominate the brachiopod assemblage,
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one may assume that the optimal acquisition of mineralized
shells by brachiopods were phosphatic at the onset of Cambrian,
which could be probably considered as a result of an
evolutionary adaptation to the phosphorite-rich environment
settings during the temporal interval from terminal Proterozoic
to Early Cambrian. But the problem of secreting a calcareous
shell was also solved by the initial stage of the Cambrian, as
demonstrated by the presence of the cosmopolitan kutorginid
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brachiopods Nisusia and Kutorgina in the Lower Cambrian.
Thus, it is likely that different mineralizations in brachiopods
occurred more or less in parallel, while the underlying un-
mineralized diversification most probably occurred well before
the Early Cambrian (e.g. Cohen, 2005). Although ambient
seawater chemistry does not strongly influence skeletal min-
eralogy (Porter, 2007), the seawater chemical environment
settings may, therefore, have played an important role in
determining what type of mineralization of lineage blooming.

3. Evolutionary development of morphological character
sets in Early Cambrian brachiopods

Although the Brachiopoda is well defined as a phylum,
living species segregate into three groups differing fundamen-
tally in their development, anatomy, and gross morphology.
Brachiopods are known largely based on the fossil records of
shells. Consequently, our knowledge of Palaeozoic brachiopod
anatomy relies heavily on analogies with their extant relatives;
yet these analogies have been untested regarding stem-group
clades (Sutton et al., 2005; Zhang et al., 2007c). In the last
15 years, data has been increasingly recovered from Lagerstätte
with exceptional preservation of non-biomineralized parts (Jin
andWang, 1992; Jin et al., 1993; Zhang et al., 2003a,b, 2004a,b,
2005; Sutton et al., 2005; Holmer and Caron, 2006; Zhang et al.,
2006, 2007a,b,c). The most important new Cambrian findings
are from the Chengjiang Lagerstätte, distributed in a wide area
around Kunming, Yunnan (Luo et al., 1999). The mud-
dominated deposits, commonly considered to correlate with
the Late Atdabanian Stage of Siberia (Qian and Bengtson, 1989;
Bengtson et al., 1990), contains abundant brachiopods includ-
ing 7 phosphatic-shelled linguliformean species and only one
rhynchonelliformean kutorginid species. The brachiopods from
Chengjiang often exhibit preservation of soft parts, including
pedicles, setae, mantle canals, lophophores, digestive tracts and
well-defined visceral regions. Studies of these fossilized soft-
tissue fossils are of utmost significance to identifying the
character-state of internal tissues and organs in early brachio-
pods and for determining the plesiomorphic features, common
to all inarticulated brachiopods, such as U-shaped intestines
with an anteriorly placed anus, spiral lophophores, and the
appearance of cartilaginous tissue in the pedicles of articulates.
Thus the Chengjiang specimens are of great importance in
understanding the differences between, and evolution of, soft
tissues of phosphatic- and calcareous-shelled brachiopods,
Fig. 4. (a)–(d)Heliomedusa orienta from the Lower Cambrian Chengjiang Lagerstätte. (a
ventral pseudointerarea. (b) ELI BH-714, Ventral valve showing the pseudointerarea with s
pseudointerarea; note the oblique diamond-like ornaments. (d). ELI BH-61A, showing a t
muscular scars, equivalent to the pedicle cast in Chen et al., 2007 (Figs. 7, 5, 6). (e)–(f)
peripherally diverged by dichotomy. (e) ELI D-103A, (f) ELI D-077. (g)–(i) ‘Lingulella c
baculate vascula lateria with distributaries; (i) ELI C-087, showing the lophophore imprints
(tailed arrows) and posteriorly extended body cavity (single arrow) beyond the hinge line
(k) ELI L-500. (l) ELI L-50. (m) ELI L-503, note the atypical extension of brachial tube in
(arrow) covered by the pseudointerarea. Scale bars 5 mm except for 2 mm in (c). See
some of which can be determined unambiguously by the
well-preserved soft-bodied fossils.

3.1. Setae

Setae can be found in Recent brachiopod species (except
craniids), emerging from the setal follicles along the dorsal and
ventral mantle margins. They probably function primarily as
extended tactile sensors of themantle edges (Rudwick, 1970), and
are present in all brachiopods found in the Chengjiang Lagerstätte
(Figs. 4a, b, 5a)(Jin and Wang, 1992; Zhang et al., 2005; 2006,
2007a,c; Chen et al., 2007) including the botsfordiidD. pista and
the non-shelled stem group W. chengjiangensis (Jin et al., 2004)
(Fig. 4j). The setae of different taxa show substantial differences in
length and width, as well as in arrangement. The setae of the
ventral valves ofX. haikouensis look distinctly thicker and coarser
than those of the dorsal valves (Zhang et al., 2006), but were
presumably disposed equidistantly along the mantle edges of the
valves. In L. malongensis and ‘Lingulella’ chengjiangensis as
well as in L. chengjiangensis, the preserved marginal setae are
thin, short, delicate linear fringes that emerge upright to the shell
margin (Zhang et al., 2005, 2007a). The preservation of setae of
the well-mineralized acrotheloid D. pista is fairly sparse. Two
specimens indicate that the setae of this botsfordiid species are also
thin and delicate, and spine-like, but inclined gently away from the
anterior margin.With respect to the arrangement, the slim setae of
D. pista bear a resemblance to those of Heliomedusa orienta (Jin
andWang, 1992) putatively closely related toMickwitzia (Holmer
et al., 2004). Setal impressions of H. orienta are recognizable in
most the specimens in our collections. They are either preserved as
linear impressions or rod-shaped structures in three dimensions
(Figs. 4a and 5a). In addition, the setae of the Kutorgina
specimens, recovered from the Chengjiang deposits, were similar
to the coeval lingulids in gross arrangement (Zhang et al., 2007c).
However, the disposition of setae along the mantle edge differs
between Early Cambrian and Recent lingulids: while the setae of
living lingulids are disposed in three pseudosiphons at the anterior
mantle margin (two inhalant and one median exhalant apertures)
(Emig, 2000, 2003), the setae of the fossil lingulids were fringed
equidistantly along the mantle edge. Hence, it is assumed that the
evenly fringed setae along the entire mantle edge could be the
ground state of setae of stock lingulids (Zhang et al., 2005, 2006,
2007a), and that the three-pseudosiphon formation of setae found
in Recent lingulids is proposed to be an apomorphy derived as an
adaptation to an infaunal lifestyle (Zhang et al., 2005).
) ELI BH-674B, a composite mould of dorsal and ventral valves; note the dorsal and
ome transverse linear surface ornaments (arrow). (c) ELI BH-641B, Details of ventral
hree-dimensionally preserved visceral region ofHeliomedusa orienta preserved with
Diandongia pista, showing the dorsal and ventral mantle canals with distributaries
hengjiangensis. (g) ELI C-440, showing the bifurcate vascula media. (h) ELI C-441,
. (j) an undescribed soft-shelled lingulid-like brachiopod; note the lophophore imprint
. (k)–(n). Lingulellotreta malongensis (k)–(m), showing typical coiled paired arms.
the right. (n) ELI L-440, showing the posteriorly extended cone-shaped body cavity
Fig. 5 for some interpretations.

http://dx.doi.org/doi:10.1111/j.14752007.00725.x


Fig. 5. Interpretative drawings of some specimens illustrated in Fig. 4. (a) Sketch of Fig. 4a. (b) Sketch of Fig. 4e. (c) Sketch of Fig. 4f. (d) Sketch of Fig. 4g. (e) Sketch
of Fig. 4h. (f) Sketch of Fig. 4i. (g) Sketch of Fig. 4j. (h) Sketch of Fig. 4l. (i) Sketch of Fig. 4n. Abbreviations: Dv, dorsal valve; Vv, ventral valve; Se, setae; Vr,
visceral region; Ba, brachial arms; PI, pseudointerarea; Vm, vascula media; Vl, vascula lateralia; Lo, lophophore; Pe, pedicle; Pev, posterior extension of body cavity.
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3.2. Mantle canal systems

Mantle canals are tubular branching extensions of the body
cavity. Within them the coelomic fluid circulates, used mainly
for respiration. The vascular systems are commonly preserved
as grooves and ridges on fossil brachiopod valves. However, the
mantle canals in the Chengjiang brachiopods are exclusively
impressed as reddish or reddish-brown imprints on the interior
mold of both valves (Figs. 4e–h and 5b–e). Investigations of
these different taxa of brachiopods (Zhang et al., 2003a, 2005,
2006, 2007a,c) demonstrate that the vascular markings in
Cambrian brachiopods are more variable and intricate in
arrangement than previously thought. Evidently, the circulatory
canal systems in the ventral mantles of L. chengjiangensis
(Zhang et al., 2007a) and X. haikouensis (Zhang et al., 2006)
and both ventral and dorsal mantles of W. chengjiangensis (Jin
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et al., 2004) conform to the pinnate condition. The mantle canal
systems of most of the Chengjiang lingulids, however, consists
of a single pair of ventral vascula lateralia and two pairs in the
dorsal mantle (Figs. 4e–h and 5b–e): one pair of dorsal vascula
lateralia occupy a similar position to the single pair in the
ventral mantle and a second pair of vascula media originates
from the dorsoanterior projection of the body cavity, as
exemplified by the earliest known lingulellotretid L. malon-
gensis, the possible obolid ‘Lingulella’ chengjiangensis, and,
notably, the acrotheloid D. pista (Figs. 4e–h and 5b–e). The
vascula lateralia of both valves curve forward from a lateral
position on the anterior body wall, subparallel with the shell
margin; the vascula media directly diverge anteriorly from the
anterior body wall near the midline (Figs. 4g–h and 5d–e). In
some specimens of the three Chengjiang lingulids (Fig. 4e–h and
5b–e), numerous minor canals branch from either side of the
main lateral trunks. In some superbly preserved adult specimens
of D. pista, pallial sinus trunks give off branches peripherally by
dichotomy so that the fourth-order distributaries are distinctly
recognizable (Figs. 4e–f and 5b–c). In the juvenile specimens,
the mantle canal systems of both valves are, however, baculate,
and exhibit progressive bifurcate branching in immature
individuals (Zhang et al., 2003a). It is thus presumed that the
bifurcate pattern of vascular system is derivation of the baculate
mantle sinus (Figs. 4e–f and 5b–c).

More importantly, the dorsal mantle canals in kutorginids,
one of the most primitive types of articulated brachiopods, are
revealed in the Chengjiang fauna. They also consisted of a pair
of vascula lateralia and a bifurcate vascula media (Zhang et al.,
2007c). But whether they are strictly homologous with the
vascular markings in the contemporary lingulids discussed
above is still a matter of opinion. However, it is apparent that
one ventral and two dorsal pairs of canals represent the
commonest pattern of mantle canals in Cambrian brachiopods.
Thereafter, the Ordovician Pseudolingula (Holmer, 1990;
Popov et al., 1994) and Dignomia (Emig and Herrera, 2006),
the Paleo-Mesozoic Lingularia (Biernat and Emig, 1993; Emig,
2003) and the Tertiary to present Lingula and Glottidia (Emig,
2000; Emig et al., 2007) have a fundamentally different mantle
canal systems: the vascula media are absent and the vascula
lateralia in both valves become anteriorly subparallel. The
arrangement of the mantle canals is closely associated with the
in- and exhalant water currents (Emig, 1992). Consequently, the
inhalant and exhalant currents of Cambrian lingulids more
likely differ from the three apertures of the Lingulides in
vertically burrow-dwelling life with the central for the exhalant
current and the outer two for the inhalant currents (Emig, 2000;
2003). Accordingly, the occurrence of the sub-parallel valscula
lateralia and the “loss” of vascula media could reflect the
beginning of burrow-dwelling life of lingulids. Thus, the
presence of dorsal vascula media is the ground state of the
vascular system in lingulid stocks, and a lack of dorsal vascula
media and an increase in the length of the lateral mantle canals,
from an ‘asymmnetrical’ positioning of the termination of the
canal tips up to termination at the same distal level may presume
to be novelties adapted to an infaunal lifestyle (Emig, 1992,
2003).
3.3. Lophophore and digestive system

The organization of the lophophore and the digestive system
are recognized as two of the diagnostic characters in the
definition of the higher brachiopod taxa, and hence play a major
role in their phylogenetic analysis. Exceptional preservation of
the lophophore and alimentary canals is most unusual, and
nearly all the Cambrian records come from the Chengjiang
Lagerstätte (X.G. Zhang et al., 2003; Zhang et al., 2004a,b,
2005, 2006; Holmer and Caron, 2006; Zhang et al., 2007a,b,c;
Chen et al., 2007). All brachiopods from the Chengjiang Fauna,
except for D. pista, have preserved imprints of a simply coiled
spirolophe in adult forms (Figs. 4i–n and 5f–i), including the
non-shelled lingulid W. chengjiangensis undescribed in details
(Figs. 4j and 5g). In addition, the lophophores of Lingulella
chengjiangensis, as well as those of L. malongensis, also
encompass the forms at the trocholophe, and schizolophe
developmental stage (Zhang et al., 2004b). All this ontogeny of
lophophores is mirrored in the ontogeny of the lophophores of
Recent lingulids (Emig, 1992). Lophophore ontogeny in
Cambrian lingulids is therefore homologous to that of extant
lingulids, and has remained fairly constant over 530 million
years. Thus, the early stages of lophophoral ontogeny and
development in adult forms appear to be plesiomorphic char-
acters inherited from an ancestral form (Emig, 1992; Zhang
et al., 2004a,b, 2005, 2006). It is apparent that there is a single
palisade of tentacles along each of the lophophoral arms
(Fig. 4m). More intriguingly, the lophophores of the cosmo-
politan kutorginids are similar to those of the Cambrian to
Recent lingulids in both a comparable configuration and a
hydrostatic support mechanism. The findings of comparable
lophophores in both calcareous- and phosphatic-shelled bra-
chiopods demonstrate that an early spirolohe was the most
common configuration of lophophores at least from the begin-
ning of the Cambrian.

The digestive tracts of Cambrian brachiopods have been
previously found preserved in at least 5 taxa of brachiopods, i.e.
L. malongenis, ‘Lingulella’ chengjiangensis, X. haikouensis and
L. chengjiangensis, notably the calcareous Kutorgina chengjian-
gensis (see: Zhang et al., 2007c). The chitinophosphatic-shelled
species have a horizontally curved gut with an open anus, while
the calcareous-shelled K. chengjaingensis has a postero-dorsally
extending intestine with a putative anus placed posteriomedially.
The presence of an open anus, common in Cambrian brachiopods
(including organophosphatic- and calcareous-shelled brachio-
pods) suggests that this trait is a plesiomorphic state inherited
from a lophophorate precursor. Consequently, the blind intestine
found in the extant rhynchonelliformeans likely represent an
apomorphy, which had not arisen by the onset of the Cambrian.
This proposal has yet to be tested by finding preserved intestines
in the other Cambrian calcareous brachiopods, such as the
Obolellidae.

3.4. Pedicle

Most of the brachiopods are attached to or in the substrate by
a pedicle. The pedicles of articulated and non-articulated
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brachiopods, however, are only analogous organs, differing in
their origin and morphology. The pedicle of non-articulated
brachiopods develops as an outgrowth of the posterior body
wall and thus is associated with the ventral valve only. In
contrast, the pedicle rudiment of articulated brachiopods is
continuous with the mantle rudiment, which produces both the
ventral and dorsal valves, and therefore the adult pedicle is
continuous with the body wall of both valves (Williams et al.,
2000), however generally emerging through a foramen on the
ventral valve. In addition, the form of the pedicles varies
considerably in different taxa. There are at least two pedicle
types and each was probably variable: stout plenipedunculate
structures (conventional fleshy stalk) and rhizopedunculate
forms where the pedicle is divided into a number of threads or
rootlets. Pedicle variation allows pedunculate brachiopods
considerable flexibility in their choice of substrate. Plenipe-
dunculate structures could attach firmly to a variety of hard
substrates, whereas rhizopedunculates could root into soft
sediment.

Records of Cambrian pedicles mainly come from the
Chengjiang Lagerstätte (Jin et al., 1993; Z.F. Zhang et al.,
2003, 2005, 2006, 2007a,c). Recently, some impressions of
pedicles were reported from the classic Burgess Shale (Holmer
and Caron, 2006), and the Early Cambrian Shipai Formation in
Three Gorge area in western Hubei Province of South China
(Zhang and Hua, 2005; 2006). The pedicles of Cambrian
lingulids vary widely in gross morphology (Fig. 6). In the
Chengjiang fauna, both ‘Lingulella’ chengjiangensis and L.
malongensis bear an elongate and relatively slim pedicles
(Fig. 5a–c), which can be up to 5–7 times its relative shell
length. L. malongensis bears a bulb-like termination at its distal
end (Zhang et al., 2005: Fig. 3. O) (Fig. 6a), while the pedicle of
‘Lingulella’ chengjiangensis seemingly tapers in its distal part
(Jin et al., 1993). Differing in morphology from the pedicles of
‘Lingulella’ chengjiangensis and L. malongensis, those of L.
chengjiangensis and X. haikouensis are relatively shorter and
thicker (Zhang et al., 2006, 2007a) (Fig. 6e–g). Nevertheless,
the pedicle of X. haikouensis is approximately up to 28 mm,
more than 1.5 times as long as the valve length, and around 2.1–
2.5 mm in width (Fig. 6g). Despite the differences in the
pedicles of the Chengjiang lingulids, they share a general
similarity in exterior wrinkles developed on the pedicle
surfaces. Another similarity between these lingulids except for
L. chengjiangensis is the presence of a coelomic cavity in the
pedicle center (Fig. 6a–g). By contrast, the pedicles of the
botsfordiid D. pista are distinctly slim and delicate, and lack
of visible annulations on the exterior surface (Fig. 6j and k).
Recently, a central coelomic lumen was found in D. pista
(Z.F. Zhang et al., 2003), represented by a parallel band of
ferruginous matter, occupying approximately one-third of the
pedicle width (Fig. 6k). It is worthy of note that the pedicles of
L. chengjiangensis and X. haikouensis arise from between the
valves (Fig. 6e–g), but the pedicles in ‘Lingulella’ chengjian-
gensis and L. malongensis is apparently associated only with
the ventral valves with the proximal part enclosing the tips of
the ventral valve (Figs. 4g–k and 6b–d). The botsfordiid D. pista
(Z.F. Zhang et al., 2003), however, bears a slim pedicle apparently
extending posteriorly from the triangular pedicle groove (Fig. 6i).
The undescribed W. chengjiangensis bears a pedicle equal in
diameter to the tip of the pseudointerarea (Fig. 4j, also see: Zhang
et al., 2007b). Intriguingly, the spinose stem group brachiopod
Acanthotretella spinosa from the Middle Cambrian Burgess
Shale (Holmer and Caron, 2006) has a pedicle emerging from the
ventral apical foramen through a narrow external pedicle tube.
The findings of the lingulid pedicles from the exceptional
Cambrian deposits, therefore, demonstrate that the lingulid
pedicles varied considerably in location relative to their valves.
Although Cambrian lingulid pedicles were much like those of
Recent lingulids in anatomy and structure (Jin et al., 1993), they
are much more variable in morphology. Therefore, the abundant
variety of pedicle records affords little support for the view that all
fossil inarticulates possessed the type of pedicles characteristic of
their few living survivors.

At the present day, the pedicles of brachiopods are most
commonly attached to some hard substrate, such as pebble, a
rock surface, or a piece of shell or coral (Rudwick, 1970) except
for the burrowing Lingula and Glottidia, which use a sticky
mucous secretion to attach the distal part of their long pedicle to
the sand at the rear-end of a deep vertical burrow. Similarly, the
pedicles of Cambrian brachiopods can also be separated into
two large morphological groups, depending on the size and
length of the pedicle and the nature of the substrate to which the
brachiopods were attached: 1) thin, long pedicle with only the
distal termination embedded into soft sediments; 2) massive
pedicles of medium length with its distal end attached to hard
shells of other animals. The pedicles of ‘Lingulella’ cheng-
jiangensis, L. malongensis and W. chengjiangensis appear to be
grouped into the first types. The three fossil lingulid genera,
with small, slightly mineralized shell valves, could probably
ascend above turbulence at the sediment–water interface, like
kites, tethered by long, thin pedicles. In contrast, L. chengjian-
gensis and X. haikouensis, together with the rhynchonellifor-
mean brachiopod K. chengjiangensis recently reported by
Zhang et al. (2007c), possess the second type of pedicles
(Fig. 6h). They appear to be an epibenthic, fixosessile,
suspension-feeder, attached by their stout and massive pedicles.
The invariable attachment of Longtancunella, Xianshanella and
Kutorgina to hard shells in mud seafloors (Zhu et al., 2001), on
the one hand, suggests the capability of Cambrian brachiopods
to select suitable substrates (Fig. 6) which is emphasized by
clustered occurrence of Longtancunella and Xianshanella
(Fig. 6j) (Zhang et al., 2006, 2007a), while on the other hand
demonstrates that the chemical resorption capabilities could be
achieved by the Lower Cambrian stocks (Fig. 6e–h). Thus it is
presumed that this resorption facility have been inherited by the
extant rhynchonelliformean descendants.

An intriguing question concerns the pedicle of the
acrotheloid D. pista. The brachiopod pedicle was fairly thin
and elongate (Fig. 6i–k) so as to hardly provide any support for
elevation of this well-mineralized shell far away the seafloor. In
addition, the shell valves of D. pista were ordinarily attached by
some other epifaunal animals, notably the coeval brachiopod
Longtancunella (Fig. 6j). It is, therefore, presumed that this
brachiopod most probably have a semi-infaunal lifestyle with
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Fig. 6. The morphological variations of pedicles of the Early Cambrian Chengjiang brachiopods. Scale bars 5 mm except for those indicated. (a) ELI L-0085B,
elongate pedicle of Lingulellotreta malongensis with grain-encrusted bulb-like termination. (b)–(d) ‘Lingulella’ chengjiangensis; (b)–(c) ELI C-00450, showing the
pedicle and a tube-like coelomic cavity. (d). ELI C-0044, showing the shell tip enclosed by the proximal pedicle. (e)–(f) ELI –BL041, Longtancunella chengjiangensis
attached by a pedicle on the hyolith shell; note the semicircular trace of putative chemical resorption. (g) ELI-BX 017A, Xianshanella haikouensis attached by a
massive pedicle on the shell of Diandongia pista. (h) ELI-BK 066, Kutorgina attached by a stout pedicle on the gena of a trilobite. (i)–(k) Diandongia pista Rong,
1974. (i) ELI D-0375, pedicle (white arrow) protruding from the triangular pedicle groove. ( j)–(k) ELI D-61A. (j) showing an elongate and slim pedicle (tailed arrow);
note another stout pedicle (single arrow), putatively belonging to Longtancunella chengjiangensis, attached on the antero-lateral margin of the shell of D. pista.
(k) close-up view of the central lumen of D. pista, delineated by a thin-laminated ferruginous matter.
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only the pedicle buried in deep sediments for this brachiopod to
provide anchorage (Fig. 6j) (also see: Z.F. Zhang et al., 2003),
and the ventral valve tilted lying onto the seafloor where they
inhabited.

3.5. Significance and discussion

The soft-bodied fossils from China give new insights in the
evolutionary acquisition of morphological novelties and the
character states of Early Cambrian brachiopods. The preserved
soft-tissues clearly demonstrate that Cambrian brachiopods had
acquired a fully developed organization of organs and organ
systems. Some tissue organization or organ systems, e.g. mantle
cancals, pedicle, had diversified and showed a series of
variations in morphological style. In contrast, the organization
of adult lophophore at that time exhibited exclusively an early
spirolophe developmental stage in the light of the fossil
evidences preserved in various Chengjiang lingulid taxa
(Zhang et al., 2004a, b, 2005, 2006, 2007a,b) and one species
of calcareous-shelled brachiopods (Zhang et al., 2007c) in the
unique deposits. Consequently, it is assumed that an early
spirolophe has been the most common configuration of the
lophophore, and perhaps the most evolved form in the Cambrian
times. Compared studies of the interiors of the Chengjiang
lingulid fossils and modern lingulids do little to support the
widespread notion that the morpho-anatomy of this lingulid
lineage has remained remarkably constant since at least the early
Palaeozoic (Zhang et al., 2005). In this respect, it is strikingly
worthy to be emphasized that the soft-tissue configuration in the
Early Cambrian lineages could not unambiguously deduced
directly from that of their Recent descendants (Zhang et al.,
2007b). As in the Chengjiang lingulellotretid brachiopods, there
exist a more or less long posterior extension of body cavity
behind shell hing-line or umbo (Figs. 4n and 5i), presumably
covered by extended pseudointerarea. This posteriorly extended
body cavity beyond the hinge line subtended by the pseudo-
delthyrium was distinctively invaded and occupied by the
posterior portion of U-shaped digestive tract (Zhang et al.,
2007b). This case was deduced to exist also in the contemporary
soft-shelled, even naked mantle-folded brachiopod W. cheng-
jiangensis Jin et al., 2004, from the Chengjiang mudstone
deposits (Figs. 4j and 5g). The nature of W. chengjiangensis is
well endorsed by the internal paired coiled lophophore (Figs. 4j
and 5g), pinnate mantle canals in dorsal and ventral mantle folds
(Figs. 4j and 5g), as well as the presence of setae along mantle
margin (ELI unpublished data). The brachiopod nature was also
supported by an elongate coelomatic pedicle, which has
convincing morphological homologies with that occurred in
Recent lingulids. However, the shell of W. chengjiangensis
seems likely to be unmineralized or unhardened due in part to
their ordinary preservation as composite mould agglutinated by
detrital grains, and partly to the common occurrence of
compressed marginal wrinkles of posterior ventral valve in
many specimens (Zhang et al., 2007b). Moreover, the shell
valves could be randomly preserved, either laterally or
dorsoventrally, and nearly all could be flattened in a same
bedding plane, but do not show any signs of brittle breakage. The
weight of evidence above leads us to infer that the animals are
very unlikely to have a mineralized integument to enclose the
body. Therefore, the soft-shelled brachiopods, if correctly
interpreted, demonstrate that there must have existed unminer-
alized precursor creatures of fully developed tissues, organs and
organ systems long predating the Cambrian explosion. Further-
more, the posteriorly extended body cavity in the unmineralized
brachiopod W. chengjiangensis is reminiscent of that of living
phoronids in chitinous tube, and thus could argue for the
proposal that brachiopod+phoronid clade may be evolved from
a common stem group of lophotrochozoan progenitor that was
not armoured (Cohen, 2005). Therefore, one may argue that the
brachiopods developed a mineralized shell posterior to the
divergence of brachiopod–phoronid from the common ancestor
lineage. If so, brachiopods acquired a mineralized shell at least
twice, even three times.
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