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Abstract 

Significant progress has been made in the discovery of fossil evidence of missing links since Darwin 
published his book On the Origin of Species. Among the most remarkable recently found in China 
are the earliest vertebrates from the Early Cambrian, the oldest and most primitive turtle from the 
Middle Triassic, four-winged dinosaurs that are among the closest relatives to birds from the Mid-
dle Jurassic to Early Cretaceous, and some of the most basal birds from the Early Cretaceous. These 
fossils represent some of the major steps in vertebrate evolution and show some key anatomical 
transitions. Despite the general impression of the incompleteness of fossil records, our knowledge of 
biological evolutionary history has been greatly enriched. Thanks to the significant progress in stud-
ies of paleontology, geochronology, and the molecular timescale, our understanding of the evolution 
of life on earth is now probably much better than anyone could have imagined several decades ago.
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Introduction

In his On the Origin of Species (Darwin 1859), 
Darwin devoted two chapters to the discussion 
of fossils, but he was obviously not satisfied 
by the fossil record. His dissatisfaction was 
justifiable, for in 1850s, missing links were in-
deed very rare. Regardless of the impact of the 
punctuated equilibrium theory (Eldredge and 
Gould 1972) in explaining some of the gaps that 
Darwin worried about, after one hundred and 
fifty year’s extensive fossil collecting, missing 
links are now no longer rare. Paleontologists can 
easily provide a list of hundreds of examples of 
missing links that connect various lineages of 
animal and plant groups. Darwin’s complaints 
about inadequate fossil records are now largely 
addressed. 

Radiometric dating of fossils or fossil-bearing 
strata was not available in Darwin’s time. To-
day, with a refined and nearly complete geo-
chronological framework for the entire history 
of biological evolution, paleontologists are able 
to discuss the missing links against a solid tem-
poral background. For instance, several exact 
dates are now available for our understanding of 
the transition from dinosaurs to birds (Swisher 
et al. 1999; He et al. 2004; Hu et al. 2009). In 
other words, now we have more convincing ex-
amples of missing links that not only lie at the 

right phylogenetic position but also occurred at 
the right time in geological history, confirming 
when approximately the major transition from 
one biological group to another might have oc-
curred. 

Another fast growing area that has contributed 
greatly to our understanding of evolution-
ary missing links is the study of the molecular 
timescale and evolutionary rates. Unavailable in 
Darwin’s time, studies of molecular timescales 
have now proved to be important evidence for 
deciphering the evolutionary history of life on 
Earth (Kumar and Hedges 1998). More impor-
tantly, many predictions of the time of origin 
for major groups based on molecular timescales 
are consistent with those indicated by the actual 
fossil record with absolute dating. One good 
example is that molecular timescales predicted 
the divergence of humans (hominids) from the 
chimpanzee at approximately seven million 
years ago, which is now confirmed by actual 
fossil records (Lebatard et al. 2008).

Many exciting fossil discoveries have been 
made in the past decade. Notably, many miss-
ing links have been made known from China 
and other areas of the world. The discoveries of 
various primitive angiosperms from the Lower 
Cretaceous of China and other areas (Sun et al. 
1998, 2002; Leng et al. 2003; von Balthazar 
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et al. 2008) show that Darwin’s “perplexing 
phenomenon”and “abominable mystery” due to 
the sudden appearance of the angiosperms and 
their rapid rise to dominance in the fossil record 
is now explainable even for those who believe in 
gradual evolution. And it is no longer correct to 
say “that the fossil record tells us nothing about 
the evolution of flowering plants”. 

Ironically, even today, the lack of sufficient and 
perfect missing links or the abrupt manner in 
which whole groups of species suddenly ap-
peared in certain formations have frequently 
been used by creationists as “fatal” objections to 
Darwin’s evolutionary theory. For instance, the 
sudden appearance of nearly every major type 
of animal anatomy in the fossil record of just a 
few million years in the Early Cambrian is often 
cited as one such example. However, this has 
been shown to be due to lack of understanding 
of the complete biostratigraphic sequence and 
sufficient collecting of fossils near the boundary 
between the Precambrian and Cambrian (Rong 
et al. 2006). This short essay intends to show 
how recent progress in both paleontological and 
geochronological studies have provided fresh and 
strong support for Darwin’s evolutionary theory by 
offering some of the most remarkable examples of 
missing links from fossil records in China.

1. What Are “Missing Links”?

Darwin’s (1859) comment that the extinct forms 
of life help to fill up the wide intervals between 
existing genera, families, and orders cannot be 
disputed. Missing links can probably be diag-
nosed as any transitional fossils in an evolution-
ary context. In other words, phylogenetically, 
any fossil taxon linking two lineages can be 
regarded as a missing link. However, often only 
a selected few transitional fossils that are criti-
cal in the evolutionary process are considered as 
missing links in the literature. It is also notable 
that the actual species as a missing link is diffi-
cult to find in most cases, and it is more realistic 
to find a close relative of the actual ancestral 
species between two lineages.

Archaeopteryx is generally accepted as a clas-
sic example of a missing link between birds and 

reptiles (Mayr et al. 2005). Other good examples 
may also include Ichthyostega that links land 
vertebrates and choanate fishes, Hyracotherium 
that links horses and tapirs and rhinoceroses, and 
also a number of other missing links during the 
evolution from Hyracotherium towards Equus, 
such as Mesohippus and Pliohippus. And in the 
evolution of humans, many important missing 
links known to us today were completely lack-
ing in Darwin’s time. Among the most famous 
genera and species are probably Australopithec-
us africanus and Homo erectus. And a number 
of recent discoveries can be added to this list, 
including the 4.4 million years old Ardipithecus 
ramidus that is represented by a skeleton (White 
et al. 2009), Orrorin tugenensis (Galik et al. 
2004) and Sahelanthropus tchadensis (Brunet et 
al. 2002; Lebatard et al. 2008) that are as old as 
six and seven million years, respectively. Many 
intermediate fossil forms have been identified as 
missing links leading to the evolution of whales 
(Thewissen et al. 2007). An Early Cretaceous 
gingko is recognized as a missing link between 
its Jurassic ancestor and extant gingkoes (Zhou 
and Zheng 2003). Equally interesting missing 
links may also include Cretaceous snakes with 
legs (Tchernov et al. 2000; Apesteguia and Za-
her 2006) and the recently discovered Tiktaalik 
roseae that has been regarded by many as an 
excellent example of a missing link between fish 
and tetrapods (Shubin et al. 2006).

This paper is not intended to provide an over-
view of all the major missing links in the fossil 
record, but instead it will focus on some remark-
able examples of recent fossil discoveries from 
China that will likely be accepted by most as tru-
ly significant missing links in major evolution-
ary transitions. Some of them have even bridged 
a wide gap between major biological groups. 
A brief introduction of these fossil taxa will be 
provided along with a general discussion on the 
transition of major features that demonstrate the 
actual changes as indicated by their phylogenetic 
positions. 

2. The First Vertebrate

Vertebrata is a subphylum of the phylum Chor-
data. It is distinguished from others subphyla of 
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chordates in possessing a distinctive head with a 
brain and developed nerve system, vertebrae and 
other anatomical features. Among vertebrata, 
Agnatha represents the most basal class, with 
living members such as lampreys that are prob-
ably highly derived. Therefore, we have to rely 
on the fossil record to better investigate the tran-
sition from invertebrates to vertebrates.

The appearance of the first vertebrate undoubt-
edly represents a major step in biological evo-
lution. The Early Cambrian Chengjiang Fauna 
from southwest China is well known for pro-
ducing many exceptionally preserved fossils of 
diverse metazoan groups, representing a number 
of extant phyla. Most notable among them is 
probably the report of two fish-like animals, or 
the oldest vertebrates, namely Myllokunmingia 
and the similar Haikouichthys (Shu et al. 1999, 
2003). Phylogenetic analyses place both in the 

agnathans, suggesting that they represent some 
of the most primitive vertebrates. In particular, 
Haikouichthys is now represented by several 
hundred specimens, and provides much informa-
tion for our understanding of the transition from 
invertebrates to vertebrates. 

Some of the key innovations in vertebrate evolu-
tion may include the origin of the head, a com-
plex brain, and well-developed eyes, as well as 
auditory and olfactory systems. Haikouichthys 
has a head with lobate extension, eyes, a small 
paired nasal capsule, and otic capsules, and the 
brain is surrounded by cartilaginous protective 
tissues. Like Myllokunmingia, Haikouichthys also 
possesses a notochord, with separate vertebral ele-
ments, putative vertebrae, which may have been 
made from cartilage in life. Haikouichthys also has 
a dorsal fin and a ventral fin (Fig. 1). 

▲ Fig. 1 
Photo of Haikouichthys. A. life reconstruction in lateral view; B. specimen (ELI-0001021) in lateral view, showing a 
notochord and cartilaginous vertebral elements; C. specimen (ELI-0001022) in lateral view, showing eyes, a notochord, and 
cartilaginous vertebral elements; D. specimen (ELI-0001030) in lateral view, showing the eye and “W”-shaped muscles; E. 
life reconstruction in dorsal view; F. head of specimen (ELI-0001003) in dorsal view, showing eyes, the olfactory capsule, 
nasal capsule, and possible otic capsules; G. head of specimen (ELI-0001013) in dorsal view, showing eyes and the olfactory 
capsule. Abbreviations: e, eye; mu, muscle; na, nasal capsule; no, notochord with vertebrae; ol, olfactory capsule; ot, otic 
capsule.

正文2.indd   330 2010.11.25   3:09:31 PM



331Zhonghe Zhou

On the other hand, these earliest vertebrates also 
retain many ancestral features, such as a noto-
chord. In living vertebrates, the notochord only 
appears in embryological stages. They also lack 
paired fins as seen in real fishes.

Although Myllokunmingia and Haikouichthys 
can be regarded as major missing links, their ex-
act phylogenetic positions remain to be further 
investigated. It was proposed that the possession 
of eyes (and probably nasal sacs) is consistent 
with Haikouichthys being a craniate, indicating 
that vertebrate evolution was well advanced by the 
Early Cambrian (Shu et al. 2003). In other words, 
we might predict to find in the future an earlier 
ancestor of vertebrates that can better demonstrate 
the transition from invertebrates to vertebrates. 
However, Myllokunmingia and Haikouichthys are 
probably the best candidates for now.

3.  The Most Primitive Turtle Is  
Half-Shelled

Turtles have long been held as an example of 
slow evolution. Turtles have a horny beak in-
stead of teeth, and possess a composite shell 
with an upper carapace and a lower plastron. In 
other words, turtles, with an intact protective 
shell, have remained hardly changed in major 
structures since their first appearance in the Tri-
assic, almost at the same time as dinosaurs first 
appeared. As a result, it is difficult to find an 
intermediate form in turtle evolution in its long 
history and the origin of the turtle body plan has 
often been regarded as one of the great myster-
ies of reptilian evolution. However, a recent 
remarkable discovery from the 220 million-year-
old Triassic marine deposits in Guizhou Prov-
ince, Southwest China, has nearly completely 
changed our view on this (Li et al. 2008). This 
half-shelled aquatic turtle, named Odontochelys 
semistestacea, represents not only the oldest 
known turtle but also the most primitive one 
ever discovered. In addition to the presence of 
teeth, it also possesses free sacral ribs and a long 
tail (Fig. 2). The ventral shell of Odontochelys is 
complete whereas the dorsal one is incomplete, 
and a series of neural carapace plates developed 
from the underlying vertebrae. The ribs were 
broadened as in a modern turtle embryo, but 

they did not form connecting plates, nor did any 
other elements of the carapace ossify (Rieppel 
2009). For various reasons, it can be regarded as 
a perfect missing link in vertebrate evolution.

First, Odontochelys is clearly recognized as 
a turtle. Despite its primitive appearance and 
ancient age, it does possess several diagnostic 
features of turtles, such as the shell plates, which 
cover the belly in a nearly identical way to those 
of extant turtles. 

Second, Odontochelys was equipped with teeth 
on the upper and lower jaws just like the ances-
tors of turtles, whereas all modern turtles only 
have beaks that bear no teeth. The second old-
est turtle, Proganochelys, also had no teeth on 
the upper and lower jaws, but it retained palatal 
teeth (Lee 1993). The evolution of a beak and 
loss of teeth in turtles parallels that in avian 
evolution. Archaeopteryx and many other Meso-
zoic birds also retained teeth; however, all birds 
known from the Cenozoic have completely lost 
teeth. 

Third, Odontochelys only had a partial shell 
covering its belly, whereas modern turtles have 
shells covering both the back and belly. Thus, 
this was an intermediate stage of shell evolu-
tion previously unknown to us. Proganochelys, 
which lived about 210 million years ago, had a 
fully formed shell, providing little evidence as to 
how the shell evolved. 

Fourth, the discovery of Odontochelys provides 
important clues to understanding how the turtle 
shell evolved. The fossil evidence of the earliest 
known turtle now clearly supports the hypothe-
sis that the belly shell evolved first and then ribs 
and backbone broadened to form the upper shell. 

Finally, the fossil evidence and the hypothesis of 
processes in the origin of turtle shells seem to be 
consistent with the observation in the muscular 
and skeletal changes during the embryogenesis of 
modern turtles. It is shown that the modern turtles 
have acquired their unique body plan by pass-
ing through an Odontochelys-like ancestral state 
during embryonic development (Nagashima et al. 
2009). This confirms that Odontochelys represents 
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an ancestral turtle instead of a specialized early 
side branch of turtles (Reisz and Head 2008). 

4.  Four-Winged Dinosaurs

It is not widely known that it was Thomas Hux-
ley, “Darwin’s Bulldog”, who made the first 
scientific proposal that birds were derived from 
dinosaurs. When we celebrate Darwin’s life and 
great book today, let us not forget the fact that 
Huxley’s hypothesis is widely accepted today 
and it is well supported by a variety of lines of 
evidence. Notably, the evidence has emerged 

from the Middle Jurassic to Early Cretaceous 
of China (Chen 2007; Ji et al. 1998; Zhang et 
al. 2008; Hu et al. 2009) upon the discoveries 
of abundant fossils or missing links between 
dinosaurs and birds. For example, over a dozen 
genera of feathered dinosaurs have been report-
ed from China and among them, the four-winged 
dinosaurs are most remarkable as they provide not 
only the link between dinosaurs and birds but also 
a transition towards the flapping flight in birds. 

Microraptor gui is the first reported four-winged 
dinosaur from the Early Cretaceous of China (Xu 

▲ Fig. 2 
Photos of Odontochelys semistestacea. A. specimen (IVPP V13240) in dorsal view, showing movable ribs and absence of 
dorsal carapace; B. specimen (IVPP V15639) in ventral view, showing development of a complete carapace.

A B
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et al. 2003). Despite its age that is later than the 
oldest bird, this basal dromaeosaurid lies very 
close to birds in the phylogenetic tree (Fig. 3). 
In addition to a general resemblance in skeletal 
morphology to basalmost birds, it preserved 
feathers in both forelimbs and hindlimbs that 
are nearly identical to those of extant birds by 
possessing a distinctive rachis and branching 
barbs. Furthermore, the feather also shows an 
asymmetric structure as seen in flying birds. The 
most remarkable feature of this dinosaur is prob-
ably the preservation of long hindlimb feathers, 
which makes it the first recognized four-winged 
vertebrate. It was proposed that the four-winged 
stage probably represents a transition during 
the evolution towards true two-winged flapping 
flight in birds. The hindlimb feathers with aero-
dynamic function are either significantly reduced 
as in some early birds (Zhang and Zhou 2004) 
or lost as in more advanced birds. Although 
there is still debate on the model of flight of the 
four-winged ancestor of birds (Chatterjee and 

Templin 2007), the discovery of Microraptor gui 
seems to strengthen the arboreal hypothesis of 
the flight origin of birds. 

Phylogenetic analysis clearly shows that Micro-
raptor belongs to the theropod family Dromae-
osauridae, one of the groups that are very close 
to the transition from non-avian dinosaurs to 
birds. Despite the presence of possible gliding 
capability, it lacks evidence for flapping flight, 
and in some details, it shows more primitive 
features than in Archaeopteryx, such as a rela-
tively short forelimb compared to the hindlimb 
and the absence of the reversed hallux that is 
critical for a perching foot. Therefore, such a 
combination of derived avian and primitive di-
nosaurian features in Microraptor qualifies it as 
a critical missing link in the evolution of birds 
from dinosaurs. 

The recently reported four-winged dinosaur 
Anchiornis (Xu et al. 2009; Hu et al. 2009) can 

▲ Fig. 3 
A simplified cladogram showing the transition from theropod dinosaurs to birds (modified from Zhou and Zhang 2002; 
Clarke et al. 2006, Hu et al. 2009). The major structural innovations leading to the evolution of modern birds are listed 
according to nodes 1-6: 1. protofeather with unbranched structures; 2. true branched modern feathers, three manual digits 
with a phalangeal formula of “2-3-4”; 3. at least partially reversed hallux, wing nearly as long as the leg; 4. sternum with 
lateral trabeculae, elongated coracoid; 5. a long pygostyle, two phalanges on third wing digit; 6. alula on wing, large keel on 
elongated sternum, a well-developed procoracoidal process on coracoid, a completely fused carpometacarpus, and a short 
pygostyle.
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probably be regarded as a better missing link 
than Microraptor gui. In addition to the presence 
of four wings as in Microraptor, further indicat-
ing that the four-winged mode indeed represents 
a transitional stage in the evolution of avian 
flight, Anchiornis provides several reasons to 
strengthen this argument. First, phylogenetically, 
it belongs to troodontids, a sister group with dro-
maeosaurids that includes Microraptor, and both 
troodontids and dromaoesaurids are very close 
to the common ancestor of all birds (Hu et al. 
2009). Second, in skeletal details, it has a fore-
limb with carpal morphology more similar to 
that of Archaeopteryx than other dinosaurs. And 
third, Anchiornis lived in the Middle to Late 
Jurassic, most likely at least five million years 
earlier than Archaeopteryx. Therefore, it is a 
missing link in terms of morphology, phylogeny, 
flight, and age. Can we expect a more perfect 
missing link than this in the fossil record?

5.  Missing Links from Dinosaurs to 
Extant Birds

Archaeopteryx was discovered in 1861, only two 
years after Darwin’s On the Origin of Species 
was published. It was regarded as a missing link 
because it resembles extant birds in having mod-
ern feathers and a skeleton hardly distinguisha-
ble from that of reptiles, such as the retention of 
teeth in the jaws, claws on the wings, and a long 
skeletal tail. Despite the discoveries of feathers 
in various non-avian dinosaurs, Archaeopteryx is 
still held by many as the ancestor of birds. 

Thanks to the discoveries of over thirty avian 
genera from the Early Cretaceous lake deposits 
of Northeast China in the last two decades, our 
understanding of early avian evolution has been 
significantly enriched (Zhou et al. 2003; Zhou 
2004; Chiappe 2007). Phylogenetic studies show 
that a number of taxa have been added to the list 
of missing links between Archaeopteryx and ex-
tant birds. These birds often possess a mosaic of 
characters, yet each may represent a step further 
towards to the evolution of extant birds.

Among the Early Cretaceous birds, Jeholornis 
(Zhou and Zhang 2002, 2003) is unique in pos-
sessing a long skeletal tail comprising up to 27 

caudal vertebrae, more than the 23 caudal verte-
brae seen in the oldest bird Archaeopteryx. Like 
Archaeopteryx, it retains claws on the wings and 
a fifth metatarsal in the foot and its distinctive 
chevron is recognized to be associated with the 
caudal vertebrae. On the other hand, Jeholornis 
is more derived than Archaeopteryx in hav-
ing reduced teeth in the jaws, a more advanced 
flight apparatus such as a more elongated cora-
coid, a large sternum with lateral trabeculae and 
fenestrae, and a longer wing-to-leg proportion. 
Like Archaeopteryx, Jeholornis can be regarded 
as another link between dinosaurs and birds. 

Sapeornis (Zhou and Zhang 2002, 2003) from 
the same deposits as Jeholornis represents yet 
another missing link between Archaeopteryx 
and extant birds. It is more advanced than Ar-
chaeopteryx and Jeholornis in having a reduced 
and much shortened caudal series, i.e., there are 
fewer than eight free caudal vertebrae anterior 
to a fused pygostyle (ossified from the distal 
caudal vertebrae). The presence of a pygostyle 
links them to more derived fossil and extant 
birds. Sapeornis has a synsacrum composed of 
more sacral vertebrae than in Archaeopteryx and 
Jeholornis; only two claws are retained on each 
wing, and the third wing digit contains only two 
phalanges whereas four are present in Archaeop-
teryx and Jeholornis. It is also easily distinguish-
able from Archaeopteryx in having a greater 
wing-to-leg length ratio. However, Sapeornis is 
still remote from the common ancestor of ex-
tant birds and clearly represents only an extinct 
taxon in early avian evolution. It retained many 
primitive features that distinguish it from more 
advanced birds. For instance, like Archaeopteryx 
and dinosaurs, it has a large postorbital process 
that contacts the jugal bone and forms a diapsid 
skull; the coracoid is short and robust and lacks 
a procoracoidal process; the furcula is still boo-
merang-shaped rather than “U”-shaped, etc. 

Ornithurines represent the most advanced avian 
group in the Early Cretaceous. Yixianornis (Zhou 
and Zhang 2001; Clarke et al. 2006) is one of 
those from the Early Cretaceous of China. Like 
other more primitive birds from the Late Jurassic 
to the Early Cretaceous, it retains large claws on 
the wings, gastralia, and a pubic symphysis, all 
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of which are absent in extant birds. Furthermore, 
teeth are retained in both the upper and lower 
jaws as in many Mesozoic birds. On the other 
hand, as one of the basal ornithurine birds, it 
also distinguishes itself from enantiornithines 
and other more basal birds such as Archaeop-
teryx, Jeholornis, and Confuciusornis in possess-
ing a number of derived features that are nearly 
identical to those of extant birds. Most notable 
among them are an elongated sternum with a 
large keel extending along its full length, a strut-
like coracoid with a well-developed procoracoi-
dal process and a “ball and socket” articulation 
with the scapula, a laterally compressable “U”-
shaped furcula, a laterally expanded major wing 
digit, completely fused carpometacarpus and 
tarsometatarsus, presence of an alula (bustard 
wing) on the alular manual digit, and long fan-
shaped tail feathers. These features strongly sug-
gest that Yixianornis possessed a flight capability 
like that of extant volant birds. Although Yixian-
ornis cannot yet be regarded as the direct ancestor 
of extant birds, the combination of modern flight 
structures and the retention of some primitive fea-
tures warrants it as a good example of a missing 
link between Archaeopteryx and extant birds. 

6. Summary

The fossil record of evolutionary missing links 
has been greatly enriched since Darwin pub-
lished his On the Origin of Species. The ex-
amples discussed in this paper are only a few 
selected from the long list, particularly from the 
discoveries in China in the last ten years. 

It is probably fair to argue that Darwin’s evolu-
tionary theory was largely based on his knowl-

edge and observation of the biology, geology, 
geography, and fossil evidence during the Beagle 
voyage. Fossils undoubtedly provide unique evi-
dence of how animals and plants evolved over 
time. The advantage of paleontological evidence 
for evolution is that there existed a paleoenvi-
ronmental background over a long temporal 
range, so we can document the origin, macro-
evolution, radiation, extinction, and recovery 
events in the history of life, which is normally 
unapproachable in a modern biology laboratory 
or field station. Furthermore, in a strict scientific 
sense, you may propose as many predictions as 
you can to testify the evolutionary hypothesis, 
and Darwin’s theory will always prove to be 
true. It must be admitted that there will never be 
such a thing as the perfect fossil record, yet we 
are lucky enough to have sufficient evidence to 
demonstrate the beauty of evolution by natural 
selection in geological history. Finally, the com-
bined progress in molecular biology, paleontol-
ogy, and geochronology have greatly stimulated 
our efforts in reconstructing the evolution of life 
on earth, which is now probably much better 
than anyone could have imagined several dec-
ades ago.
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