Are birds dinosaurs? Part 3:
Feathered dragons

In the last episodes, we examined the characteristics of dinosaurs and presented some
evolutionary transitions within non-avian dinosaurs. But probably the most important
and best documented evolutionary transition is the one between theropods, the
carnivorous dinosaurs, and modern birds.

Within the dinosaur family tree, birds belong to the Avialae (Weishampel et al. 2004,
Currie 2023, Fastovsky & Weishampel 2021, Holtz 2007, Paul 2016, Prothero
2017, 2022, Schweitzer et al. 2021, Neukamm & Beyer 2023, Cau 2018, Gauthier
& Gall 2001, Norell & Xu 2005, Witmer 2009, Padian & Chiappe 1998, Chiappe
2009 Fig. 1). Paleontologists traditionally include all species descended from the last
common ancestor of Archaeopteryx and modern birds in the Avialae - mainly small,
airborne feathered animals with fully developed wings (Senter 2007, Agnolin & Novas
2013). Jacques Gauthier, who named the Avialae in 1986, redefined them in 2001 as
all dinosaurs that possessed feathered wings used for flapping flight and the birds that
descended from them (Gauthier 1986, Gauthier & de Queiroz 2001).

The sister taxon of the Avialae are the Troodontidae, both clades together form the
Averaptora. Averaptora and the dromeosaurids, including genera such as
Deinonychus, Velociraptor or Microraptor, form the Paraves. And the Paraves together
with the Oviraptorosaurs form the Pennaraptora. Pennaraptora plus Therizionsauridae
and Alvarezsauroidea finally form the Maniraptora ("hand predators"). The Maniraptora
and the Ornithomimosaurs form the clade of the Maniraptoriformes and these together
with the Compsognathidae and the Tyrannosauroidae, to which the T. rex also belongs,
form the Tyrannoraptora. The Tryannoraptora, together with some basal genera such
as Zuolong, are then the Coelurosaurs (hollow-tailed lizards). The coelurosaurs are
then again a subgroup of the theropods (Fig. 1). Today, only a very few dinosaur
specialists and paleornithologists dispute this finding, and the few who do so seem to
have ideological rather than scientific reasons (cf. Prum 2003, Smith et al. 2015,
Rauhut & Foth 2020).
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Fig. 1: Phylogenetic tree of Pan-Aves (Avemetatarsalia). This taxon (or clade) includes modern birds
(Aves, top left), birds in a broader sense (basal Avialae), non-avian dinosaurs, pterosaurs, and other
basal archosaurs more closely related to birds than to crocodilians. Modern birds differ from the stem
species of Pan-Aves located at the base of this tree (lower right) by about 1500 morphological changes
(derived traits). These acquisitions emerged successively within the ancestral lineage leading to modern
birds over the last 250 million years. As expected, the groups are hierarchically nested. Thus, Dinosauria
include Theropoda, Theropoda include Tetanurae, and Tetanurae include Coelurosauria. Maniraptora,
in turn, is a subgroup of Coelurosauria. Pennaraptora is a subgroup of Maniraptora, and so on. Thereby,
every node in this phylogenetic tree is a lineage-splitting event. The hierarchical system and the graded
similarity of species contained in it are the strongest evidence for the evolution and descent of birds from
early dinosaurs.. lllustration: James Paul Baello, modified after Cau (2018). For a higher resolution see:
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Archaeopteryx

Among experts, the connection that birds are dinosaurs enjoys the status of a well-
established theory. How did this come about? It actually started with an old feather.

In 1861, just 2 years after the publication of Darwin's book, a remarkable specimen
was found in the limestone quarries of Solnhofen in Bavaria. These quarries had been
mined for years because they yielded beautiful flat slabs of extremely fine limestone
that could be etched with acid to form the lithographic plates that printers used to make
book illustrations. Occasionally, exquisitely preserved fossils have also been found in
these limestones, including the tiny dinosaur Compsognathus and some of the first
well-preserved pterosaurs (Fig. 2).

Fig. 2: left: Compsognathus, right: pterosaur from Solnhofen

Butin 1860, an imprint of a fossil feather was found, and six months later workers came
across the partial skeleton of a strange creature that had feathers but bones like a
dinosaur (Fig. 3). This specimen naturally caused quite a stir, and the British Museum
in London outbid all others to acquire it. Once it arrived in London (it is still known as
the "London" specimen because it is there), it was the job of Richard Owen, the curator
of the British Museum and the man who named the "Dinosauria", to describe it. It had
already been given the name Archaeopteryx ("old wing"), and although Owen basically
described it as a bird, he couldn't help but recognize all the dinosaur features of the
skeleton. However, as he was one of the last serious biologists to oppose evolution,
he made no effort to link this fossil to its relatives.
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Fig. 3: All Archaeopteryx specimens

However, the dinosaur characteristics did not escape Owen's rival Thomas Henry
Huxley, who by this time had become "Darwin's bulldog", giving speeches and
publishing works supporting Darwin's theory. As one of the first to carry out anatomical
studies on modern birds and to study a number of dinosaurs such as Compsognathus,
Huxley could not help but notice that Archaeopteryx was a classic "missing link"
between birds and dinosaurs (Huxley 1868, 1870). In a famous lecture to the Royal
Society in 1863, he proposed that birds were descended from dinosaurs and listed 35
features that only dinosaurs and birds shared (17 of these features are still used by
modern paleontologists Padian & Chiappe 1998). In 1877, an even better fossil was
found, the classic "Berlin specimen”, which is the best preserved of the 12 known



specimens. By this time, the Germans had already recognized the importance of
Archaeopteryx. German industrialists bought it and ensured that it remained in Berlin,
where it is now on display in the Museum fur Naturkunde. It even survived the bombing
during the Second World War. I've seen both the London and Berlin originals, and it's
like a pilgrimage to the Holy Grail to see such amazing and historic fossils. In fact, the
skeleton of Archaeopteryx is so strikingly similar to that of the predatory dinosaur
Compsognathus that two seemingly featherless specimens of the prehistoric bird were
mistaken for the non-bird theropod for decades (the Eichstatt and Solnhofen
specimens; Shipman 1999, p. 43 f.).

Huxley's hypothesis was temporarily sidelined due to an influential book by the Dutch
paleontologist Gerhard Heilmann. Heilmann argued that theropods appeared to lack
clavicles, which in birds are fused to form the furcula, so that they could not possibly
be ancestors of birds (Heilmann 1926). He ignored all the inferred similarities between
dinosaurs and birds that Huxley had demonstrated, mainly because most
paleontologists considered dinosaurs to be large and specialized and could not
imagine that birds were descended from these giant land animals. Heilmann's thinking
was also dictated by scenarios of how birds evolved flight by gliding from branch to
branch (the "tree down" hypothesis), and large terrestrial dinosaurs do not fit this
scenario. We also now know that most theropods already had furcula, and have done
so since the Triassic (Rauhut et al. 2020). As these bones are quite fragile, they are
rarely preserved. Let's take a closer look at Archaeopteryx as a transitional fossil
(Yalden 1984, Chiappe & Witmer 2002, Ostrom 1974,1976, 1985, Christensen &
Bonde 2004, Longrich 2006, Prothero 2017, Fig. 4):

Like most theropod dinosaurs (but not living birds), it had a long bony tail, a heavily
perforated skull with teeth, theropod (non-bird-like) vertebrae, a strap-like scapula, a
pelvis midway between that of typical lizard pelvic dinosaurs and later birds, ventral
ribs, and unique specializations on the limbs.

Is Archaeopteryx a bird?
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Fig. 4: Archaeopteryx



Most striking are the wrists (Fig. 5). Birds and some theropod dinosaurs, such as the
dromaeosaurs, all have a semilunate wrist, which consists of the fusion of several wrist
bones. It serves as the main hinge for wrist movement, allowing dromaeosaurs to
extend their wrists and grasp prey with a quick back and forth pull. Coincidentally, the
exact same movement is part of the downward flight stroke of birds. Archaeopteryx
had the same three fingers (thumb, index and middle finger) as most other theropod
dinosaurs, and the middle finger (the index finger) is by far the longest. In addition, the
claws of Archaeopteryx are very similar to those of theropod dinosaurs.
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Fig. 5: Anatomy of the forelimbs of birds and dinosaurs, showing the semilunate wirst bone.

The hind limbs of Archaeopteryx also show many hallmarks of dinosaurs (Fig. 6). The
most striking feature is the ankle. In the first part of this series we already learned about
the mesotarsal joint as an apomorphy of dinosaurs and pterosaurs, which is of course
also found in Archaeopteryx. In addition, part of the first row of tarsal bones has an a
bony spur that runs up the front of the tibia (the ascending process of the astragalus),
another unique feature of lizard-hipped dinosaurs and birds. Finally, the details and
structure of the toe bones and big toe are also unique to theropods and birds, although
Archaeopteryx did not have an opposable big toe that would have allowed it to grip
branches well.
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Fig. 6: Anatomy of the hind leg of birds and dinosaurs, showing the mesotarsal joint and the ascending
process of the astragalus.

In fact, it has only a few bird-like features not found in other theropods: The big toe is
fully inverted, the teeth are unserrated, and the tail is relatively short, but the arms are
long compared to most other theropods. All other features of Archaeopteryx, including
the feathers and the furcula, have since been found in other theropod dinosaurs (Figs.
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Fig. 7: Comparison between Archaeopteryx and its close relative Velociraptor, showing some of the key
anatomical similarities that suggest birds evolved from other dinosaurs. In addition to these skeletal
similarities, some of the non-bird dinosaurs have been shown to have had feathers.

In light of all this overwhelming evidence, it is bizarre to read how the creationists
misrepresent Archaeopteryx. In their view, created "kinds" must be distinct, and
transitional forms cannot exist, so they will do whatever it takes to discredit



Archaeopteryx as a transitional form. Because Archaeopteryx had feathers, they
believe it must be a plain bird. The typical dinosaur characteristics mentioned, which
modern birds do not have, are ignored. An example of this amateurish approach is the
American young-earth creationist Duane Gish, who was a luminary in the field of
creationist absurdities during his lifetime (Gish 1995). He argues that the teeth of
Archaeopteryx do not resemble those of theropods, but some extinct "toothed birds".
While this is not true either, they have both primitive similarities to theropod teeth and
their own derived features, this whole argument misses the point: no living birds have
teeth, but if fossil birds like Archaeopteryx did, then that links birds and dinosaurs. He
also mentions the long tail of Archaeopteryx and counters that some reptiles and some
birds have long tails and some have short tails. The point is that no living bird has a
long bony tail. Gish tries to discredit the three bony clawed fingers of Archaeopteryx
by pointing to the hoatzin, which also have these three fingers while they are still chicks
(although he doesn't mention that their configuration is completely different; Fig. 8). But
an isolated atavism does not change the fact that the hand of Archaeopteryx is
basically a dinosaur. No other living bird except hoatzin chicks has this kind of hand,
which is highly specialized and in no way resembles Archaeopteryx's hand. In short,
every time creationists mention a feature that makes Archaeopteryx a dinosaur, they
twist the evidence, show their ignorance of the anatomical details, or fail to mention
counter-arguments or details that would discredit their case.

Fig. 8: Hoatzin (Opisthocomus hoazin)



The renaissance of dinosaur-bird evolution

But Archaeopteryx is by no means the only example of the connection between
dinosaurs and birds! Huxley's hypothesis experienced a renaissance through
publications by the paleontologist John Ostrom, who showed that birds share more
characteristics with theropods than with any other archosaur group (Ostrom 1976). He
was influenced by the fact that in the 1960s he had discovered and described the highly
specialized dinosaur Deinonychus from the family Dromeosauridae, which shows
astonishing anatomical similarities with the earliest birds (Ostrom 1969, Fig. 9).

Ostrom's conclusion that birds descended from small theropods became increasingly
accepted as phylogenetic systematics became the standard in comparative biology.
Gauthier (1986) described 84 commonly derived features of Saurischia dinosaurs,
including theropods, and fully confirmed Ostrom's conclusion. Using cladistics, he
showed that the birds belong to the maniraptors, these to the coelurosaurs and these
in turn to the theropods.

Deinonychus
(Dromaeosauridae)

Fig. 9: In the 1960s, the palaeontologist John Ostrom put forward the idea that birds are descended
from theropod dinosaurs. The dinosaur he described, Deinonychus, exhibits a number of characteristics
that are also found in birds.

The data supporting this analysis has increased considerably, as has knowledge of the
successive acquisition of bird traits (Brusatte et al. 2015, Smith et al. 2015, Cau 2018,
Rauhut & Foth 2020). One example:

In the 1990s, expeditions from the American Museum of Natural History made some
remarkable discoveries in the Gobi Desert in Mongolia, including nests containing eggs
of the dinosaur Oviraptor. These eggs were so common in Mongolia that the original



American Museum expeditions in the 1920s had attributed them to the most common
dinosaur of these strata, the horned dinosaur Protoceratops (Osborn 1924, Coombs
1989, Thulborn 1992). When the bones of a small theropod were found near some of
the nests, they were given the name Oviraptor ("egg thief"). But recent expeditions
show that this name is slanderous: Oviraptor did not steal the eggs - it was their mother!
In some cases, the female Oviraptor skeleton was buried in brooding posture directly
over the eggs when both were buried and fossilized in a sandstorm. The details of this
brooding posture and the way it was preserved show that many theropod dinosaurs
behaved more like birds than reptiles (Norell et al. 1994, 1995, Dong & Currie 1996,
Hopp & Orsen 2004, Clark et al. 1999, Sato et al. 2005, Varricchio et al. 2008, Yang
et al. 2018, 2019; Fig. 10).

Fig. 10: Fossil finds of the oviraptosaur Citipati, evidence that dinosaurs incubated their eggs.

The most staggering discoveries come from the famous Lower Cretaceous Liaoning
fossil deposits in China, which are now among the most important fossil deposits in the
world. Extraordinary fossils are preserved in these fine lake shales, including body
outlines, feathers and complete skeletons with not a single bone missing. Over the
past 20 years, an important new find from these deposits has been announced every
few months, and almost all previous ideas about birds and dinosaurs have been quickly
overtaken by these discoveries (see Norell 2005 for a summary). The most amazing
fossils of all were a number of clearly non-flying, non-bird dinosaurs with well-
developed feathers. These include incredibly complete specimens such as
Sinosauropteryx, Protarchaeopteryx, Sinornithosaurus, Caudipteryx, Beipiaosaurus



and Microraptor. (Ji & Ji 1996, 1997, Xu et al. 1999b, Ji et al. 1998, Xu et al. 1999a,
2000; Figs. 11-16). Most of these fossils clearly do not have flight feathers or other
indications that their feathers were used for flight.Instead, they show that feathers
appear to have been widespread in theropods (and perhaps other dinosaurs and
archosaurs, especially pterosaurs). So feathers did not evolve for flight, but were
already present in theropods, presumably for insulation, and later became flying
structures.
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Bird-like Feathers

Sinornithosaurus

non-flying Deinonychosaur

Symmetrical veins

Caudipteryx:

Oviraptorid

Fig. 14: Caudipteryx

Covered in barbed filaments

Beipiaosaurus
Ostrich-sized Therizinosauroid

Fig. 15: Beipiaosaurus



Bird-like Feathers
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Fig. 16: Microraptor

As already emphasized, the existence of (proto-)feathers in non-bird dinosaurs was
also predicted on the basis of the theropod affiliation of birds. For example, the
ornithologist Richard Prum (1999) predicted a series of evolutionary intermediate
forms of feathers based on embryological differentiation processes in birds (after Sues
2001, Prum 1999, Prum & Brush 2003, Perrichot et al. 2008, Fig. 17):

Stage 1 proposes an unbranched, hollow filament that develops from a cylindrical
invagination of the epidermis around a papilla. The feather emerges at the base of the
follicle through the continuous division of keratin-forming cells. The growth zone forms
a follicle collar, from which the cells push out. Stage 2 involves the differentiation of the
follicle collar into barb ridges; a tuft of unbranched filaments emerges. Stage 3a
represents the formation of a central rachis (shaft) via fusion of barbs and the
development of a planar feather with unbranched barbs. Stage 3b displays the
development of barbules that branch from the tufts of barbs; this corresponds
morphologically to a downy feather. In stage 3a+b, the features of stages 3a and 3b
combine to produce a planar feather with a central rachis, secondary branched barbs
(barbules stem from the barbs), and an open vane. In stage 4, the barbules differentiate
into hooklets and bow barbules, generating a closed pennaceous vane. Finally, in
stage 5, lateral displacement of the new barb locus by differential new barb ridge
addition to each side of the follicle leads to the growth of a closed pennaceous feather
with an asymmetrical vane resembling modern remiges.
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Fig. 17: development of feathers after Prum (1999) and Prum & Brush (2003).

If the theropod hypothesis is correct, then certain feather stages that are passed
through in the ontogeny of birds should have existed as fully developed feather
subtypes in adult dinosaurs. The rest, as they say, is history: Gradually, all () of the
feather subtypes predicted from Prum's ontogenetic model were discovered on
theropod skeletons or in amber.

Type 1 feathers are found in Sinosauropteryx. Type 2 and type 3 feathers are found in
the large therizinosaur Beipiaosaurus, suggesting that they were present in almost all
theropods. Type 4 feathers are found in Caudipteryx, suggesting that they were also
present in higher theropods (including Tyrannosaurus rex). The classic asymmetrical
flight feather with the shaft near the leading edge of the wing first appears in
Archaeopteryx, and for this reason many scientists believe that Archaeopteryx was
one of the first to modify the long legacy of feathers for true flight (Prum & Brush 2003,
Prothero 2017, Roy et al. 2020, Carrol et al. 2019, McKellar et al. 2011, Benton et
al. 2019, Neukamm & Beyer 2023).

Another, not explicitly predicted intermediate form even mediates between stages 2
and 3a. Here, several branches are loosely connected at the shaft, which consists of
incompletely fused secondary branches. The flattened, bilaterally symmetrical shape
of modern feathers is already apparent (Neukamm & Beyer 2023).



Allosaurus
Compsognathus
Sinosauropteryx
Alvarezesaurids
Therizinosaurs
Omithomimids
Tyrannosaurus

Tetanurae Caudipteryx

Oviraptor
Type 1

Coelurosauria Troodon

Sinornithosaurus

Microraptor

Dromaeosaurus

Archaeopteryx

Living birds

Fig. 18: The evolution of feather types from simple feather shafts to down feathers to complex flight
feathers with asymmetrical plumes and shafts. Based on their occurrence in various feathered, non-

flying dinosaurs from Liaoning, we can demonstrate that most predatory dinosaurs (including T. rex)
probably had feathers of some kind.

Fig. 19: Fossil feathers in amber. The morphology of the specimen on the left corresponds to stage 3b
of Prum's widely accepted model (from: Roy et al. 2020). The center photo shows a feather in stage 3a
(from: Caroll et al. 2019). Right: Stage 3atb feather (from: McKellar et al. 2011;
www.tinyurl.com/8h5edctm). Below: Another intermediate form of the feather preserved in amber. Here,
several branches are loosely connected to the shaft, which consists of incompletely fused secondary
branches. The flattened, bilaterally symmetrical shape of modern feathers is already apparent. The
stage is intermittent between step 2 and step 3a in Prum's model.



Another special representative is Rahonavis from the Cretaceous of Madagascar
(Forster et al. 1998a, b, for taxonomic classification as Avialae see: Agnolin & Novas
2013, Cau 2018, Padian 2004, Chiappe & Dyke 2006, other authors consider
Rahonavis outside the Avialae as Dromeosauridae, see Makovicky et al. 2005, Norell
et al. 2005, Turner et al. 2007, Hartmann et al. 2019, Fig. 20). It is about the size of
a crow, had the primitive sickle-shaped claws on the hind feet, the long, bony tail, teeth
and many other theropod features, but also bird-like features such as the fusion of the
lower dorsal vertebrae with the pelvis (the synsacrum), holes in the vertebrae for all
the blood vessels and air sacs found in living birds, fingers with quill knobs, indicating
that it was feathered, and a fibula that did not extend to the ankle. In birds, the fibula is
reduced to a tiny sliver of bone, whereas Archaeopteryx has a fully developed fibula
like the dinosaurs.

Rahonavis ostromj
FOFSICF,lgafﬂ(pgl(]l,v ﬁsia}()ﬁset&(c’lgﬁ, 1998

UA 8656
10 cm
= ————1

Fig. 20: Rahonavis

Avialae

The next step (Fig. 21) is marked by Confuciusornis and its relatives, which exhibit a
unique feature found in all higher birds: the pygostyle, which was formed by the fusion
of all ancient dinosaur tail vertebrae (Hou et al. 1995, Chiappe et al. 1999, Zhou &
Hou 1998, Zhou 2004; Fig. 22). In Confuciusornis, seven dorsal vertebrae (sacral
vertebrae) are fused to form the synsacrum, i.e. the section of the spine that forms the
roof of the pelvis as a rigid structure. The bones that reinforce the shoulder are also
elongated, which improves flight. They are also the first birds with a toothless beak.
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Fig. 21: Cladogram of Avialae

Confuciusomnis sanctus

Fig. 22: Fossil and reconstruction of Confuciusornis; at the bottom right is a depiction of the synsacrum
and pygostyle of modern birds.

After this transitional form, there is a further branch that leads to the extinct
Enantiornithes, a group of tooth-bearing birds that became extinct at the end of the
Cretaceous (Walker 1981, Chiappe 2002, Chiappe & Walker 2002, Padian 2004,
Zhou 2004, Zheng 2012, Wang et al. 2015, 2022, Fig. 23). In the Upper Cretaceous,
they were the most species-rich group of Avialae and thus also more common than the



"modern birds", the Neornithes. These include Iberomesornis from Las Hoyas in Spain
(Sanz & Bonaparte 1992), Sinornis from China (Sereno & Rao 1992), Gobipteryx
from Mongolia (Elzanowski 1974), Enantiornis from Argentina (Walker 1981) and
several others; in total, over 100 genera have been described. All these birds are more
specialized than Archaeopteryx, Rahonavis or Confuciusornis in that they have
reduced the number of trunk vertebrae, have a flexible furcula, have optimized the
shoulder joint for flying, have fused the hand bones into a bone called
carpometacarpus and the finger bones into a single element.
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Fig. 23: Enantiornithes

They differ from modern birds in the articulation between the scapula and coracoid
bone: In contrast to the arrangement in modern birds, the scapula has an articular
socket and the coracoid bone has an articular peg (Fig. 24). In the carpometacarpus
(Fig. 25) of Enantiornithes, the third metacarpal bone extended outwards beyond the
length of the second metacarpal bone.
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Fig. 24: Differences of the shoulder girdle in Enantiornithes and modern birds.
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Fig. 25: Carpometacarpus of modern birds.

Due to their toe proportions and long curved claws, many Enantiornithes are
considered to be arboreal. Some forms, such as Eoenantiornis (Hou et al. 1999, Zhou
et al. 2005), Protopteryx (Zhang & Zhou 2000) and Eoalulavis (Sanz et al. 1996), had
an alula (Fig. 46) and may have been better fliers than primitive birds such as
Archaeopteryx, Jeholornis and Confuciusornis. A special find became known in June
2017 (Fig. 26): A foot and parts of the wing of a 99-million-year-old juvenile had been
discovered in an almost eight-centimeter piece of amber in Burma (Xing et al. 2017,
cf. also Xing et al. 2016, 2018, 2019a, b, 2020). There is also a 127-million-year-old
chick from Spain, which was described in 2018 (Knoll et al. 2018).



Fig. 26: Chick found in amber.

It is particularly striking that young were found in many Enantiornithes genera. More
detailed investigations revealed that the chicks of Enantiornithes were mostly precocial
and that their eggs showed less variability in size than those of modern birds. However,
the find from Spain proves that this was altricial (Fig. 27). This combination of tree
dweller and precocial is unique, as the chicks of all modern tree-dwelling birds are
altricial. The relatively early timing of reproductive maturity and their lower growth rate
are also atypical for modern birds. Due to their delayed growth, the Enantiornithes were
thus also exposed to the danger of predators for longer, which increased their mortality
(Schmitt 2023).

Fig. 27: The chick of an enantiornith discovered in Spain (Knoll et al. 2018).

Enantiornithes were diverse in their diet: some had robust jaws for eating hard-shelled
invertebrates. Others had short, blunt teeth and were probably used to feed on soft-
bodied arthropods (O'Connor & Chiappe 2011) Other genera had strongly curved
claws, suggesting that they preyed on small to medium-sized vertebrates, but their
robust teeth are more indicative of a diet of hard-shelled animals (Wang et al. 2014).

A study of the digestive system shows that the known enantiornithes did not have a
crop or gizzard, did not use gastroliths, and did not eject pellets. This is at odds with
the wide diversity of diets resulting from their different teeth and skull shapes



(O'Connor et al. 2019), although some modern birds have lost the gizzard and rely
solely on strong stomach acids (Houston & Copsey 1994). One specimen was
discovered that was thought to have gastroliths in the stomach of the fossil, which
reopened the debate on the use of gastroliths by Enantiornithes. X-ray and scanning
microscopic examination of the rock revealed that it was in fact chalcedony crystals
and not gastroliths (Fig. 28) .
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Fig. 28: Top left: Drawing of the digestive system of modern birds. Enantiornithes appear to lack a
gizzard and crop. They also do not use stomach stones (gastroliths). Top right: The gastroliths
discovered in the stomach of a specimen of Enantiornithes were chalcedony crystals (bottom).

The Longipterygidae (Zhang et al. 2001, Fig. 29) are the most intensively studied
family in terms of diet due to their rather unusual rostral anatomy with long jaws and
few teeth arranged at the ends of the jaws. They have been variously interpreted as
piscivores (O'Connor et al. 2011), shorebirds (Hou et al. 2004) and tree-bark eaters
(Morschhauser et al. 2009). However, a study from 2022 concludes that they are most
likely generalist insectivores (Miller et al. 2022, Clark et al. 2023). Despite their
diversity of dietary types, the Enantiornithes have not reached the range of modern
birds, so there are no forms here that are adapted to life in water (Schmitt 2023).

1 https://georarities.com/2021/03/12/short-crystal-quartz-and-the-fossilized-bird/
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Fig. 29: Longipterygidae

Further up the cladogram (Fig. 21), within the Euornithes group, we encounter several
birds from the Cretaceous such as Vorona from Madagascar (Fig. 30; Forster et al.
1996; some authors classify it as Enantiornithes; see Pei et al. 2020), Patagopteryx
from Argentina (Fig. 31; Alvarenga & Bonaparte 1992), Gansus (Fig. 32; Hou & Liu
1984) from China and the well-known waterbirds Hesperornis (Fig. 33; Marsh 1872a)
and Ichthyornis (Fig. 34; Marsh 1872b) from the Cretaceous rocks of Kansas. These
birds are linked by at least 15 clearly defined features, including the loss of the ventral
ribs or gastralia, the realignment of the pubis into the modern bird-like position parallel
to the ischium, the reduction in the number of trunk vertebrae, and many other features
on the hand and shoulder that improved flight performance. Ichthyornis is even more
similar to modern birds in that it had a keel on the sternum for the flight muscles and a
button-like head on the humerus that made the wing more flexible. The group, which
includes all modern members of the class Aves, is characterized by the complete loss
of teeth and a number of other anatomical specializations, such as the fusion of the leg
bones into a tarsometatarsus.



Fig. 30: Vorona

Fig. 31: Patagopteryx

© 2008 Ville Sinkkonen

Fig. 32: Gansus



Fig. 34: Ichthyornis

When modern birds diversified is not yet fully understood. Most studies agree that the
most recent common ancestor of modern birds dates from the Cretaceous, but
estimates range from the Early Cretaceous (Yonazawa et al. 2017, Lee et al. 2014)
to the latest Cretaceous (Prum et al. 2015, Kuhl et al. 2020). Similarly, there is no
consensus on whether most of the early diversification of modern birds occurred in the
Cretaceous and was related to the breakup of the Gondwana supercontinent or later
and possibly as a result of the Cretaceous-Paleogene extinction event (Ericson et al.
2006). Most molecular dating studies point to an evolutionary radiation in the
Cretaceous, while fossil evidence points to a Cenozoic radiation. However, due to the
rarity of fossilization, molecular data is likely to have a certain significance.

The discovery of Vegavis from the Maastrichtian, the last stage of the Late Cretaceous,
proved that the diversification of modern birds began before the Cenozoic (Fig. 35;
Clarke et al. 2005, Agnolin et al. 2017). Vegavis is classified as related to the family
of geese and ducks, a family of modern birds that split off relatively early. The
relationship of an earlier fossil, Austinornis lentus, dated to about 85 million years ago
(Fig. 36; Clarke 2004), is still too controversial to provide fossil evidence for the
diversification of modern birds. Some place it in the family of chicken birds, also an



early group of modern birds. In 2020, Asteriornis was described from the Maastrichtian,
it also appears to be a close relative of chicken and duck birds (Fig. 37; Field et al.
2020).

Fig. 35: Vegavis

Fig. 37: Asteriornis

A 2015 estimate using a new method for calibrating molecular clocks confirmed that
although modern birds evolved early in the Late Cretaceous, probably in western
Gondwana, there was a diversification pulse in all major groups around the
Cretaceous-Paleogene extinction event (Claramunt & Cracraft 2015). The most
recent work shows that the most important groups (Paleognathae, Galloanserae and



Neoaves) diverged between 100 and 75 million years ago (e.g. Field et al. 2020; Fig.
38).
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Fig. 38: a, Results of the Parsimony analysis. Asteriornis (pink) is resolved as a sister taxon of the Crown
Galloanserae. b, Results of the Bayesian analysis with an age of 86.5 million years for Neornithes (after
Field et al. 2020).



Mei long, Anchiornis, Mononykus, Fujianvenator: Bird or
Dinosaur?

Mei long, which translates as the sleeping dragon, is a non-avian dinosaur from the
Troodontidae family, the dinosaur family that is the closest relative of the Avialae. It
lived around 125 million years ago and was discovered in China. The type fossil is a
complete and exceptionally well-preserved juvenile, about 53 centimeters long, with
three-dimensional details, with the snout under one of the front legs and the legs folded
neatly under the body, similar to the sleeping position of modern birds. This posture
represents another behavioral link between birds and dinosaurs (Fig. 39; Lu et al.
2010, Xu & Norell 2004).

Troodontid Mei long

Fig. 39: The sleeping position of Mei long is similar to that of modern birds.

Also worth mentioning are the Anchiornitidae, whose best-known genus is Anchiornis.
Anchiornis translates roughly as "almost-bird". Fossils of Anchiornis have only been
found in rocks from the late Jurassic period in China around 160 million years ago. It
is known from hundreds of specimens, and given the excellent preservation of some
of these fossils, it became the first Mesozoic dinosaur species for which almost the
entire life history could be determined, and an important source of information on the
early evolution of birds. Remains of the color pigments of some specimens are even
known. It had a grey base color, a mohawk-like, reddish-brown crest on the head and
white contour feathers with black bands on the front and hind legs. The discovery of
Anchiornis is particularly significant because it represents a bird-like dinosaur that is



older than Archaeopteryx (Fig. 40; Xu et al. 2009, Hu et al. 2009, Foth & Rauhut
2017, Li et al. 2010, Lindgren et al. 2015).

Fig. 40: Anchiornis

Its exact taxonomic position is debated in the scientific community. The anchiornithids
have been classified in different places in the family tree of maniraptors, with some
scientists classifying them as a separate family, as a basal subfamily of the
Troodontidae (Xu et al. 2011, Lee & Worthy 2011, Brusatte et al. 2014, Shen et al.
2017) as members of the Archaeopterygidae (Hartmann et al. 2019) or as a group of
dinosaurs that represent an evolutionary stage within the Avialae (Wang et al. 2016)
or the Paraves (Lefevre et al. 2017).

Its ambiguous classification is due to the mosaic of features of Anchiornis and related
genera of its family. Its skull shows features of dromeosaurs, troodontids and avialae.
The postcranial skeleton, i.e. the skeleton behind the skull, is similar to that of
troodontids. However, the forelegs were longer, similar in length to those of
dromaeosaurids and basal birds. The forearm had ten long wing feathers, the hand
had eleven, the lower leg 12 to 13, the foot ten to eleven. Hand and arm wings were
about the same length. In contrast to the proportions in Archaeopteryx and Microraptor,
the broader part of the wing of Anchiornis was proximal (towards the center of the body,
Fig. 41). In addition to the wing feathers on the limbs, Anchiornis had two other types
of feathers. Down-like tufted feathers whose filaments all converged at the base and
contour feathers whose filaments were arranged along a long and solid quill (Xu et al.
2009, Hu et al. 2009, Longrich et al. 2012).



Fig. 41: Hypothetical evolution of the bird wing. (A) The original wing morphology (using Anchiornis as
an example), in which the wing consists of slender, symmetrical and poorly differentiated flight feathers.
(B) Wings of the early Avialae (e.g. Archaeopteryx), in which the flight feathers are elongated, broad and
asymmetrical. (C) Wings of the Pygostylia (here Confuciusornis), in which the primary remigia are
elongated and the covering feathers are shortened. Phylogeny according to Turner et al. (2012)

Another spectacular fossil is Mononykus, which lived around 70 million years ago. The
fossil was found in 1987 in the Nemegt Formation in Mongolia and was described as
a species in 1993. The name refers to the animal's very short, stocky arms, in which
the hand bones each end in a single phalanx that bore a thick, sharp claw. For a while,
researchers could not even decide whether Mononykus was still a carnivorous non-
avian dinosaur or a very early flightless ratite. In fact, it was first described as a ratite
because, among other things, it has the keeled breastbone described for birds that
previously flew alone. Such a bony ridge on the breastbone serves as an attachment
surface for the powerful flight muscles in birds. In flightless birds such as ostriches and
emus, the sternum keel is strongly reduced - similar to Mononykus. Other bird-like
features were the soft palate, the foramen magnum, the neck and tail vertebrae and
many others. Mononykus, together with similar genera, was placed in the family
Alvarezsauridae as part of the Avialae (Fig. 42; Perle et al. 1993a, b, 1994).

Meanwhile, Mononykus, or the Alvarezsauridae, is no longer considered a secondary
flightless ratite or Avialae, but is classified as a non-avian dinosaur within the
Maniraptoriformes. These erroneous classifications of Alvarezsauridae as birds have
been caused primarily by features that are strikingly or even uniquely avian. However,
the earlier forms of the monophyletic group Alvarezsauridae do not have these avian
features. The closest relatives of this dinosaur family are the Ornithomimosauria, which
include famous genera such as Gallimimus from Jurassic Park. The remaining
similarities between birds and alvarezsaurs, such as the keeled sternum, are another
case of homoplasy, where the bird-like features have arisen through convergent
evolution (Sereno 1991, Agnolin et al. 2012, Xu et al. 2011, Zhou 1995).



Fig. 42: Mononykus

Incidentally, feathers have also been found in many ornithomimosaurs (Fig. 43). Clear
evidence of feathers is known from Ornithomimus edmontonicus, of which there are
several specimens showing traces of feathers (van der Reest et al. 2016). Feathers
have also been speculated in Deinocheirus and Pelecanimimus; in Deinocheirus due
to the presence of a pygostyle (Lee et al 2014) and in Pelecanimimus due to possible
imprints (Briggs et al 1997).
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Fig. 43: Some representatives of the Ornithomimidae with plumage.



Another family whose exact position in the phylogenetic tree of Maniraptora is not
entirely certain are the Scansoriopterygidae from China (Fig. 44 Czerkas & Yuan
2002). Some authors classify them within the Avialae (Senter 2007, Zhang et al.
2008), others outside as basal Paraves or basal Pennaraptora (Agnolin & Novas
2011, 2013, Brusatte et al. 2014, Lefevre et al. 2014, Sorkin 2021, Pittman et al.
2020). They will be mentioned again in a separate article.

Fig. 44: Scansoriopteryx

The difficulty researchers have in distinguishing between Cretaceous birds and non-
avian dinosaurs once again highlights how closely related these groups obviously are.

In 2023, a new feathered dinosaur genus was discovered: Fujianvenator prodigiosus,
a pheasant-sized dinosaur with long legs and clawed wings from the Late Jurassic
(Fig. 45; Xu et al. 2023). The new species, which is thought to have lived around 150
million years ago, has a bizarre combination of features that it shares with other
representatives of the Avialae, Troodontidae and Dromaeosauridae. Particularly
striking is the fact that the tibia is twice as long as the femur. Fujianvenator is thus
characterized by a unique combination of the skeletal features of various archosaurs,
which is why the first describers concluded that mosaic features in early theropod
dinosaurs must have played an important role in the evolution of birds. The surprisingly
long lower leg and other appearance features combined with geological observations
indicated that Fujianvenator lived in a swamp-like environment and was a high-speed
runner or long-legged wading bird. This finding contrasts with other early bird species,
which are thought to have been more arboreal and airborne.



Fig. 45: Fujianvenator

Summary and Conclusion

Let us summarize:

Fig. 1 shows the phylogenetic tree of the Avemetatarsalia. In addition to modern birds
(AVES, top left), birds in the broader sense (Avialae), non-avian dinosaurs and
pterosaurs, this taxon includes all archosaurs that are more closely related to birds
than to crocodilians. The higher birds are characterized by about 1500 morphological
changes (Cau 2018) compared to the ancestral species at the base of the tree (bottom
right). These occurred successively in the ancestral lineage of the birds. As expected,
the groups are hierarchically nested within each other. The hierarchical system and the
graded similarity of the species reflected in it is the strongest evidence for the evolution
and descent of birds from early dinosaurs.

Another study found that a clear demarcation between birds and their immediate "non-
avian" ancestors is not recognizable at all (Brusatte et al. 2014). For this study, data
sets for more than 850 skeletal features were collected from around 150 theropods
from that time period. Using a statistical method that takes many features into account,
each species was mapped in a so-called morphospace (Fig. 46). In principle, this is a
multidimensional map on which the species are grouped along several axes according
to the proportion of characteristics they share. Two very similar species are then close
together, while species that are different in many ways are far apart. If birds had
evolved from dinosaurs as a result of a number of rapidly successive drastic mutations,



i.e. if a completely different animal form had developed within a short period of time,
then the two groups of theropods would have to occupy clearly different areas on the
map and have their own morphospaces. However, this is not the case. Rather, the
birds of that time are scattered colorfully in the middle of the cloud of dinosaurs. This
means that they evolved so slowly that the transition became blurred.
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Fig. 46: Discrete morphospace of coelurosaurs. Representation of the overall anatomical variability of
the species. Bivariate representations of the main coordinate axes 2 versus 1 and 3 versus 2 are shown
(axes 1-3 account for 4.25% of the total variance). Birds differ largely from other coelurosaurs on
principal coordinate axis 1, but not on axis 2 or 3 (or all subsequent axes). Permutation tests show that
there is no clear, significant separation between birds and their closest theropod relatives.

In order to make sense of this morphological continuum, those theropod dinosaurs that
lead to birds are defined as Avialae. However, the dromaeosaurids, including genera



such as Deinonychus, Velociraptor and Microraptor, are not included, as their
evolutionary lineage branched off shortly before.

More than 40 % of the key features of modern birds evolved during the 60 million year
transition from the first bird-like archosaurs to the first maniraptors, i.e. the first
dinosaurs that were closer to living birds than to Tyrannosaurus rex. After the
appearance of maniraptoromorphs, the next 40 million years saw a continuous
reduction in body size and the accumulation of neotenic (juvenile) features.
Hypercarnivory became increasingly rare, while the cerebral hemispheres enlarged
and the forelimbs became longer (Cau 2018). The integument evolved into complex,
feathered plumes (Prum & Brush 2003, Prothero 2017, Roy et al. 2020, Carrol et
al. 2019, McKellar et al. 2011, Benton et al. 2019, Neukamm & Beyer 2023).

During the Cretaceous, the Avialae evolved into a wide variety of forms. Many groups
retained primitive features, such as clawed wings and teeth, although the latter were
independently lost in a number of Avialae groups, including modern birds (Aves)
(Chiappe 2007). Increasingly stiff tails are seen in the evolution of maniraptors, and
this process culminated in the appearance of the pygostylus, an ossification of fused
caudal vertebrae, as we can already see in Confuciusornis (Hou et al. 1995, Chiappe
et al. 1999, Zhou & Hou 1998, Zhou 2004, Cau 2018). In the Late Cretaceous, around
100 million years ago, the ancestors of all modern birds evolved a more open pelvis,
which allowed them to lay larger eggs relative to their body size (Pickrell 2018).

Finally, with the evolution of ornithothoraces, which include the Enantiornithes,
Ichthyornis, Hesperornis and modern birds, there was a refinement of aerodynamics
and the ability to fly, as well as the loss or fusion of several skeletal features. Of
particular importance are the development of an enlarged, keeled sternum and alula
(Fig. 47) and the loss of prehensile hands (Cau 2018).
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Fig. 47: Alula

There is therefore no way around the realization that birds have dinosaur ancestors -
at least if one accepts scientific standards of rationality (cf. Prum 2003, Havstad &
Smith 2019). This has been the scientific consensus for 20 years. In the next episode,
however, we will address some of the objections raised by opponents of the dinosaur-
bird relationship. It makes sense to deal with them insofar as they spread popular
myths about evolution. We will also learn more about the evolutionary history of
dinosaurs.
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