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9.1 Introduction

The study of fossil birds begins with feathers.
Described in 1861, the original holotype of
Archaeopteryx lithographica, still the oldest and
most primitive known avian taxon, consists of an
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isolated feather (von Meyer 1861). At this time,
only birds were known to possess this unique
integumentary structure, and thus this Late Juras-
sic feather was identified as avian. Skeletal
specimens were later referred to Archaeopteryx
based on the co-occurrence of preserved feathers
arranged on the forelimbs forming wings (Dames
1884; Owen 1863). However, with the exception
of Archaeopteryx, fossil feathers associated with
skeletal remains are otherwise very rare in the
Mesozoic fossil record and, until the discovery
of feathered nonavian dinosaurs and birds in the
rich Early Cretaceous Jehol Biota in the late
1990s (Chen et al. 1998; Hou et al. 1996; Ji
et al. 1998), the plumage of early birds was
largely unknown. Many specimens from the
Lower Cretaceous volcanolacustrine deposits in
northeastern China that produce the Jehol Biota
preserve traces of soft tissues normally rare in the
fossil record (Zhou et al. 2003). Thousands of
specimens preserving remnants of feathers have
been uncovered, most still waiting to be
described. These discoveries provide an ever-
increasing wealth of data on the plumage of
early birds (Zhang et al. 2006). However, because
most data comes primarily from a single Biota,
albeit one that persisted for over 10 million years
(Pan et al. 2013), evolutionary trends across
greater periods of time are poorly understood,
and it is difficult to make broad statements regard-
ing clades not limited to the Jehol.

The Jehol avifauna accounts for approximately
half of all known Mesozoic avian diversity, with

147

C. Foth, O. W. M. Rauhut (eds.), The Evolution of Feathers, Fascinating Life Sciences,

https://doi.org/10.1007/978-3-030-27223-4_9

9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27223-4_9&domain=pdf
mailto:jingmai@ivpp.ac.cn
https://doi.org/10.1007/978-3-030-27223-4_9

148

J. O'Connor

representatives from every known Early Creta-
ceous clade (Zhou and Zhang 2006). It occurs in
three formations: the 130.7 Ma Protopteryx-hori-
zon of the Huajiying Formation, the 125 Ma
Yixian Formation, and the 120 Ma Jiufotang For-
mation (the latter two strictly forming the Jehol
Group) (Pan et al. 2013). Avian diversity and
numbers increase through time, being highest in
the Jiufotang Formation where long boney-tailed
birds (Jeholornis) live alongside primitive
pygostylians (Sapeornithiformes and Confuciusor-
nithiformes) and a diversity of ornithothoracines
(the clade formed by Enantiomithes and
Ornithuromorpha) (Zhou and Zhang 2006)
(Fig. 9.1). The second oldest avian-bearing
deposits in the world, the Protopteryx-horizon of
the Huajiying Formation, records the earliest
members of the Enantiornithes (Wang et al.
2014c¢), the dominant clade of Cretaceous avians,
and the Omithuromorpha (Wang et al. 2015a), the
lineage that includes Neornithes nested within, as
well as basal confuciusornithiforms (Navalon et al.
2018; Zhang et al. 2008a; Zheng et al. 2017).

Although birds are rare in this horizon (only
seven taxa reported represented by a total of ten
specimens), the remains of feathers preserved in
these specimens are among the best known from
China (Wang et al. 2014c; Liu et al. 2019).
Besides Archaeopteryx, nearly all skeletal
specimens associated with feather remains
known from outside the China are referable to
the Enantiornithes with the exception of feathers
associated with the holotype of Ambiortus
dementjevi from Early Cretaceous deposits in
central Mongolia (Kurochkin 1985) and poten-
tially purported feather traces in a specimen of
Parahesperornis from the Late Cretaceous of
Kansas (Martin 1984; Williston 1896). Elsewhere
in China, feathered specimens have also been
collected from the Changma locality of the Aptian
Xiagou Formation (e.g., enantiornithines
Feitianius paradisi and GSGM-07-CM-001, and
specimens of the ornithuromorph Gansus
yumenensis) (O’Connor et al. 2012a, 2016a;
You et al. 2006). In addition, the only reported
Late Cretaceous bird, the holotype of the

Fig. 9.1 Reconstruction of the 120 Ma Jiufotang Avifauna by Michael Rothman
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enantiornithine Parvavis chuxiongensis from the
Jiangdihe Formation, preserves feather remains
(Wang et al. 2014b). Outside China, several
enantiornithines preserving feathers are known
from the Early Cretaceous of Spain: the holotype
of Eoalulavis hoyasi (Sanz et al. 1996), the pellet
LH 11386 consisting of several juveniles (Sanz
et al. 2001), and the isolated wing
MCCMLH31444, all from the 125 Ma Las
Hoyas Konservat-Lagerstitten (Navalén et al.
2015) and the holotype of Noguerornis gonzalezi
from the Upper Berriasian—Lower Barremian “La
Pedrera de Meid” Limestones (Chiappe and
Lacasa-Ruiz 2002; Lacasa-Ruiz 1988). The partial
specimens representing the holotype materials of
Hoboltia ponomarenkoi from Mongolia (Zelenkov
and Averianov 2016) and Enantiophoenix
electrophyla from Lebanon (Cau and Arduini
2008; Dalla Vecchia and Chiappe 2002) also pre-
serve feather traces, but these are uninformative.
An indeterminate juvenile (UFRJ-DG 031Av)
from the Aptian Crato Formation in Brazil
preserves excellent tail feathers (de Souza
Carvalho et al. 2015), and most recently,
associated skeletal and integumentary remains
including feathers have been found preserved in
mid-Cretaceous Cenomanian (~99 Ma) amber
from Myanmar (Xing et al. 2016, 2017, 2018b).
The latter specimens contribute important morpho-
logical information typically inaccessible from
two-dimensional specimens. The cumulative
knowledge distilled from these discoveries is
summarized here.

9.2 Descriptions

9.2.1  Archaeopteryx

Impressions of feathers are preserved in several
specimens of Archaeopteryx lithographica (Foth
et al. 2014; Mayr et al. 2005). The plumage of this
important fossil avian is thoroughly described in
the literature, including a chapter in this volume;
thus, this summary will be concise. The short,
broad wings are surprisingly modern in morphol-
ogy (Elzanowski 2002). The primary feathers are
asymmetrical, a feature absent in the wings of

nonavian dinosaurs (with the exception of the
volant dromaeosaurid Microraptor). Although
the leading-edge vane displays barb angles com-
parable to modern birds, those of the trailing edge
vane are markedly smaller, also documented in
basal pygostylians Sapeornis and Confuciusornis
(Feo et al. 2015). There are 10—12 primaries (Foth
et al. 2014) and an estimated 11 secondaries
(Elzanowski 2002) which is within the range of
living birds (most neognathus birds have
10 primaries with secondaries showing a greater
range) (Gill 2007). The longest primary is less
than twice the length of the manus. The dorsal
coverts are half the length of the primaries, simi-
lar to living birds (Foth et al. 2014). The body
coverts are symmetrical pennaceous feathers with
thin, gently curved rachises. The crural feathers
are roughly half the length of the tibia (Foth et al.
2014). Very short feathers, approximately one
quarter the length of the crural feathers, are pres-
ent on the proximal tarsometatarsus (Foth et al.
2014). The elongate boney tail bears symmetrical
pennaceous feathers perpendicularly oriented
from the bone surface along its entire length.
Melanosomes sampled from the holotype,
identified as a wing covert, suggest this feather
was black (Carney et al. 2012).

9.2.2 Jeholornis and Kin (the

Jeholornithiformes)

The Jeholornithiformes are the only definitive
long-tailed birds currently recognized other than
Archaeopteryx (O’Connor et al. 2011) (Fig. 9.2).
Remnants of feathers are preserved in approxi-
mately a third of all known specimens (38 out of
95 reported specimens), but only the tail has been
described (O’Connor et al. 2013). Notably, body
feathers are only preserved in a single specimen
(STM2-11) along the dorsal surface of the neck
and nowhere else (O’Connor et al. 2013). The
wings (incomplete but best preserved in STM2-
37, STM2-8, STM2-23, and STM2-18) appear to
be proportionately longer than in Archaeopteryx
(longest primary twice the length of the hand) but
are similarly broad (Fig. 9.2a). Two rows of
dorsal coverts are clearly present over the
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Fig. 9.2 Photographs of specimens of the long boney-
tailed bird Jeholornis: (a) STM2-37 preserving wings and
proximal tail feathers; (b) STM 2-8 preserving remiges
and wing coverts and both tail tracts; (c) SDM 20090109.1

preserving proximal and distal tail feathers. Scale bars
equal 2 cm. The two rows of secondary wing coverts are
indicated by solid arrows; the proximal tail tract is
indicated by an open arrow
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secondaries in STM2-8 (Fig. 9.2b); the longer
layer is half the length of the secondaries and
the shorter layer is half that. The tail consists of
two rectricial pterylae: a short proximal fan and a
distally restricted “frond” (Fig. 9.2). The proxi-
mal pteryla is located over the short proximal
caudal vertebrae and consists of six rectrices
roughly 10 cm long with broad distal ends
overlapping to form a fan-shaped surface
(O’Connor et al. 2013). This surface is considered
capable of generating lift to supplement the
wings. The distal frond consists of five or six
pairs of slightly shorter feathers perpendicularly
oriented from the lateral surface of the distal
vertebrae and a single feather attaching to the
distal margin of the last caudal. Compared with
the proximal tail feathers, these distal tail feathers
are much more narrow, sharply tapered, and
strongly curved so that their craniolateral surfaces
are concave (Fig. 9.2¢) (O’Connor et al. 2012b).
The strong curvature and tapered morphology of
these feathers suggests they were primarily orna-
mental. The tapered and narrow morphology of
these feathers would also have decreased any
incurred aerodynamic cost of this ornamentation
(Mgiller and Hedenstrom 1999). However, the
small cohesive surface formed by the proximal
overlap of these distal tail feathers together with
the overall elongated boney tail of Jeholornis
(27 vertebrae compared to 22 in Archaeopteryx)
suggests the distal frond also functioned as a
stabilizer, generating pitching moments when
the tail was raised or depressed (O’Connor et al.
2013). The feathers are considerably elongated
past the point where they are aerodynamically
functional, suggesting the distal rectricial pteryla
was shaped by both natural and sexual selection
(Fitzpatrick 1999). Compared with the “frond-
like” morphology present in Archaeopteryx, the
two rectricial tracts in Jeholornis are inferred to
have both contributed less to the total body mass
and incurred less drag, while at the same time
generating approximately the same amount of
liftt (O’Connor et al. 2013). Due to the absence
of a pygostyle, the complex caudal plumage of
Jeholornis is unlike that of any living bird. How-
ever, the presence of a tail crafted through both

natural and sexual selective forces parallels
observations in neornithines (Thomas 1997).

Confuciusornis and Kin
(Pygostylia:
Confuciusornithiformes)

9.2.3

The basal pygostylian Confuciusornis sanctus is
the most common species found in the Jehol
Group, known from hundreds (if not thousands)
of specimens mostly from the Yixian Formation
(Chiappe et al. 1999; Hou et al. 1995). Roughly
300 preserve feather remains (Zheng et al.
2013b). Their narrow wings are proportionately
much more elongate than in other early birds. The
longest primaries are roughly three times the
length of the hand, whereas they are only about
twice the length of the hand in Jeholornis. The
primaries are much longer than the secondaries
forming a novel wing shape not observed in liv-
ing birds (Falk et al. 2016). Descriptions of their
rachis as thin and too weak to support powered
flight are considered incorrect, based on
measurements not representing the full rachis
(Falk et al. 2016; Nudds and Dyke 2010; Zheng
et al. 2010). Similar to rachis-dominated feathers,
the rachis of the remiges preserves a faint, medi-
ally placed longitudinal stripe (STM 13-327).
This may represent a ventral groove the same as
that observed in the primaries of extant birds
(Stettenheim 2000). However, the medial stripe
appears to be visible in both ventral and dorsal
view, which is somewhat inconsistent with this
interpretation. The outermost primary is less than
half the length of the second. The third through
fifth outermost feathers are the longest (peaking
in length in the fourth outermost primary),
approximately 20-25% longer than the second
primary, after which they decrease in length
(IVPP V13156) (Fig. 9.3). The wing preserved
in IVPP V13156 consists of 10 asymmetric and
sharply tapered primaries (Falk et al. 2016). The
secondaries are approximately half the length of
the longest primary; they are symmetrical with
rounded distal margins (IVPP V13156). Two
layers of wing coverts are clearly preserved in
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Fig. 9.3 Photographs of Confuciusornithiformes: (a)
Confuciusornis sanctus IVPP V13156 showing the right
wing in dorsal view and the proximal ends of the paired
rachis dominated tail feathers; (b) FEoconfuciusornis
sp. STM7-144 preserving dark spots on the tips of the

Eoconfuciusornis STM7-144 (Zheng et al. 2017).
The greater coverts are roughly half the length of
the secondaries, and the lesser coverts are half the
length of the greater coverts (Fig. 9.3). The distal
ends of the secondaries and greater coverts in
Eoconfuciusornis preserve dark spots that appear
to be more heavily melanized, which both resists
wear and serves as ornamentation (Fig. 9.3b)
(Zheng et al. 2017). Some specimens of
Confuciusornis also preserve direct evidence of
their plumage patterns, preserving similar dark
circular spots on the tips of some wing feathers.
An alula is not preserved in any Confuciusornis
(Chiappe et al. 1999) although Eoconfuciusornis
STM7-144 preserves a single short pennaceous
feather on the alular digit, probably representing a
contour feather (Zheng et al. 2017).

Body feathers cover the dorsal and ventral
neck and skull except the rostrum, which was
presumably covered in a horny beak although
this is very rarely preserved and even then only
visible as a faint impression (Hou et al. 1999; Falk
et al. 2019). Although only three specimens

greater coverts and secondaries—note the preservation of
ovarian follicles and absence of elongate tail feathers,
proximal ends of which are visible in (a). Scale bar equals
3cm

preserve traces of this feature, the impressions
vary considerably in shape suggesting at least
some different species were characterized by
differences in beak shape (Falk et al. 2019). The
dorsal coronal body feathers are longer than the
ventral submalar feathers. In Eoconfuciusornis
STM7-144 phaeomelanosomes were only recov-
ered in the submalar tract suggesting a rufous
throat patch (Zheng et al. 2017). However,
samples within a single feather of Confuciusornis
show both brown phacomelanosomes and black
eumelanosomes suggesting complex coloration
(Zhang et al. 2010). Crural feathers decrease in
length distally along the tibiotarsus and end prox-
imal to the ankle (Fig. 9.3). They are reported to
be pennaceous (Zheng et al. 2013b); although this
interpretation is most likely correct, the elongate
feathers assigned to the crus by Zheng et al.
(2013b) and those on the proximal tarsometatar-
sus are reinterpreted here as remnants of the
underlying wing feathers. Body feathers cover
the dorsal and ventral surfaces of the body includ-
ing the pygostyle (Fig. 9.3). Some specimens
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additionally preserve a pair of elongate rachis-
dominated feathers (Chiappe et al. 1999), so
named because the rachis is proportionately
wide although this characteristic is more strongly
developed in enantiornithines (Wang et al. 2014c)
(Fig. 9.3). The feathers preserve a faint longitudi-
nal stripe that extends nearly the entire length of
the rachis (O’Connor et al. 2012a). This has been
interpreted as a longitudinal groove, but it is now
clear from three-dimensionally preserved RDFs
found in amber that the entire rachis was
extremely thin and concave and that the dark
stripe represents a dorsal groove/ventral ridge in
the cortex (Xing et al. 2018a; Carroll et al. 2019).
The pennaceous vane in the paired tail feathers is
distally restricted; referred to as racket plumes,
this morphology is also present in numerous liv-
ing birds (e.g., Momotidae, racket-tailed drongo).
In Confuciusornis the distal “racket” is narrow
with a gently tapered distal margin. Although
described as symmetrical (Chiappe et al. 1999),
the medial vade is typically preserved wider than
the lateral vane (IVPP V13156). The vane proxi-
mally tapers and is continuous with a very narrow
dark strip that lines the rachis for most of its
length; this has been hypothesized to represent
short barbs that were not differentiated through
apoptosis (O’Connor et al. 2012a). Specimens
preserving these elongate tail feathers are gener-
ally regarded as males (Hou et al. 1996).
Interpretations regarding sexual dimorphism are
supported by the absence of racket plumes in one
specimen of Eoconfuciusornis preserving ovarian
follicles (Zheng et al. 2017). Gender identifica-
tion relying on purported medullary bone in a
rectrix-less specimen of Confuciusornis is not
supported here (Chinsamy et al. 2013; O’Connor
et al. 2018).

9.2.4  Sapeornis and Kin (the
Sapeornithiformes)
Sapeornis  chaoyangensis is the largest

pygostylian bird in the Early Cretaceous with
proportionately elongate forelimbs (Zhou and
Zhang 2002, 2003). Specimens, most of which
come from the Jiufotang Formation, rarely

preserve any remnants of their plumage (20 of
106 specimens) (Zheng et al. 2014b). The wings
preserved in DNHM D3038, a young subadult
specimen, consist of 11-13 elongate strongly
asymmetrical primaries and approximately
11 secondaries (Gao et al. 2012). The outermost
feather along the cutting edge of the wing is
approximately half the length of the second, and
the third-fourth outermost primaries are the lon-
gest after which the primaries reduce in length.
The longest primary is approximately twice the
length of the hand (Fig. 9.4a). The secondaries are
shorter and subequal (Gao et al. 2012). An alula
cannot be observed in this or any other known
specimen. Aerodynamic analysis  suggests
Sapeornis utilized its broad wings for thermal
soaring (Serrano and Chiappe 2017). Wing
coverts are present, but details are poorly
known, and they are described as small and thin
(Gao et al. 2012). The tail is preserved in a single
described specimen preserving what appears to be
an elongate, graduated tail fan in lateral view
(Wang et al. 2014c; Zheng et al. 2013b)
(Fig. 9.4b). Two additional specimens confirm
this interpretation and indicate the tail fan was
formed by 8-10 medially striped rectrices
(Wang and O’Connor 2017). This case is consis-
tent with their proportionately short and plough-
shaped pygostyle with a pygostyle lamina,
features otherwise only present  in
ornithuromorphs and consistent with the presence
of specialized rectricial musculature (Wang and
O’Connor 2017). Although not preserved in any
specimen, body feathers clearly would have been
present. Two subadult specimens preserve
feathers on the distal hindlimb projecting off of
the caudal margin of the intertarsal joint (Zheng
et al. 2013b). The feathers roughly extend the
distal half of the tibiotarsus and the full length
of the tarsometatarsus, becoming shorter distal on
the hindlimb (Fig. 9.4b). They are curved, and
their distal ends are splayed, suggesting these
hindlimb feathers had ornamental qualities,
whereas the preservation of these ankle feathers
relative to other body feathers may suggest some
aerodynamic qualities (O’Connor and Chang
2015). Most likely these feathers were shaped
under both natural and sexual selection.
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Fig. 9.4 Specimens of the basal pygostylian Sapeornis
chaoyangensis: (a) 41HIII0405 preserving carbonized
body tissue and impressions of the wings (scale bar equals
4 cm); (b) STM16-18 preserving tail and hindlimb
feathers. Both are subadult specimens

The Diverse Enantiornithes
(Aves: Ornithothoraces)

9.25

The enantiornithines have a global record that
extends from the 130.7 Ma Huajiying Formation
until the end Cretaceous and includes data from
every continent with the exception of Antarctica

(O’Connor et al. 2011). Their diversity and abun-
dance is reflected by the available data regarding
their plumage. Over a thousand specimens at the
STM reportedly preserve some feather remains
and most have yet to be studied (Zheng et al.
2013b). Remains of the remiges are preserved in
the holotype specimens of Chiappeavis
magnapremaxillo (O’Connor et al. 2016b),
Cruralispennia multidonta (Wang et al. 2017),
Dapingfangornis sentisorhinus (Li et al. 2006),
Eoenantiornis  houi (Zhou et al. 2005),
Eopengornis martini (Wang et al. 2014c¢),
Fortunguavis xiaotaizicus (Wang et al. 2014a),
Junornis houi (Liu et al. 2017), Grabauornis

lingyuanensis (Dalsdtt et al 2014),
Longirostravis hani (Hou et al. 2004),
Noguerornis gonzalezi (Lacasa-Ruiz  1988),
Orienantius  ritteri (Liu et al. 2019),
Parapengornis eurycaudatus (Hu et al. 2015),

Protopteryx fengningensis (Zhang and Zhou
2000), Shanweiniao cooperorum (O’Connor
et al. 2009), and Zhouornis hani (Zhang et al.
2013), as well as in a bohaiornithid CUGB
P1012 (Peteya et al. 2017), and two indeterminate
specimens, DNHM D2884 (O’Connor 2009) and
MCCMLH31444 (Navalon et al. 2015); three-
dimensional specimens encased in amber include
two partial wings (Xing et al. 2016), two partial
skeletons (Xing et al. 2017, 2018b), a feathered
foot (Xing et al. 2019a), and an isolated hindlimb
with remiges—the holotype of Elektorornis
chenguangi (Xing et al. 2019b). Most completely
preserved in Eopengornis martini STM24-1
(Fig. 9.5a), the wings are broad, formed by asym-
metrical rectrices with medially striped rachises
(Wang et al. 2014c). The outermost primary is
two-thirds the length of the next, which is
two-thirds the length of the third outermost pri-
mary. These are followed by two longer
primaries, after which the medial primaries are
shorter. The longest primaries are twice as long
as the hand. Unlike Confuciusornis, the
secondaries are not significantly shorter than the
primaries in Eopengornis, forming a broader
wing with a larger surface area (Figs. 9.3a and
9.5a). The primaries display both leading and
trailing edge vane with barb angles comparable
to living birds (Feo et al. 2015). So far there is no
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strong evidence that the caudal margin of the
wing was notched in any taxon. A distally incom-
plete but well preserved isolated partial wing
from the Early Cretaceous of Spain preserves
89 primaries and 10-12 secondaries (Navalon
et al. 2015). Orienantius BMNHC PH 1156
preserves the calami for 10 primary remiges visi-
ble in the post-patagium (Liu et al. 2019). Nine
primaries form the wing in the more complete of
the two amber specimens (Xing et al. 2016) but
only eight are present in the hatchling HPG-15-1
(Xing et al. 2017). An alula is preserved in several
specimens (e.g., FEoalulavis hoyasi,
Eoenantiornis houi, Protopteryx fengningensis,
and DIP-V-15100) and is considered
plesiomorphic to Ornithothoraces and present
throughout the clade (O’Connor 2009; Xing
et al. 2016; Zhang and Zhou 2000; Zhou et al.
2005). As in some living birds, the alula is formed
by two feathers that end approximately level with
the distal end of the major digit (Xing et al. 2016)
and a shorter proximal feather (Sanz et al. 1996).
Wing coverts are more heavily obscured by over-
lap. Three rows are reported in DIP-V-15100
(Xing et al. 2016). The longest coverts appear to
be approximately half the length of the remiges
(Fig. 9.5a). The Burmese amber specimens fur-
ther reveal that the contour feathers in at least
some enantiornithines had proximodistally
specialized barb morphologies, being
plumaceous at the base as in living birds (Xing
et al. 2016). Analysis of the wings preserved in
Junornis houi suggests this taxon engaged in
bounding flight, typical of extant arboreal
passerines (Liu et al. 2017).

Nearly complete body feathers are present in
some specimens, but preservation results in so
much overlap that very little information is avail-
able regarding most pterylae. Body feathers are
clearest along the neck, tail, and tibiotarsus,
where there 1is less anatomical overlap
(Fig. 9.5a). Generally, body feathers vary some-
what in length being longer on the dorsal surface
of the body and around the pygostyle and shorter
on the ventral surface of the body (a pattern gen-
erally observed in all Mesozoic birds). They are
reported to be rachis-less with the exception of
the crural feathers (O’Connor 2009; Zhang and

Zhou 2004; Zhang et al. 2006) although this is
likely a taphonomic artifact (see Sect. 9.3). Where
preserved, these extend the full length of the
tibiotarsus. Although crural feathers are short
and weakly decrease in length distally in some
taxa (e.g., Eopengornis; Fig. 9.5a) (Wang et al.
2014c), in others they are longer (40-60% the
length of the tibiotarsus) and subequal the entire
length of the tibiotarsus (e.g., Longipteryx, IVPP
V13939, Cathayornis STM7-50) (Zhang and
Zhou 2004; Zheng et al. 2013b). In some
specimens, the crural feathers are preserved
nearly perpendicular to the tibiotarsus, which
has led some authors to infer an aerodynamic
function for these feathers (Zheng et al. 2013b).
However, body feathers on other parts of the body
are similarly oriented (e.g., coronal and neck
feathers), and this is interpreted as the result of
compression during burial (Foth 2012), and not
indicative of the presence of airfoils.

In one specimen (BMNHC-Phl1061B,
Huajiying Formation), the hindlimb feathers
extend onto the proximal two-thirds of the tarso-
metatarsus, where they continue to decrease in
length distally (Chiappe and Meng 2016). An
isolated foot trapped in amber (DIP V15105)
from Burma preserves pennaceous feathers that
extend onto the pedal digits themselves, present
on digits III and IV and reaching the ungual
phalanx on digit IV (Xing et al. 2019b). The
pedal scales in DIP V15105, HPG-15-1 and
Elektorornis chenguangi additionally have
unusual projecting filaments; referred to as scu-
tellate scale filaments, these structures are report-
edly white, which may hinder their preservation
and/or observation in most two-dimensional
specimens (Xing et al. 2017, 2019a, 2019b). It
has been suggested these scutellate scale
filaments may have had a sensory function
(Xing et al. 2019b).

Bizarre feathers, described as having a “proxi-
mally wire-like part with a short filamentous dis-
tal tip,” preserved on the wing and hindlimb in
Cruralispennia from the Huajiying Formation
(Wang et al. 2017) may alternatively represent
pin feathers (developing feathers still encased in
the feather shaft) (O’Connor et al. 2020) or
unusual taphonomic artifacts resultant from the
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Fig. 9.5 Two pengornithid

enantiornithines: (a)
Eopengornis martini from the 130.7 Ma Protopteryx-hori-
zon of the Huajiying Formation; (b) Chiappeavis
magnapremaxillo from the 120 Ma Jiufotang Formation.

lacustrine depositional environment (Kundrat
2004). Alternative interpretations are more con-
sistent with their anatomical location in that orna-
mental feathers projecting craniolaterally from
the wrist would presumably impede flight.

The tail in the older taxon consists of a pair of elongate
rachis-dominated streamers, whereas that of the younger
taxon consists of a fan-shaped tail formed by eight rectri-
ces. Scale bars equal 2 cm

Although their identification remains equivocal,
the unusual feathers preserved in Cruralispennia
strongly resemble pin feathers preserved in a
juvenile enantiornithine STM34-1 (Zheng et al.
2012) (O’Connor et al. 2020). These feathers are
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preserved on several parts of the body. In
STM34-1, the pin feathers are clearest in the
caudal region and on the tibiotarsus but are also
present on the forelimb, as in Cruralispennia, and
on the dorsal surface of body. Notably, STM34-1
also appears to preserve some of the original
patterning of the feathers; the distal portions of
the remiges are preserved as a distinctly darker
color suggesting the proximal and distal portions
of the feathers were colored different in vivo.

Of the feather pterylae, the morphology of the
rectrices is best documented and shows consider-
able diversity. Most commonly, as in
Confuciusornis, a pair of rachis-dominated
feathers is present, although compared with
Confuciusornis, the rachis is proportionately
even wider in enantiornithines (Wang et al.
2014c). Although for some taxa all that is
known is a faint incomplete impression of the
enlarged rachis (e.g., Bohaiornis guoi and
Protopteryx  fengningensis),  enantiornithine
rachis-dominated feathers show greater diversity
than the confuciusornithiforms (which appear to
share a single morphology): both streamers (fully

pennaceous) and racket plumes (distally
pennaceous) are documented (the fully
pennaceous morphology is currently only

documented in two species of the Pengornithidae,
Eopengornis  martini and  Parapengornis
eurycaudatus) (Hu et al. 2015; Wang et al.
2014c) (Fig. 9.5a). Within the racket-plume mor-
phology, there is further diversity in the overall
length of the feathers relative to the body, the
number of pairs (one specimen reportedly
preserves two, the holotype specimen of
Paraprotopteryx  zhengi, and Shanweiniao
cooperorum is interpreted as having a similar
morphology) (O’Connor et al. 2016b; Zheng
et al. 2007) and the morphology of the distal
“racket” (O’Connor et al. 2012a). In some taxa,
the pennaceous portion is restricted to the distal
most portion of the rachis (Junornis), rapidly
expanding with a rounded distal margin (spoon-
shaped as in Dapingfangornis), whereas the
pennaceous portion expands gradually and
extends for a greater proportion of the feather in
others (e.g., GSGM-07-CM-001, an unnamed
enantiornithine from the Xiagou Formation).

Many specimens preserve an absence of rectrices
(holotype specimens of Avimaia schweitzeri,
Cruralispennia multidonta, Fortunguavis
xiaotaizicus, Eoenantiornis houi, Grabauornis
lingyuanensis, Longipteryx chaoyangensis, and
Zhouornis  hani and an  indeterminate
enantiornithine preserving follicles STM?29-8),
having only wispy body feathers preserved
around the pygostyle. As in confuciusor-
nithiforms, these specimens are regarded as
females, similarly supported by the preservation
of female reproductive tissue in one specimen
(Zheng et al. 2013a) and the presence of an egg
in Avimaia IVPP V25371 (Bailleul et al. 2019).

Outside China, rachis-dominated tail feathers
are also preserved in “Cratoavis” UFRIJ-DG
031 Av from Brazil (de Souza Carvalho et al.
2015) and numerous pairs of rachis-dominated
feathers have been found in Burmese amber
(Xing et al. 2018a; Carroll et al. 2019) indicating
that this morphology was widespread and
persisted in enantiornithines for over 30 million
years. This specimen preserves the feathers pri-
marily as a mold, confirming that the rachis is
grooved along at least one of its surfaces, with
the enlarged portion of the rachis on either side
of the groove forming convex surfaces (de Souza
Carvalho et al. 2015). Three-dimensional
specimens preserved in amber indicate that the
traces in UFRJ-DG 031 are dorsally exposed and
flattened. The amber specimens reveal that the
wide rachis observed in compression fossils in
vivo was C shaped with a thickness between 3
and 10 microns (Xing et al. 2018a; Carroll et al.
2019). Unusual spots on the rachis suggest these
ornamental tail feathers bore striking color
patterns (de Souza Carvalho et al. 2015). These
tail feathers have been documented in numerous
young juvenile specimens (e.g., UFRIJ-DG
031 Av, STM34-7, STM34-9, IVPP V15564)
indicating that unlike living birds, enantior-
nithines  developed  sexually  dimorphic
ornaments at a very early ontogenetic age, before
the onset of both sexual and skeletal maturity
(Zheng et al. 2012). One specimen in amber
(HPG-15-1) suggests that these feathers may
even appear as early as the first postnatal molt
(Xing et al. 2017).
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Two specimens clearly preserve more than
four elongate rectrices, the holotype specimens
of Feitianius paradisi (O’Connor et al. 2016a)
and Chiappeavis magnapremaxillo (O’Connor
et al. 2016b). The latter is a pengornithid preserv-
ing a short, graded fan-shaped tail consisting of
ten overlapping rectrices (Fig. 9.5b). This tail is
considered to have aerodynamic qualities and be
capable of generating lift although the presence of
rectricial bulbs like those of neornithines is
unlikely, being confirmed absent using UV light
in several other enantiornithines (Liu et al. 2019;
Chiappe and Meng 2016) and thus this tail may
have been incapable of adjusting its width to suit
aerodynamic demands during flight (O’Connor
et al. 2016b). Feitianius paradisi GSGM-05-
CM-004 preserves a tail consisting of at least
three different rectricial morphologies, none of
which are considered to have any strong aerody-
namic properties (Fig. 9.6). Together they are
inferred to form a sizeable tail display, the likes
of which are only observed among living birds in
males of polygamous species (O’Connor et al.
2016a). Chiappeavis and Feitianius represent
the opposite extremes observed within the
Enantiornithes, although notably ornamental
morphologies dominate the spectrum. A recent
study on the pygostyle has suggested that the
dorsally excavated morphology typical of
enantiornithines may have accommodated an
enlarged caudal levator muscle, which it may
have used to raise the tail in display similar to
extant phasianids (Wang and O’Connor 2017)
(Fig. 9.6c). Cruralispennia apparently had a
small, “ornithuromorph-like” plough-shaped
pygostyle but preserves only short caudal coverts
(Wang et al. 2017). Additional specimens are
required to clarify the pygostyle morphology in
this unusual taxon.

A nearly complete juvenile trapped in amber
(HPG-15-1) preserves the most complete plum-
age of any enantiornithine, documenting the early
juvenile plumage present in at least one lineage of
enantiornithines (Xing et al. 2017). This speci-
men reveals well-developed remiges (with
banded color pattern) combined with sparse
body feathers that consist of both pennaceous

and filamentous morphotypes. The head and
neck are covered with short, dark tufts consisting
of 3—4 basally joined filaments which may repre-
sent newly erupting contour feathers. Body con-
tour feathers appear to be proximally plumaceous
and distally pennaceous. The femur and
tibiotarsus have neoptile feathers consisting of
basally joined plumaceous barbs with a short or
absent rachis with additional isolated bristlelike
filaments also present on the crus (Xing et al.
2017). The scutellae scales on the tarsometatarsus
bear filamentous projections also present in some
extant juvenile birds (Xing et al. 2017). The rela-
tively sparse covering of body feathers is reminis-
cent of altricial hatchlings, whereas the mature
remiges is consistent with the extreme precocial
strategy inferred for the Enantiornithes (Zhou and
Zhang 2004). Primitive filamentous morphotypes
reminiscent of proto-feathers present in basal
theropods may be lost during enantiornithine
ontogeny or alternatively cannot be discerned in
two-dimensionally preserved fossils due to
overlap.

Thus far, only two specimens have been
sampled for melanosomes: the holotype of
Cruralispennia and an indeterminant bohaiornithid
(Peteya et al. 2017; Wang et al. 2017). The latter
analysis suggested the presence of iridescent plum-
age, as in the dromaeosaurid Microraptor (Li et al.
2012).

9.2.6 Earliest Members
of the Ornithuromorpha (Aves:

Ornithothoraces)

In the Jehol ornithuromorphs are generally less
common than enantiornithines and thus compara-
tively less is known regarding their plumage.
Remnants of remiges lacking anatomical detail
are preserved in several specimens (the holotype
specimens of Hongshanornis  longicresta,
Jianchangornis multidonta, Juehuaornis zhangi,
Longicrusavis houi, Piscivoravis lii, Schizooura
lii, Tianyuornis cheni, Yixianornis grabaui, and
Xinghaiornis lini as well as referred specimens of
Yanornis STM 9-15 and 9-49) (Wang et al. 2013,
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Fig. 9.6 Enantiornithine from the Xiagou Formation, the holotype of Feitianius paradisi GSGM-05-CM-004: (a)
photograph, (b) interpretative drawing, (c) reconstruction by M. Rothman. Scale bar equals 10 mm
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2015b; Zheng et al. 2014a, c; Zhou et al. 2009,
2012, 2013; Zhou and Zhang 2001, 2005). Unin-
formative feather traces are also preserved in
some specimens of Gansus yumemensis from
the Xiagou Formation (Wang et al. 2015¢; You
et al. 2006) and the holotype of Ambiortus
dementjevi from Mongolia (Kurochkin 1985). In
no specimen is the wing complete and clearly
preserved well enough to allow the number of
remiges to be to be determined. The wing is best
preserved in the two known specimens of the
hongshanornithid Archaeornithura meemanni,
the only ornithuromorph known from the
Protopteryx-horizon (Wang et al. 2015a). The
primaries are broad, strongly asymmetrical and
bluntly tapered at their distal ends (Fig. 9.7). At
least one short primary (possibly two) forms the
leading edge of the wing; this outermost primary
(or primaries) is narrower than the others and
roughly two-fifths the length of the next primary,
which is followed by two longer subequal
feathers, after which the primaries decrease in
length medial in the wing. The longest primary
is approximately 2.5 times the length of the hand,
proportionately longer than observed in other
Early Cretaceous birds with the exception of
Confuciusornis, whose manual digits are not
reduced (Fig. 9.3). This morphology is con-
firmed, as least for hongshanornithids, in a well-
preserved referred specimen of Hongshanornis
(DNHM D2945/6) (Chiappe et al. 2014).
The well-preserved primary feathers in
Archaeornithura STM7-145 reveal the presence
of a medial longitudinal stripe in the rachis, as in
Confuciusornis (Wang et al. 2015a). Because the
specimen is torn between two slabs with feather
remains in both, it is unclear which surface bore
the stripe, although this feature is more clearly
visible in the main slab in which the skeleton is in
dorsal view. A layer of coverts, approximately the
length of the outermost primary, is present, but
details of their morphology are obscured by over-
lap (Fig. 9.7). The morphology of these
specimens indicates hongshanornithids had
broad, long, and tapered wings. The alula (best
preserved in specimens of Archaeornithura) is
formed by three short asymmetrical feathers,

within the range of modern birds (Lovette and
Fitzpatrick 2004), ending proximal to the distal
end of the major digit (proportionately shorter
than in enantiornithines) (Wang et al. 2015a).

Body feathers are known on the head and neck
(Fig. 9.7) but notably are not clearly documented
on the tibiotarsus in any specimen except one,
despite the fact that crural feathers are widespread
in living members (Neornithes) and present in
other groups of Early Cretaceous birds. Given
that crural feathers are rarely preserved even in
Confuciusornis, their absence in basal
ornithuromorphs most likely reflects the compar-
atively smaller number of available specimens
(Zheng et al. 2013b). Crural feathers are only
preserved in a single exceptionally well-
preserved specimen of Yanornis STM9-5, in
which the feathers appear to be short and taper
off above the ankle—the pes is clearly covered in
scales (Zheng et al. 2013b). This is consistent
with the semiaquatic ecology inferred for
Yanornis and most basal ornithuromorphs—
neornithines in aquatic and semiaquatic habitats
commonly have proximally restricted and/or
reduced crural feathers. The capital coverts in
the holotype of Hongshanornis longicresta proj-
ect dorsally, giving the species its specific name
(Zhou and Zhang 2005); although incomplete
preservation above the skull roof makes
interpretations of a crest equivocal, the feathers
are clearly visible tapering rostrally from
mid-orbit, ending level with the rostral margin
of the antorbital fenestra. A similar crest is not
observed in any other hongshanornthid specimen
(Chiappe et al. 2014).

Morphology of the rectrices and pygostyle
itself suggest that rectricial bulbs were present
in even basal members of the Ornithuromorpha
(Clarke et al. 2006). All well-preserved rectricial
morphologies display undeniable aerodynamic
qualities. Most taxa preserve round rectricial
fans (Archaeornithura meemanae,
Hongshanornis longicresta, Piscivoravis i,
Tianyuornis zhengi, Yanornis martini,
Yixianornis grabaui) (Chiappe et al. 2014; Clarke
et al. 2006; Wang et al. 2015a; Zheng et al. 2014a,
c; Zhou et al. 2013), although Schizooura lii
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Fig. 9.7 Archaeornithura meemannae (STM7-145) the
only ornithuromorph known from the 130.7 Ma
Protopteryx horizon of the Huajiying Formation. This

preserves a forked tail, considered to be the opti-
mal aerodynamic condition (Thomas 1993; Zhou
et al. 2012). One specimen of Archaeorhynchus
spathula preserves a pin-tail, a fan-shaped tail
consisting of 12 medially striped feathers paired
with two medial streamers of indeterminate distal
morphology (Wang et al. 2018). No unequivocal
primarily ornamental tail morphologies are
documented (Zhou et al. 2014). However, all tail
morphologies observed appear to be also

taxon possesses both a modern alula and a fan-shaped
tail indicating advanced flight capabilities

somewhat shaped under the influence of sexual
selection: rounded tail fans are considered to be
ornamental relative to a square-shaped tail fans;
elongate forked tails, like that in Schizooura, are
less functional (and thus considered also to func-
tion as ornamentation) relative to short forked
tails; and pin-tails readily serve both ornamental
and aerodynamic functions, with the ornamental
pins being narrow to reduce their aerodynamic
cost (Fitzpatrick 1999; Mgller and Hedenstrém
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1999). In the absence of taxa highly specialized
for aerodynamic performance at this grade in
avian evolution, the tails of the -earliest
ornithuromorphs appear to be, as in other groups,
shaped by both natural and sexual selection.
Wispy body feathers, possibly poorly preserved
tail coverts, are preserved with the pygostyle in
some specimens (e.g., Yanornis STM9-15). Nota-
bly, there is no clear evidence than any specimen
lacked elongate rectrices in vivo, as in some
enantiornithine and confuciusornithiform
specimens.

Melanosomes have only been sampled in two
specimens, the holotype of Changzuiornis ahgmi
(potentially a junior synonym of Juehuaornis
zhangi) and a referred specimen of Gansus
yummenensis (Barden et al. 2011; Huang et al.
2016). Samples from both specimens revealed
eumelanosomes, which suggest the feathers
were at least partially black.

Younger and more derived ornithuromorph
specimens (those referable to Ornithurae) thus
far do not preserve any remnants of their plum-
age. One hesperornithiform, a Late Cretaceous
clade of diving ornithurines, purportedly
preserves feathers on the foot (Williston 1896);
although the impressions of scales are clear in the
illustration, the reported feathers are not readily
identifiable, and no description of these traces
accompanied a later study, in which the specimen
was recognized as distinct from Hesperornis and
assigned to Parahesperornis (Martin 1984).
Instead, the hespeornithiform toes are described
as, “probably lobed and scutellate-reticulate”
(Martin 1984: p. 147).

9.3  Discussion

The plumage of the earliest known birds from the
Late Jurassic and Early Cretaceous is remarkably
well known despite the enormous taphonomic
filter presented by the fossilization process and
over a hundred million years of geologic time.
Among known specimens, there is recognizable
inter- and intraclade diversity in the wings, tail,
and hindlimb feathers (O’Connor et al. 2016a;
Zheng et al. 2013b). Not unexpectedly,

cumulative data still pales in comparison to the
diversity of feather morphologies, plumages,
molts, and patterns recognized among living
birds. The numerous flight styles, ecologies, and
reproductive strategies utilized by the over 10,000
species of living birds provide for a vast diversity
of feather structures, plumages, and wing and tail
shapes (Gill 2007). Although studies suggest that
by the Late Cretaceous enantiornithines had
evolved a diversity of flight styles comparable to
neornithines (Dyke and Nudds 2008), specimens
preserving feathers from the well-sampled Jehol
Biota appear to occupy a more limited ecospace
including a limited range of body sizes. Many
basal taxa appear to be fairly generalist (e.g.,
Archaeopteryx, Confuciusornis), whereas
enantiornithines show arboreal features and
ornithuromorphs show features indicative of
semiaquatic ecologies (O’Connor et al. 2011).
Morphological specializations of the skeleton for
flight and specialized environments do not reach
the grade observed in Neornithes. Similarly, one
would not expect to find in early birds the same
degree of plumage variation observed in
living taxa.

Basal birds further lacked many of the
advanced biological characteristics that set living
birds apart from other living reptiles, such as their
rapid growth, high metabolic rates, and advanced
pneumatic respiratory system, all paired with an
extremely lightweight skeleton highly adapted for
aerodynamic activity (Chinsamy et al. 1995; Gill
2007). Non-ornithuromorph birds lacked an
enlarged, keeled sternum, notarium, well-
developed synsacrum, and other compound
bones that form the lightweight and rigid avian
skeleton, and grew more slowly (Chinsamy et al.
1995; O’Connor et al. 2011). As in other aspects
of their biology, several observable differences
are present between the plumage of basal birds
and that of neornithines. These include at least
one feather morphotype that no longer exists,
plumages consisting of feather combinations not
observed in living birds, tail morphologies
unknown in living birds (some due to the absence
of a pygostyle in the most primitive birds), and
ontogenetic differences in the appearance of sex-
ually dimorphic ornaments. This information,
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continuously built upon by new discoveries, helps
us to begin to understand the early evolution of
the diverse and often highly specialized plumage
observed in modern birds.

At least one feather morphotype, the rachis-
dominated rectrix, is recognized as extinct and is
so far found only in Early Cretaceous confuciu-
sornithiforms and enantiornithines (O’Connor
et al. 2012a; Zhang et al. 2006), and is
documented in specimens from China, Myanmar,
and Brazil (de Souza Carvalho et al. 2015; Carroll
et al. 2019; Xing et al. 2018a). Both streamer and
racket-plume morphologies are documented in
the Enantiornithes, whereas only racket plumes
are observed in the Confuciusornithiformes. The
rachis is proportionately wider in enantiornithines
compared with the Confuciusornithiformes, and
these tail feathers are inferred to have evolved
independently in these two clades (Wang et al.
2014c). Potentially, rachis-dominated rectrices
may also be present in Epidexipteryx (Zhang
et al. 2008b), a member of the Scansoriop-
terygidae—a group of volant nonavian
maniraptorans of uncertain phylogenetic affinity
(O’Connor and Sullivan 2014; Xu et al. 2015).
Notably, the poorly preserved remains of four
potentially rachis-dominated (or ribbonlike) rec-
trices is the only evidence for the presence of
feathers with a rachis (presumably pennaceous)
in this group (Xu et al. 2015; Wang et al. 2019).
This may suggest that the tail ornaments in
Epidexipteryx are not modified pennaceous
feathers at all. Similarities between these tail
feathers may turn out to be a product of the poor
preservation of this feature in the only specimen
of Epidexipteryx. Given their phylogenetic distri-
bution, these tail ornaments are inferred to have
evolved in parallel in scansoriopterygids and
pygostylian birds (Wang et al. 2014c).

Recently our understanding of rachis
dominated feathers has been transformed by the
discovery of three-dimensional rachis dominated
feathers preserved in 99 Ma amber from
Myanmar. Based on lithic compression fossils,
these feathers appeared to consist of a
mediolaterally enlarged rachis that bears either a
dorsal or ventral longitudinal groove (potentially
both), considered to have functioned to

strengthen these elongate feathers. The presence
of a groove was inferred from the presence of a
dark medial longitudinal stripe on the rachis and
confirmed through the discovery of a three-
dimensional cast of one surface of the tail feathers
in the juvenile enantiornithine Cratoavis. They
are interpreted as modified pennaceous feathers
(O’Connor et al. 2012a; Prum and Brush 2002),
supported by the discovery of fully pennaceous
“streamer” forms and the presence of a medial
longitudinal stripe in the remiges of confuciusor-
nithiforms, unmodified rectrices of Sapeornis,
and the remiges and unmodified rectrices of
ornithothoracines (Wang et al. 2014c, 2015a).
Rachis dominated feathers in amber have shown
that the wide, flat morphology actually formed a
C-shaped cross-section (Xing et al. 2018a). The
dark medial stripe represents a ventral ridge and a
dorsal groove and may have represented the so
called rachial ridge (Xing et al. 2018a; Carroll et
al. 2019). The rachis measures only 3—10 microns
thick and completely lacks medullary pith. The
absence of a medullary pith suggests that these
feathers are not modified modern pennaceous
feathers and likely formed through completely
different developmental pathways (Carroll et al.
2019). It is unclear whether the medial stripe
observed in the rachis of the flight feathers of
some  well-preserved basal birds (e.g.,
Eopengornis, Archaeornithura) is indicative of a
similar pith-less structure, which would in turn
indicate that the feathers of basal birds were far
more primitive that previously thought, or if the
medial stripe in these flight feathers results from a
different morphology. The remiges in three-
dimensional amber specimens do not show any
medial stripe or groove (Xing et al. 2017).

A large number of bizarre feather
morphologies have been described from feathered
paravians (the group of maniraptorans that
includes birds, dromaeosaurids, and troodontids)
found in Jehol deposits (Wang et al. 2017; Xu and
Guo 2009; Xu et al. 2010). Within Pennaraptora,
the monophyletic clade of maniraptoran
dinosaurs with pennaceous feathers (formed by
Oviraptorosauria and Paraves), descriptions of the
body feathers as rachis-less (unshafted) are wide-
spread (O’Connor et al. 2012a; Zhang et al.
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2006). However, the identification of these
unusual feathers in Early Cretaceous Jehol birds
is at odds with the presence of pennaceous body
feathers in the basal Late Jurassic Archaeopteryx
(Foth et al. 2014) and in some mid-Cretaceous
Burmese enantiornithines (Xing et al. 2016,
2017). Feathers in these specimens are notably
preserved as molds and in their entirety, respec-
tively. In contrast, feather traces preserved in
Jehol specimens typically consist of decay-
resistant melanosomes, organelles that are often
absent from the rachis (Zhang et al. 2010). The
rachis is thus preserved as a gap between the
melanosome-rich vanes, although often marred
by a dark medial stripe of uncertain identity.
Overlap and slight taphonomic distortion may
well be obscuring the presence of a vane in the
small body feathers of Jehol birds making them
only appear non-pennaceous (Foth 2012). Water
also obscures feather morphology; hence, even
features in isolated feathers can be controversial
(Kundrat 2004), as in the case of the isolated
feathers preserved in the holotype of Protopteryx
fengningensis, which have been interpreted both
as shafted and unshafted (Foth 2012; Zhang et al.
2006). Therefore, the existence of rachis-less
body feathers as an extinct morphotype cannot
be confirmed until taphonomic factors are
explored further (Saitta et al. 2018). Based on
observations from Archaeorhynchus STM7-11,
the absence of an observable rachis in the body
feathers of many specimens may be due to the
fact this structure is proportionately thin and deli-
cate (Wang et al. 2018). If a rachis was indeed
present in the body feathers of Jehol birds, which
seems most likely, it appears in some feathers it
would have been basally restricted with very long
barbs, giving the feathers a downy appearance
(Zhang and Zhou 2000). Such a morphology is
reminiscent of neoptile feathers in living birds
(Foth 2011; Kundrat 2004) that have also been
observed in Burmese enantiornithines trapped in
amber (Xing et al. 2017). It is possible the downy
morphology observed in the body feathers of
Jehol birds and nonavian dinosaurs may be an
adaptation for a cooler climate, like that inferred
for the paleoenvironment of the Jehol region
based on isotope data (Amiot et al. 2011). The

presence of proximally plumaceous—distally
pennaceous body contour feathers in 99 Ma
enantiornithines trapped in amber favors a tapho-
nomic interpretation; however, given the bizarre
combination of feather morphotypes revealed by
these specimens, similarly unusual plumages in
Jehol birds cannot be ruled out. Enantiornithines
in amber indicate that primitive unshafted feather
morphologies reminiscent of those present in
more primitive theropods persisted into the
Ornithothoraces at least during early ontogenetic
stages (Xing et al. 2017).

Observations from super-precocial
enantiornithine juveniles suggest this clade is
characterized by a lesser degree of ontogenetic
variation between molts compared with
neornithines and even some nonavian dinosaurs
(Xu et al. 2010). Like living super precocial birds
(the Megapodidae) (Starck and Ricklefs 1998),
the natal plumage in enantiornithines is
characterized by fully developed remiges together
with downy body feathers (Xing et al. 2016,
2017; Zhou and Zhang 2004). However, orna-
mental tail feathers are also documented in sev-
eral juvenile specimens (de Souza Carvalho et al.
2015; Zheng et al. 2012). Thus, unlike the condi-
tion in living birds, in enantiornithines sexually
dimorphic ornaments preceded the advent of sex-
ual maturity, being present in the juvenile and
possibly even natal plumage. This may suggest
that the rachis-dominated racket plumes had a
minimal detrimental effect on the overall flight
performance in enantiornithines, as already
suggested by their morphology (Wang et al.
2014c). This discovery also further supports the
hypothesis that more complicated molting
patterns are derived within Aves (Gill 2007).

Differences in plumage coloration certainly
existed, but these have only just begun to be
explored in  Cretaceous birds.  Mostly
melanosome-based coloration is being studied—
only six taxa have currently been sampled: two
confuciusornithiforms, referred specimens of
Eoconfuciusornis (Zheng et al. 2017) and
Confuciusornis (Zhang et al. 2010); two enantior-
nithines, the holotype of Cruralispennia (Wang
et al. 2017) and a bohaiornithid enantiornithine
(Peteya et al. 2017); and two ornithuromorphs,
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the holotype of Changzuiornis (Huang et al.
2016) and isolated feathers referred to Gansus
(Barden et al. 2011). Preliminary results mostly
reveal eumelanosomes (Barden et al. 2011;
Huang et al. 2016; Wang et al. 2017); so far,
phacomelanosomes have only been recovered in
confuciusornithiforms (Zhang et al. 2010; Zheng
et al. 2017). Variation in melanosome
distributions within a single feather of
Confuciusornis (Zhang et al. 2010) strongly
suggests that high-density sampling is required
to accurately reconstruct coloration through this
method. However, this would be highly destruc-
tive and still yield only a partial understanding of
coloration, limited to that formed by
melanosomes. Only one specimen has been
heavily sampled (although still not to the degree
necessary to capture detailed patterns)—a female
Eoconfuciusornis, revealing a dark plumage with
a rufous throat patch (Zheng et al. 2017). The
predominance of dark plumages recovered for
early birds (including Archaeopteryx) (Carney
et al. 2012) and the inability of melanosome mor-
phology to distinguish visibly preserved color
patterns (e.g., the spots in FEoconfuciusornis)
(Zheng et al. 2017) both suggest the use of
melanosomes to reconstruct plumage color is lim-
ited. Other pigments utilized by birds are proven
to fossilize but have yet to be demonstrated in any
Mesozoic bird (Thomas et al. 2014b; Vinther
2015). It is possible carotenoid pigmentation did
not evolve in Aves until after the end-Cretaceous
extinction (Thomas et al. 2014a).

Although individual basal lineages indepen-
dently evolved advanced and sometimes complex
plumages (e.g., the tail of Jeholornis and the
hindlimb feathers in Sapeornis), among Creta-
ceous birds, there is a trend toward more
advanced integumentary features in more derived
clades. The flight apparatus in enantiornithines
and ornithuromorphs is better suited for powered
flight than that of more primitive clades, showing
advanced aerodynamic features in both the pecto-
ral girdle and plumage. Although asymmetrical
feathers are an apomorphy of Aves, as increased
data comes to light, detailed studies of feather
anatomy indicate that vane asymmetry to the
degree observed in modern birds did not evolve

until the Ornithothoraces (Feo et al. 2015). The
presence of an alula, the so-called bastard wing,
also characterizes this latter clade. This feathery
structure on the leading edge of the wing allows
for greater angles of attack, mostly used to aid in
take-off and landing and during slow flight
(Wang et al. 2015a; Zhang and Zhou 2000). The
Ornithuromorpha is characterized by the appear-
ance of numerous advanced features that charac-
terize living birds, but Early Cretaceous members
still retained a few primitive traits, such as manual
claws, gastralia, and distally contacting pubes
(O’Connor et al. 2011). Similarly, their wings
are proportionately longer than in most early
birds, but wings and tail feathers show a limited
diversity of shapes, and potentially they retained
primitive “rachis-less” body feathers (Wang et al.
2015a) and lacked medullary pith. One major
difference between the two ornithothoracine
clades is the morphology of the pygostyle,
which in basal ornithuromorphs appears nearly
modern in structure, whereas enantiornithines
retain a primitive morphology similar to that pres-
ent in Confuciusornis and have similar tail
feathers. In contrast, ornithuromorphs do not pre-
serve primitive tail morphologies such as the
absence of rectrices or rachis-dominated feathers
like that observed in confuciusornithiforms and
enantiornithines. Even the earliest-known mem-
ber of the Ornithuromorpha (130.7 Ma
Archaeornithura  meemanni)  possesses  a
fan-shaped tail (Wang et al. 2015a) and all taxa
in which the tail is known preserve more than four
feathers (most enantiornithines have four or less
with the exception of Chiappeavis and Feitianius)
arranged to form an overlapping surface capable
of generating aerodynamic forces. A plough-
share-shaped pygostyle similar to that of
ornithuromorphs evolved in parallel in the
Sapeornithiformes and co-occurs with a long,
fan-shaped tail strongly suggesting these two
features coevolved (Wang and O’Connor 2017).

The Early Cretaceous Jehol avifauna reveals
that early birds were diverse in their plumage
(Fig. 9.1), particularly with regard to the tail, a
conclusion supported by finds from other deposits
(Fig. 9.5). Flight feathers are more commonly
preserved than those that cover and protect the
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body (although in some cases only body feathers
are preserved—the taphonomy of each specimen
is unique and generally poorly understood). The
feathers of the wing are often obscured by over-
lap, particularly when the forelimb is preserved
folded. As a result, most feather data pertain to the
tail. Among living volant birds, rectrices show
more morphological variation than any other pter-
yla (Fitzpatrick 1999; Thomas 1997). Remiges
are more strictly limited by the functional
morphospace of volant behavior (plumage is
unknown in all flightless Cretaceous birds),
whereas the tail only serves to supplement the
wing apparatus (Gill 2007) and was not crucial
to flight in early pygostylians, as evidenced by the
absence of elongate tail feathers in female
confuciusornithiforms and at least some female
enantiornithines. However, early members of the
Ornithuromorpha do not share neornithine mor-
phological diversity and all known Early Creta-
ceous members preserve tail morphologies that
appear to be primarily aerodynamic in function
(primarily,  because as  discussed tail
morphologies are produced by complex
interactions between natural and sexual selec-
tion). The fact that such morphologies nearly
only occur in groups with a plough-share-shaped
pygostyle (the Ornithuromorpha and
Sapeornithiformes) supports the hypothesis that
without the soft tissue and musculature to control
the spread of the tail fan (e.g., the rectricial bulbs
and m. bulbi rectricium), such a feature may not
be greatly beneficial (O’Connor et al. 2016b). In
contrast, most members of the Enantiornithes
preserve tails that appear primarily ornamental
in function. One taxon apparently possessed an
extravagant tail plumage comparable to that
observed in polygamous neornithines alive
today (e.g., Phasianidae, Paradisaeidae)
(O’Connor et al. 2016a). This adds to growing
evidence that early in the evolution of feathers,
sexual selection was a major driving force
(O’Connor and Chang 2015). The robust
enantiornithine pygostyle, which like Confuciu-
sornithiformes lacks a dorsal lamina, may have
been unsuited for supporting large rectricial bulb-
like soft tissue, a hypothesis supported by the
absence of significant soft tissue located lateral

to the pygostyle as revealed by UV light (Chiappe
and Meng 2016; Liu et al. 2019). However, it
appears well suited for expanded caudal levator
and depressor muscles, suggesting that these
birds may have engaged in tail displays similar
to extant phasianids (Wang and O’Connor 2017).
The only known tail that can readily be consid-
ered aerodynamic is that preserved in the holo-
type of the pengornithid Chiappeavis
magnapremaxillo (O’Connor et al. 2016b). This
group is characterized by a pygostyle that is rela-
tively shorter and less robust than that of other
enantiornithines and in this regard is more similar
to that of ornithuromorphs relative to other
enantiornithines. Notably, the tail fan is shorter
than in sympatric ornithuromorphs, likely due to
the increase in muscular force required to control
longer tail fans (Thomas and Balmford 1995).
The expanded pygostyle present in phasianids,
strongly reminiscent of the enantiornithine
pygostyle (Wang and O’Connor 2017), still
possesses rectricial bulbs, although they are just
somewhat limited in dorsal expansion by the
dorsal platform. The absence of a blade-like
dorsal lamina and the presence of expanded dor-
solateral and ventrolateral margins of the
pygostyle in confuciusornithiforms and enantior-
nithines suggest strong levator and depressor
musculature but do not rule out the presence of
rectricial bulbs. Only the strong co-occurrence of
a dorsal lamina and tail fans in Sapeornis and
ornithuromorphs, the absence of taxa utilizing
aerodynamic morphologies in the Confuciusor-
nithiformes and Enantiornithes (with the excep-
tion of Chiappeavis), and the absence of
significant soft tissue preserved surrounding the
pygostyle in Confuciusornis (IVPP V13156)
(Fig. 9.3a) and some enantiornithines (Chiappe
and Meng 2016; Liu et al. 2019) suggest this
feature was absent in the latter clades. Other
members of the Pengornithidae preserve rachis-
dominated streamers, indicating that intraclade
plumage diversity was high, as in living birds
(Gluckman 2014).

Hindlimb feathers in early birds are regarded
with considerable significance due to the idea that
avian flight evolved through a four-winged stage
(Zheng et al. 2013b). This historical hypothesis
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(Beebe 1915) received new life with the discov-
ery of Microraptor zhaoianus, a dromaeosaurid
dinosaur that clearly utilized hind-wings in some
form of volant behavior (Xu et al. 2003; Pei et al.
2014). However, the presence of hindlimb
feathers themselves is not unusual: crural feathers
are present in all known living birds, although
they are proximally restricted in some taxa, par-
ticularly those in aquatic and semiaquatic
environments (e.g., Ardeidae, Scolopacidae).
Metatarsal feathers are present in raptorial birds,
and many owls additionally have feathered toes
(Kelso and Kelso 1936). Hindlimb feathers
extend onto the metatarsus in Archaeopteryx
(Foth et al. 2014), Sapeornis (Zheng et al.
2013b), and some enantiornithines (Chiappe and
Meng 2016). In Archaeopteryx and some
enantiornithines, the symmetrical crural feathers
are roughly half the length of the tibia, but below
the ankle, these feathers are small and short. In
Sapeornis hindlimb, feathers are only preserved
around the ankle, although presumably the proxi-
mal portion of the hindlimb was also feathered.
Potentially the longer crural feathers in Archae-
opteryx and some enantiornithines and the ankle
feathers in Sapeornis could somehow have
assisted flight; however, this hypothesis requires
greater study given that living birds both with and
without elongate crural feathers engage in foot-
braking during landing (Pennycuick 1968, 1971).
Regardless, the condition in Aves differs consid-
erably from the unique condition in Microraptor
in which the metatarsal feathers are asymmetrical
and the longest on the hindlimb, mimicking to the
condition in winged forelimbs in which the
feathers on the distalmost element (the hand) are
the longest and asymmetrical (Xu et al. 2003). In
comparison, the hindlimb feathers in Sapeornis
chaoyangensis (Zheng et al. 2013b) are more
proximally located (around the ankle rather than
entirely on the tarsometatarsus), proportionately
shorter, curved, and with a splayed morphology,
which all together suggest a primarily ornamental
function (O’Connor and Chang 2015). However,
there is no doubt the cohesive surface formed by
the proximal ends of the feathers would have had
some effect on aerodynamics. The crural feathers
in Archaeopteryx are very similar to those

observed in some enantiornithines (Zhang and
Zhou 2004), whereas in others (e.g.,
Eopengornis), the crural feathers are overall
shorter and decrease in length distal on the leg,
as in Confuciusornis. However, some enantior-
nithines had hindlimb feathering more extensive
than Archaeopteryx, extending onto the toes, a
condition that evolved in parallel to some
neornithine lineages (e.g., Strix, Lagopus) (Xing
et al. 2019b). Crural feathers are not preserved in
any specimen of Jeholornis suggesting they were
not likely endowed with strong aerodynamic
qualities, and they are clearly short and taper
distally in confuciusornithiforms. If distal
hindlimb feathers were involved in the evolution
of avian flight, their contribution ceased very
early in avian evolution, with secondary reduc-
tion being the overall predominate trend. Given
that asymmetrical distal hindlimb feathers are
only present in Microraptor zhaoianus, it is likely
that this dromaeosaurid independently evolved its
volant abilities in parallel to those of early birds
and uniquely utilized a tetrapteryx strategy (Foth
et al. 2014), further highlighting the developmen-
tal plasticity of feathers.
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