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Abstract

In this paper we report the discovery of non-plumage soft tissues in Confuciusornis, a basal
beaked bird from the Early Cretaceous Jehol Biota in northeastern China. Various soft tis-
sues are visualized and interpreted through the use of laser-stimulated fluorescence, provid-
ing much novel anatomical information about this early bird, specifically reticulate scales
covering the feet, and the well-developed and robust pro- and postpatagium. We also
include a direct comparison between the forelimb soft tissues of Confuciusornis and modern
avian patagia. Furthermore, apparently large, fleshy phalangeal pads are preserved on the
feet. The reticulate scales, robust phalangeal pads as well as the highly recurved pedal
claws strongly support Confuciusornis as an arboreal bird. Reticulate scales are more
rounded than scutate scales and do not overlap, thus allowing for more flexibility in the toe.
The extent of the pro- and postpatagium and the robust primary feather rachises are evi-
dence that Confuciusornis was capable of powered flight, contrary to previous reports sug-
gesting otherwise. A unique avian wing shape is also reconstructed based on plumage
preserved. These soft tissues combined indicate an arboreal bird with the capacity for short-
term (non-migratory) flight, and suggest that, although primitive, Confuciusornis already
possessed many relatively advanced avian anatomical characteristics.

Introduction

With the recent discoveries of magnificently preserved fossils from the Early Cretaceous Kon-
servat-Lagerstitten (Jehol Biota) of northeastern China—many of which exhibit exceptional
soft-tissue preservation, including plumage—a rare opportunity to study the soft-tissue anat-
omy of fossil birds arises. Confuciusornis has been well studied with regards to its osteology
(e.g., [1-4]) and some portions of its plumage. Much about the plumage, however, has yet to
be adequately described, and much of the current research has focused on the primary flight
feathers and the enigmatic, long, paired tail feathers [5-7]. The paired tail feathers of Confuciu-
sornis were suggested to represent sexual dimorphism [1] and their exact morphology has
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been the subject of debate (e.g., [7]). The primary feathers of Confuciusornis were interpreted
as thin and weak, and therefore unable to support flapping flight [5]. Furthermore, the primary
feathers of Confuciusornis were much longer relative to the arm bones than what is found in
modern birds, and previous studies suggested that Confuciusornis possessed a long and
pointed, fast-flying type of wing morphology [6]. Although there have been studies refuting
the suggestion of the thin and weak primary rachises [8,9], some studies still maintain that the
feathers were too weak for flapping flight (e.g., [6]).

Modern birds have unique soft tissues that relate to their flight capability and preferred life
habits. Modern birds possess both a propatagium and a postpatagium [10], which are expand-
able membranes on both the front and the back of the wing. The propatagium has been sug-
gested as the important lift-producing structure in the proximal portion of the avian wing
[11]. The function of the postpatagium in birds is less well understood, but is the main area of
support beyond the osteological insertion of the inferior umbilicus of the main flight feathers,
the primaries and secondaries. Strong tendons connect feather calami within the postpata-
gium, especially in areas where the strongest external forces act upon the feathers [12]. Fur-
thermore, scales on the feet and tarsi can potentially be linked to life habit and evolutionary
patterns [13, 14]. Unfortunately, these delicate soft tissue structures are rarely preserved in the
vast majority of fossil birds; however, many specimens from the Lower Cretaceous Jehol
Group are preserved with spectacular plumage and other soft tissues.

Laser-stimulated fluorescence (LSF) is a process widely used in various subfields of biology
today (e.g., use of green fluorescent protein, [15]), and to microfossils (e.g. [16-18]), but has
only recently been successfully applied to macrofossils [19]. LSF is a highly successful and ver-
satile method that can be used to identify potentially modified fossils, highlight hidden struc-
tures, and, as this study shows, fluoresce soft tissues otherwise invisible under white light.

Materials and Methods

Laser-stimulated fluorescence uses the high flux of a laser to induce fluorescence in minerals
that comprise fossil bone, matrix and other compounds. In its simplest form, an intense laser
beam is scanned across the specimen in a dark room while a camera records a time exposure
through a laser blocking filter. In this way only the fluorescence coming from the specimen is
recorded. See Kay et al. [19] for further details on the methodology of laser-stimulated
fluorescence.

For this study a pair of blue 447 nanometer (nm) lasers of 300 and 400 milliwatts respec-
tively were used. The handheld portable unit which was brought to the site was used stand-
alone without mains power, the other a standard laboratory style laser. The handheld
configuration limits the laser on-time to 5 minutes. The beam was slightly defocused through
a Thorlabs ED1-S50-MD diffuser with a 90% transmission rate. A Nikon D60 SLR camera was
configured on a tripod in bulb mode to facilitate time exposures. ISO was set to 800 and typical
exposure times were in the range of 1.6-1/1.6 seconds. A MidOpt Light Yellow LP 470 ‘long-
pass’ filter with a >90% passband above 535 nm was mounted to the front of a Nikkor 18-55
mm standard lens and a Nikkor 85mm macro lens to block the laser flux and only allow imag-
ing of the fluorescence.

Aspect ratio for a reconstructed wing of Confuciusornis was calculated following Penny-
cuick [20]. A reconstruction of the wing of Confuciusornis was created using measurements
from IVPP V13156 and imported into Adobe Illustrator CS4. Within Illustrator “view grid”
was selected, allowing for wing span and wing area to be calculated. The full wing span mea-
sured by using semi-span, using approximate body width measured directly from the body
IVPP V13156, as the torso of the specimen is preserved ventral-side down, and there is a clear
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body outline (Fig 1). After the semi-span was calculated, the measurement was multiplied by
two to obtain a wing span as specified by [20]. Wing area was generated by counting the num-
ber of grid squares that were completely within the reconstruction (full squares), squares that
were only half filled by a portion of the reconstruction (half-squares), and squares that were
either more than half or less than half filled by a portion of the reconstruction. These squares
were added to get an approximate partial wing area as shown in [20] The length of each square
was calculated as 3 cm. Root chord was added to the semi-span following [20] to calculate the
total wing area for one wing; this number was then multiplied by two to obtain the full wing
area. Using these measurements, aspect ratio was calculated using the formula used by Penny-
cuick [20].

Description

Two specimens of Confuciusornis from the Institute of Vertebrate Paleontology and Paleoan-
thropology (IVPP) in Beijing were especially useful for this study; IVPP V13168, and IVPP
V13156 (Fig 1). Under laser fluorescence (see materials and methods), soft tissues including
scales, toe pads, skin, and muscle are highlighted around the feet, wings, pygostyle and hin-
dlimb. These structures were not visible under white light alone (Fig 2), and ultraviolet (UV)
light did not produce the clarity of image seen with the laser fluorescence. The location, pat-
tern, and shape of these tissues closely match soft tissue structures seen in modern birds, espe-
cially phalangeal toe pads and metatarsal pads on the feet, and pre- and postpatagium on the
wings.

Both propatagium and postpatagium are visible on IVPP V13156 as pinkish halos around
bone that also produces yellow fluorescence (photographs unprocessed) (Fig 3A and 3B). The
halo is wider proximally and narrows distally down to the joint. There are scales and pads seen
preserved on the feet for the first time (Fig 4), which are positioned ventral-side up. Scales are
present on both the matrix, and on the bone of the phalanges and the tarsometatarsus. Modern
birds show two types of scales; reticulate and scutate. Reticulate scales are smaller, rounder,
and do not overlap. Scutate scales are larger, more rectangular, and overlap. The scales seen on
Confuciusornis are entirely reticulate, and there are no scutate scales visible.

The wing of IVPP V13156 is slightly extended, and so an accurate reconstruction of the
propatagium is easily produced. The propatagium of Confuciusornis was extensive, stretching
from shoulder to wrist as in modern birds. The brightest part of the halo interpreted to be pro-
patagia extends ~11-12 mm from the radius, however the exact width is variable. The halo is
fainter further away from the bones, but extends to ~20 mm away from the radius in the same
location as the broadest portion of the brighter region. Under white light, a black halo of
organic tissue extends ~36 mm from the radius. The thickness of the propatagium is indeter-
minate; however, the amount of organic material, and the clarity of the halo under laser fluo-
rescence and UV light, suggests that the propatagium was not a thin membrane but a
substantial structure as found in modern birds. The propatgium seen on Confuciusornis is sim-
ilar in its outline to the propatagium found in modern birds (Fig 3C and 3D).

The postpatagium covering the ulna of IVPP V13156 is estimated to be between 5-6 mm
from the caudal margin of the ulna to the edge of the postpatagium. The postpatagium on the
hand is ~10 mm as measured from the caudal margin of the carpometacarpus and phalanx to
the edge of the postpatagium. The extent of the postpatagium appears to be consistent with
that of modern avifauna (e.g., Gallus gallus, Bubo virginianus [21]) and is similarly distributed
(Fig 3D).

The primary feather morphology and wing shape of specimens IVPP V13156 and V13168
are different than previously reported for Confuciusornis. The rachises of specimen IVPP
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Fig 1. Photograph of IVPP V13156. (A) Full specimen. (B) Close up of right wing. Note the shortened tenth
(outermost) primary.

doi:10.1371/journal.pone.0167284.9001

V13156 are robust (contra to [5; 8,9]), with the thickest measuring >1.5 mm (Fig 5), and are
clearly visible under both white light and laser fluorescence. The rachis itself does not fluo-
resce; as explained by Kaye et al. [19], the matrix behind the feathers fluoresces, which causes a
“backlit” phenomenon, highlighting detail. This suggests that no organics are preserved in the
rachis itself.
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Fig 2. Comparing photographs taken under white light and laser fluorescence. (A) Wing of IVPP V13156 under white light. Scale
bar =2 cm. (B) Right foot of IVPP V13156 under white light. Scale in mm. (C) Wing of IVPP V13156 under laser fluorescence. Scale bar =2
cm. (D) Right foot of IVPP V13156 under laser fluorescence. Scale bar =1 cm.

doi:10.1371/journal.pone.0167284.9002

As previously reported (e.g., [6]) the primary feathers of Confuciusornis are exceptionally
long in relation to the forearm, however, the relative length of each individual primary, espe-
cially the outermost primaries, is different than has been previously reported. Due to the rela-
tive length of the primaries, the wing shape is much broader and rounder than previously
suggested. The 10th (outermost) primary of Confuciusornis is less than half the length of the
9th primary, which in turn is shorter than the 8th primary (Fig 1B). The overall length of the
secondaries in comparison to the primaries is also much greater than what is seen in most fast-
flying birds (Fig 6) and results in a completely novel wing shape that is far different than previ-
ous reconstructions have suggested [22]. This rounder, broader morphology is more similar to
that seen in both forest-dwelling and soaring birds [23], however the wing shape of Confuciu-
sornis is unlike any known modern avian wing morphology (e.g., Fig 6B-6E).

The scales of Confuciusornis appear to be entirely reticulate. The feet, however, are pre-
served ventral-side up, which may obscure any scutellate scales as they are usually found on
the dorsal side of the toes and tarsometatarsus. Disarticulated reticulate scales are present
around the feet of IVPP V13168. The scales are relatively spread out away from the phalanges
on the right foot of IVPP V13156; however, on the left foot the scales are preserved in situ rela-
tive to the phalanges. Large phalangeal pads and small interphalangeal pads can be distin-
guished on both left and right feet (Fig 4A and 4B). A robust metatarsal pad is clearly present,
best seen on the left foot.
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Fig 3. Photographs of soft tissue under laser fluorescence from IVPP V13156. (A) Wing showing propatagium. Scale bar =5 mm. (B) Wing showing
postpatagium. Scale bar = 5 mm. (C) Line drawing of a modern Gallus gallus wing showing outline of patagium in relation to the bones of the forelimb,

dorsal view. (D) Line drawing of a modern Gallus gallus wing showing outline of patagium in relation to the bones of the forelimb, ventral view. (C) and (D)
by Elizabeth Myers.

doi:10.1371/journal.pone.0167284.9003

Discussion

Previous studies (e.g. [1,3]) visualized only the osteology and/or plumage of Confuciusornis,
however our study represents a first look at other soft tissues such as scales, dermal complexes
(patagia), ligaments, tendons and musculature of Confuciusornis. This new information indi-
cates that Confuciusornis has a suite of relatively modern soft tissue structures that are more
advanced than may be expected. New information about the wing shape of Confuciusornis also
reveals more about how this enigmatic bird may have flown.

The wider, broader wing in Confuciusornis confirms a flight style different than previously
suggested (see [6]) (Fig 6). Wide, broad wings are found in 1) birds that live in a densely vege-
tated area requiring high maneuverability and 2) broad-winged soaring birds such as hawks
and vultures. Although there is minor separation between the tips of the primaries in IVPP
V13156, the presence of slotted wing tips is difficult to determine. Slotted wing tips are typical
of broad-winged soaring birds, which aid in reducing drag during soaring [24,25] and may
improve stability while gliding [26]. Reconstructions of a heavily forested environment sur-
rounding the lake(s) of the Lower Cretaceous Jehol Group (e.g., [27,28]) implies Confuciusor-
nis required more maneuverability and stability than speed in flight. The aspect ratio of
Confuciusornis is between 6.4 (including tertial feathers) and 7.7 (excluding tertial feathers),
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Fig 4. Photographs of the feet of IVPP V13156 and IVPP V13168. (A) Closeup of right foot, yellow longpass.
Scale bar = 7 mm. Note the yellow-orange scales concentrated around the phalanx, not the joint (B) Left foot,
yellow longpass. Scale bar = 7 mm (C) Close up of left foot, yellow longpass. Scale bar =7 mm. Note the fleshy
pad with scales indicated by the arrow. (D) IVPP V13168, yellow longpass. Scale bar =5 mm (E) Close up of IVPP
V13168, yellow longpass. Scale bar =5 mm.

doi:10.1371/journal.pone.0167284.9004

which indicates that it was not a dynamic soarer (e.g., seabirds), long-distance migrant (e.g.,
shorebirds), or a long-duration fast flyer (e.g., swifts), which have higher aspect ratios [29].

The pinkish halos around the forelimb of Confuciusornis compare favorably to the patagia
of modern birds (Fig 3). The area of brighter fluorescence in the propatagia may indicate a
thickened area of the skin or deformation of the soft tissues after death—the dorsal portion of
the propatagia in Gallus gallus is notably thicker than that of the ventral region (Fig 3C and
3D). The brighter region of the halo may also represent a thickened propatagial ligament
found in modern birds [21, 30]. Impressions of the soft tissues of the hand of Archaeopteryx
have been reported [31] and compare favorably to the halos seen in Confuciusornis and mod-
ern avian wings. The presence of pre- and postpatagial ligaments and tendons is difficult to
determine from the laser fluorescence, however, these ligaments and tendons serve crucial
functions for flight in birds, including adjustment of the camber of the wing (prepatagial liga-
ments), control over extension of the wing [32], and spreading of the flight feathers (postpata-
gial tendons) [20]. The likelihood of Confuciusornis possessing significantly robust versions of
these tendons and ligaments (as seen in other birds, e.g. [21]) seems high.

The more postpatagium present, the more attachment area for the feather calami, and the
feathers are more likely to retain a straight airfoil. Furthermore, the osteology of the wing of
Confuciusornis supports the presence of a postpatagium. The major digit (digit 3 according to
e.g. [33], digit 2 according to e.g. [3]) serves as the site of bony support and attachment for the
large primary flight feathers (Fig 7). The minor digit is reduced to a vestigial stub, however the
minor metacarpal is still present and robust, and often curved [10]. The minor metacarpal acts
as a bony strut to support the calami of the primary feathers. This function of the minor digit
in Confuciusornis is supported by the relative smaller size of the bone compared to the major
digit (Fig 1; note thickness of the bones belonging to the major digit). Some suggest that the
minor digit of Confuciusornis was freely mobile based on claw morphology [34], however the
osteology of the hand, combined with the evidence shown via laser fluorescence, suggests that
this interpretation is incorrect and that the finger was completely encased within patagium, as
it is in modern birds. The manus would still be capable of clinging to tree trunks or limbs with
the minor digit encased in postpatagium, similar in the way that a Hoatzin (Opisthocomus hoa-
zin) uses its vestigial claws as chicks.

A recent discovery by Navalon et al. [35] displays a similar morphology, visible under white
light as a dark halo surrounding the forelimb of an enantiornithine. Unlike the morphology of
the enantiornithine, the propatagium of Confuciusornis does not include the thumb, which
would have been freely mobile. This suggests that the patagial system in birds developed early
in their evolution and, when available for study, may be a uniting synapomorphy. Major mor-
phological changes including the extent and robustness of the pro- and postpatagia likely
changed at key points within Aves. The more postpatagium present, the more attachment area
for the feather calami, and the feathers are more likely to retain a straight airfoil.

There is evidence that the propatagium of birds contributes disproportionately to lift pro-
duction between the wrist and the elbow [11], and the primary feathers generate lift from the
wrist outwards. The extensive and robust propatagium in Confuciusornis would have gener-
ated a large amount of lift. Furthermore, a thick and deep postpatagium suggests strong ten-
dons running parallel to the edge of the postpatagium, anchoring the flight feather calami in
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Fig 5. Photographs of the primary rachises of Confucuisornis, IVPP V13156. (A) Rachises under white light.
(B) Rachises under laser fluorescence using an orange longpass filter. Scale = 1 cm.

doi:10.1371/journal.pone.0167284.9005
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Fig 6. Comparison of the wing of Confuciusornis with the wings of modern birds. (A) Confuciusornis, reconstruction, dorsal view.
Grey-shaded region indicates areas where tertials would be located. (Osteological reconstruction by A. Muzquiz.) (B) Purple Martin
(Progne subis), UMMZ 237246, dorsal view. (C) American Kestrel (Falco sparevis), UMMZ 233618, dorsal view. (D) Northern Cardinal
(Cardinalis cardinalis), UMMZ 236461, dorsal view. (E) Black-billed Magpie (Pica pica), UMMZ 235421, dorsal view.

doi:10.1371/journal.pone.0167284.9g006

place [20]. The deeper and thicker the postpatagium, the stronger the attachment of the flight
feathers, and the less likely the feathers are to buckle and twist. All of the above factors, along
with the length and shape of the primary and secondary feathers, the robustness of the primary
rachises, combined with the presence of a small but relatively extensive keel [36], strongly sug-
gest that Confuciusornis did have the capability for powered flight.

Since only the underside of the foot is preserved, the interpretation of the lack of scutellate
scales on the feet is limited. The dorsal side of the foot may have had scutellate scales; however,
it is still embedded in the matrix. The feet of IVPP V13168 also have scales and, although they
are disarticulated (Fig 4E and 4F), they are also reticulate. Many modern birds have primarily
scutellate (e.g., Passeriformes) or scutellate-reticulate (e.g., Columbiformes) scaled feet, and
many other groups possess only reticulate scales (e.g., plovers (Charadriiformes), falcons (Fal-
coniformes), and parrots (Psittaciformes)) [13,37]. Reticulate scales do not overlap and are
therefore more flexible than the elongate, overlapping scutate scales [14]; they are found on the
ventral side of the foot in Columbiformes and many Passeriformes. Tree climbing is consid-
ered primitive for Aves [38], and a more flexible foot would have helped Confuciusornis cling
and grasp to the tree trunks and branches of large tress. There is some evidence that dorsal
reticulate scales have arisen multiple times within Aves [14], which may complicate discus-
sions of the ancestral state.

In modern birds, the foot morphology, especially that of the toe pads, varies strongly with
respect to the life habit (Fig 8). Arboreal birds tend to have very large, fleshy, and expanded
phalangeal pads, with strongly reduced interphalangeal pads over the joint (Fig 7), whereas
birds that inhabit water-margin environments (e.g. lakeshores) tend to reduce the phalangeal
pad and expand the interphalangeal pad while reducing overall fleshiness. Some ground-

P

Fig 7. A spread-wing osteological specimen from the University of Michigan Natural History Museum. Note the insertion points of the primary
feathers on the major metacarpal and digit. P = Primary, S = Secondary, PC = Primary covert feather, SC = Secondary covert feather,
PPT = Postpatagial tendon.

doi:10.1371/journal.pone.0167284.g007
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Fig 8. Examples of modern bird foot morphology. Photographs and line drawing of the feet of a passeriform (Sitta carolinensis), shorebird
(Tringa flavipes), and ground-dwelling bird ( Tympanuchus cupido) foot. (A) The foot of S. carolinensis, ventral view. This is an arboreal bird,
and the large phalangeal pads are clearly defined. The smaller pads are the interphalangeal pads. (B) Line drawing of (A). PP = Phalangeal
pad, IP = Interphalangeal pad. (C) Photograph of the foot Tringa flavipes, ventral view. Note that this is a water-marginal bird and the pads are
much less clearly defined. (D) Line drawing of (C). (E) Photograph of the foot of Tympanuchus cupido, ventral view. (F) Line drawing of (E).

doi:10.1371/journal.pone.0167284.g008

dwelling birds seem to retain the fleshiness of the pads, but also expand the interphalangeal
pad at the expense of the phalangeal pad (Fig 8). Based on the soft tissues seen in specimen
IVPP V13156, Confuciusornis possessed large, fleshy phalangeal pads, and the interphalangeal
pads were small or absent, similar to modern arboreal perching birds. This is especially appar-
ent on the left foot (Fig 4A), which displays concentrations of scales around the phalanx of the
foot up to 3 mm wide, whereas the phalangeal joints have a much narrower area of scales asso-
ciated with them. Concentrations of scales around the phalanxes are also visible on IVPP
V13168, although they are more compacted (Fig 4C).

Although Confuciusornis did not possess a large bony keel to support the pectoralis muscle
as in modern birds, and therefore was not capable of powerful flight for extended periods, it
still had the same anatomical features that allow for flapping flight in modern birds save for
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the triosseal canal. These features include a sternal keel (although it is small and restricted, see
[36]), and a large deltopectoral crest that would have allowed for larger deltoideus muscles for
a more powerful upstroke. The pectoralis muscle also inserts on the ventral side of the delto-
pectoral crest [30]. This indicates that although Confuciusornis could not rotate the arm behind
the body in the upstroke portion of the flight stroke, it could still conduct flapping flight on the
downstroke and recovery portion of the upstroke. The thick, deep postpatagium on the fingers
would provide a strong anchoring surface for the long, thick calami of the primary feathers.
The robust and extensive propatagium would provide powerful lift in concert with the long
primaries. Based on the evidence illuminated by laser fluorescence, Confuciusornis is unequiv-
ocally an arboreal bird with the capacity for short term (non-migratory) powered flight. If Con-
fuciusornis, a primitive bird quite basal on the avian tree (e.g. see [39]), possessed a suite of
characters so modern, it suggests that these features arose much earlier than perhaps previ-
ously implied. If that is so, then earlier rocks may contain the answers to many questions
about the origin and early evolution of birds.
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