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the signal-to-noise ratio at close to micromolar
concentrations (fig. S6). Alternatively, very fast
kinetics—for example, in protein folding—could
be resolved if the signal was large enough (29).
Increasing the excitation power to only 7 mW
(10 kW/cm2) yielded fluorescence signals of up
to 10.6 MHz, allowing the direct visualization
of 10-ms blinking events (see fig. S7).

Self-assembled nanoantennas with docking
sites based on DNA origami scaffolds represent
an inexpensive and versatile platform to study
plasmonic effects of metallic NP systems. The
approach offers a simple solution to one of the
urgent needs, that is, the ability to couple optical
sources to nanoantennas. We have studied the
dependence of the fluorescence intensity and
lifetime of single dyes placed in the vicinity of
gold NP monomers and dimers of varying sizes.
We achieved fluorescence enhancement of up to
117-fold for 100-nm dimers that enables higher
count rates in single-molecule applications and
relaxes the requirements for single-molecule–
compatible fluorescent dyes. Our results are in
good agreement with numerical simulations and
show that substantial fluorescence enhancement
can be achieved, even at an interparticle distance
of 23 nm that allows for the accommodation of
biomolecular assays. The reduction of the hot-
spot size far beyond diffraction-limited dimen-
sions and the improved signal-to-noise ratio

pave the way for sensor applications and nano-
scale light control and extend the concentration
range of single-molecule measurements toward
the biologically relevant micromolar regime.
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Feathered Non-Avian Dinosaurs from
North America Provide Insight
into Wing Origins
Darla K. Zelenitsky,1* François Therrien,2* Gregory M. Erickson,3 Christopher L. DeBuhr,1

Yoshitsugu Kobayashi,4 David A. Eberth,2 Frank Hadfield5

Previously described feathered dinosaurs reveal a fascinating record of feather evolution, although
substantial phylogenetic gaps remain. Here we report the occurrence of feathers in ornithomimosaurs,
a clade of non-maniraptoran theropods for which fossilized feathers were previously unknown.
The Ornithomimus specimens, recovered from Upper Cretaceous deposits of Alberta, Canada, provide
new insights into dinosaur plumage and the origin of the avian wing. Individuals from different
growth stages reveal the presence of a filamentous feather covering throughout life and winglike
structures on the forelimbs of adults. The appearance of winglike structures in older animals
indicates that they may have evolved in association with reproductive behaviors. These
specimens show that primordial wings originated earlier than previously thought, among
non-maniraptoran theropods.

Non-avian dinosaurs have been found in
a variety of sediments worldwide, but
skeletons with well-preserved feathers

have been restricted to fine-grained deposits,
primarily the Upper Jurassic and Lower Creta-
ceous lacustrine deposits of Liaoning, China
(1–8). Although feathered dinosaur specimens
have helped substantiate the dinosaurian origin
of birds (2, 3, 9–12), their restricted occurrence
has left notable gaps in the record of early feather

evolution, particularly among non-maniraptoran
theropods (such as Ornithomimosauria or Car-
nosauria). Here we report on the presence of
feathers in ornithomimosaurs (bird-mimic dino-
saurs), based on specimens found in Upper
Cretaceous fluvial channel deposits of Alberta,
Canada, a discovery that expands the known
phylogenetic, depositional, and geographic range
of feathered non-avialans. Three skeletons,
referable to juvenile and adult Ornithomimus

edmontonicus (8), and housed at the Royal
Tyrrell Museum of Palaeontology (TMP), col-
lectively preserve evidence of filamentous and
shafted feathers in this taxon. This occurrence
of feathered non-avian dinosaurs in North Amer-
ica reveals the nature of ornithomimosaur plu-
mage, provides insight into the origin of wings
in Theropoda, and demonstrates new poten-
tial for the discovery of well-preserved feathered
dinosaur specimens in fluvial (coarser-grained)
deposits.

Two of the Ornithomimus specimens pre-
serve filamentous feathers [type 1 or 2 feathers
(11, 12)]. The first is the partial skeleton (TMP
2009.110.1) of a young juvenile (~1 year old)
(8), which has filaments covering the axial and
appendicular skeleton (Fig. 1). These integu-
mentary structures, morphologically similar to
the primitive filamentous feathers described in
the Liaoning theropods (1, 2), are preserved as
a dense array of hundreds of filaments in a thin
(up to 2 mm) ferruginous coating that follows
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the three-dimensional (3D) contour of the body
(Fig. 1, D to F). These structures (up to 50 mm in
length and 0.5 mm in width) drape ventrally over
the left side, perpendicular to the vertebral col-
umn, and run parallel or subparallel to one an-
other. They are curved or contorted on some
areas of the body, indicating that the original
structures were supple (Fig. 1, D and F, and
figs. S1 and S2). On the distal forelimbs, the
filaments are shorter (up to 15 mm) than those
on the body, and part at a low angle along the
midline (Fig. 1E and fig. S3). Many of the fila-
ments on the right manus show a central calcite
streak (Fig. 1E and fig. S4), which indicates that
the structures had a hollow core, as proposed for
primitive filamentous feathers (1, 8, 11, 13, 14).
The preservation of feathers within a ferruginous
residue in a sandstone represents a previously
undescribed preservational mode for non-avian
feathers; however, other dinosaur soft tissues

have been found associated with such residues
(15–17).

A second specimen (TMP 2008.70.1) is an
incomplete adult skeleton lacking forelimbs (8),
which displays filamentous feathers preserved as
faint 2D carbonized traces along the neck, back,
and anterior thorax (Fig. 2). The filaments, mor-
phologically similar to those of TMP 2009.110.1
and the Liaoning theropods (1, 2), measure up to
50 mm long and 0.5 mm wide (8). They are in
close contact with the bone on the ventral side
of the skeleton and start approximately 20 mm
from the bone on the dorsal side. Their orien-
tation varies from subparallel to 50° relative to
the bone surfaces, and their curvature indicates
that the original structures were supple (Fig. 2B).
Feather preservation resembles that of the
Liaoning theropods (1, 2), although the filaments
in TMP 2008.70.1 are faint, sparsely distributed,
and preserved in a sandstone matrix.

Evidence of shafted feathers {i.e., feathers
with a rigid shaft, with or without interlocking
barbules [type 3 feathers or higher (11, 12)]} is
preserved on the forelimb bones of an adult
Ornithomimus skeleton (TMP 1995.110.1, Fig. 3).
This specimen has an array of approximately 70
2D carbonized traces [a common preservational
style for feathers (8, 18, 19)] as linear markings
on the surfaces of the ulna and radius (Fig. 3, B
and C). The markings on the ulna are located on
the dorsal and posterior sides and change ori-
entation gradually along its length, from postero-
distally near the proximal end to longitudinally
toward the distal end, whereas those on the radius
are located on the dorsal side and are all oriented
anterodistally. Their distribution and orienta-
tion are similar to the insertion pattern of covert
feathers (20, 21), which form the bulk of the
feather covering inmodern bird wings. The shapes
of the individual markings are consistent with

Fig. 1. Juvenile Ornithomimus (TMP 2009.110.1)
preserving filamentous feather traces in ferrugi-
nous residue. (A) Photograph and (B) illustration
of specimen showing the distribution and ori-
entation of filamentous feathers and the loca-
tion of insets. Scale bar, 10 cm. (C) Histological
photomicrograph of metatarsal, showing highly
vascularized bone lacking growth lines, indicat-
ing an individual less than 1 year old. Scale bar,
0.5 mm. (D) Close-up of filaments draping ven-
trally over the neck region, with curved filaments
(white arrow) and possible filament bundles (black
arrow). Scale bar, 2 cm. (E) Close-up of distal right
forelimb, displaying filaments fanning out from
the midline. Calcite infilled some feathers. Scale
bar, 1 cm. (F) Close-up of feather filaments follow-
ing the contour of abdomen and thigh. Scale bar,
5 cm. Interpretive line drawings of (D) to (F) are
available in (8). ce, cervical vertebrae; fe, femur;
hu, humerus; il, ilium; mc, metacarpal; ra, radius;
r, rib; ul, ulna; u, ungual phalange.
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the morphology of the rigid shafts of such feath-
ers. Themarkings are up to 6.5mm long and up to
1.5 mm wide (8) and are much wider than the
filamentous feathers (0.5 mm) in the other two
specimens. Almost all are linear features with well-
defined (nondiffuse) edges, indicating that the
original structureswere elongate and straight. Some
markings have an open central area and/or have
U- or hook-shaped components (Fig. 3C). Such
2D shapes are consistent with traces that would
be left by longitudinal or oblique sections of an
originally elongate and hollow structure, such as
a feather calamus (8). Based on the distribution,
orientation, anatomical location, size, and shape
of these markings on the bones, we interpret
them as traces of the calami of covert feathers that
covered the forearm in Ornithomimus.

TheOrnithomimus specimens reveal two dis-
tinct plumages during ontogeny (Fig. 4, A and B).
Young juveniles (~1 year old) had a plumage of
filamentous feathers, whereas adults possessed
both filamentous feathers and a pennibrachium
[a winglike structure consisting of elongate feath-
ers (22)]. This evidence for an ontogenetic change
in plumage shows that immature individuals did
not possess all the feather types present in adults.
This indicates that the absence of specific feather
types (such as remiges) in other feathered non-
avian theropod taxa, especially those primarily
known from immature individuals, could be par-
tially due to their early ontogenetic stage, thus
potentially complicating reconstruction of the
evolutionary history of feathers and early wings.

The presence of a pennibrachium in ornitho-
mimosaurs, previously reported only among
maniraptorans (22), indicates that winglike struc-
tures originated earlier than previously known
(Fig. 4C). Several roles have been proposed for
primitive wings [gliding (23, 24), predatory be-
haviors (25, 26), or terrestrial locomotion (27, 28)],
but their occurrence in a clade of ground-dwelling
herbivorous (29) non-maniraptorans suggests
that they did not originate for predatory behaviors
or aerial locomotion. TheOrnithomimus specimens
show a late appearance of shafted wing feathers
during ontogeny (occurring in adults but absent in
1-year-old juveniles) as compared to birds, inwhich
these feathers develop early, within a few weeks of
hatching (28, 30, 31), to be used for aerial (31) or
terrestrial (28) locomotion. Although ornithomi-
mosaurs may have also used their feathered fore-
limbs for terrestrial locomotion as in some birds
(chukar and ostrich) (27, 28, 32, 33), the ontogenet-
ically late appearance of the pennibrachia suggests
that they may have initially evolved as a second-
ary sexual characteristic. As such, these winglike
structures would have been used for reproductive
activities (such as courtship, display, and brooding)
and were only later, among maniraptorans, co-
opted for other roles, including flight.

Until now, non-avian dinosaurs with well-
preserved feathers had been recovered exclu-
sively from fine-grained deposits, primarily in
northeastern China (1–8). The present report of
feathered ornithomimosaurs found in channel

sandstones from North America reveals that
specimens bearing well-preserved feather im-
pressions also occur in fluvial (coarser-grained)
deposits. Such deposits have historically yielded
a great abundance of dinosaur skeletons (34),
yet associated feathers have heretofore gone
unnoticed, perhaps because they are generally
expected to be preserved only in finer-grained
sediments (18, 19). The discovery of feathered
dinosaurs in sandstone indicates that their integ-

umentary structures may be more readily pre-
served than previously anticipated. Perhaps the
apparent absence of feathers in many specimens
is due to their nonrecognition and subsequent
destruction during fossil preparation. This poten-
tial for feather preservation in fluvial deposits,
combined with the sheer abundance of non-avian
dinosaurs found in such rocks, reveals great new
possibilities for the discovery of feathered dino-
saurs worldwide.
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Fig. 2. Adult Ornithomimus (TMP 2008.70.1), preserving carbonized filamentous feathers. (A) Illus-
tration of specimen showing the distribution and orientation of filamentous feathers (blue). Scale
bar, 10 cm. (B) Close-up of curved filamentous feathers in inset from (A). Scale bar, 2 cm. (C) Photograph
and (D) illustration of filamentous feathers along the dorsal side of the vertebral column. Scale bar, 5 cm. ce,
cervical vertebrae; r, rib; sc, scapula; sk, skull.
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Fig. 3. Adult Ornithomimus skeleton (TMP 1995.110.1),
preserving evidence of shafted feathers. (A) Region of mark-
ings on the forelimb bones, delineated by a black rectangle.
Scale bar, 50 cm. (B) Close-up of ulna (on left) and radius
showing markings. Scale bar, 2 cm. (C) Schematic drawing of
inset from (B), illustrating the shape, orientation, and distribu-
tion of markings on a portion of the ulna. U- and hook-shaped
components are shown in blue. Scale bar, 1 cm.

Fig. 4. Ornithomimosaur plumage and its phylogenetic
context. Artistic representations of (A) juvenile plumage
and (B) adult plumage, both illustrated by Julius Csotonyi.
(C) Phylogenetic distribution of major feather types and
wings/pennibrachia in theropods. “Filamentous feathers”
refer to all feathers that lack a rigid shaft [types 1, 2, and 3b
of (11) and morphotypes 2 to 7 of (3)], whereas “shafted
feathers” refer to all feathers that possess a rigid shaft
[types 3a, 3a+b, 4, and 5 of (11) and morphotypes 8 and
9 of (3)]. Theropod phylogeny is from (35), and the reported
occurrences of feathers are from (2, 36). The basalmost
occurrence of winglike structures among Theropoda is in
Ornithomimosauria. Forearm protuberances in a basal
carcharodontosaur have been suggested to be associated
with non-scale skin appendages (37) of unknown type.
Green node, Theropoda. Yellow node, Maniraptora. Blue
branches indicate clades that possess wings/pennibrachia.
Gray wings denote clades in which at least one taxon used
wings for aerial locomotion.
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Australopithecus afarensis Scapular
Ontogeny, Function, and the Role
of Climbing in Human Evolution
David J. Green1* and Zeresenay Alemseged2

Scapular morphology is predictive of locomotor adaptations among primates, but this skeletal
element is scarce in the hominin fossil record. Notably, both scapulae of the juvenile
Australopithecus afarensis skeleton from Dikika, Ethiopia, have been recovered. These scapulae
display several traits characteristic of suspensory apes, as do the few known fragmentary
adult australopith representatives. Many of these traits change significantly throughout modern
human ontogeny, but remain stable in apes. Thus, the similarity of juvenile and adult fossil
morphologies implies that A. afarensis development was apelike. Additionally, changes in
other scapular traits throughout African ape development are associated with shifts in locomotor
behavior. This affirms the functional relevance of those characteristics, and their presence in
australopith fossils supports the hypothesis that their locomotor repertoire included a substantial
amount of climbing.

Scapular morphology corresponds closely
with locomotor habits, often irrespective of
phylogeny (1–7). However, our understand-

ing of this important element in hominin evolu-
tion is limited by the paucity of scapular fossil
remains. Upon its discovery, the right scapula as-
sociatedwith the juvenileAustralopithecus afarensis
skeleton fromDikika, Ethiopia (DIK-1-1, “Selam”)
represented the most complete such fossil known
for this well-documented early hominin species (8).
Furthermore, comparison of this complete juve-
nile with adult australopith fossils promised to

shed light on A. afarensis growth and development
(8, 9). Continued preparation has since freed both
scapulae from the matrix encasing much of the
axial skeleton (Fig. 1).

Before DIK-1-1’s discovery, the limited num-
ber of available fossil scapulae provided only
tentative clues that the australopith shoulder was
apelike (10). In addition, we lack a clear understand-
ing of what the scapular morphology of the last
common ancestor (LCA) ofPan andHomo looked
like, making it difficult to determine whether
australopiths retained apelike features from the
LCA or if these features evolved independently
(11–14). Furthermore, limited information on the
postcranial architecture, developmental pathways,
and the manner in which behavioral variation
contributes to morphological diversity among ex-
tant hominoids presents a challenge for reconstruct-

ing locomotor patterns in extinct taxa. Here, we
describe further the DIK-1-1 scapulae and infer
the locomotor behavior ofAustralopithecus through
comparisons with other fossil hominins—including
the new specimen fromWoranso-Mille, Ethiopia
(KSD-VP-1/1) (15)—and modern apes and hu-
mans (16). We track the ontogeny of scapular
shape among extant hominoids to evaluate how
juvenile scapular morphology compares with the
adult form. We also evaluate functionally rele-
vant characters throughout development to iden-
tify various genetic and epigenetic influences on
hard-tissue morphology. These approaches con-
sider how ontogenetic shifts in locomotor behav-
ior (e.g., in Pan and Gorilla) influence scapular
shape, providing context for evaluating the mor-
phology of more fragmentary adult fossils and a
more comprehensive view for inferring the locomo-
tor implications of australopith shoulder anatomy.

Theoriginal analysisof the rightDIK-1-1 scapula
showed it to be most similar to that of juvenile
Gorilla (8), but the two principal component axes
describing its shape explained only ~7% of var-
iance, drawing criticism (15). We performed two
canonical variates analyses (CVAs) among juve-
nile and adult representatives of modern Homo,
Pan,Gorilla, and Pongo, as well as DIK-1-1 and
the immatureH. ergaster (earlyH. erectus) scap-
ula of the Turkana Boy (KNM-WT 15000) (17).
In the first CVA,Homo and Pongo separated from
Pan and Gorilla along the first root axis, which
accounted for 70.3% of the variation; Pongo and
Pan separated from Homo and Gorilla, respec-
tively, along the second root axis (16.0%; Fig. 2A).
The DIK-1-1 scapulae did not significantly dif-
fer from one another (P = 0.81) and were most
similar to those of Gorilla juveniles (table S6);
KNM-WT 15000 fell among the juvenileHomo
data (Fig. 2A). The second CVA considered fewer
variables to include the less complete KSD-VP-1/1,
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