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shaped both by its position as a basal avian close to the terrestrial-volant transition
and its environment. The size of the feathered wings, primary vane asymmetry, and
the large tertial tract all indicate Archaeopteryx was capable of volant locomaotion.
The reversed hallux, absent in closely related non-avian terrestrial dinosaurs, indicates
incipient perching abilities, whereas the proportions of the footpads and morphology
of the scales indicate the soft tissue of the foot was predominantly adapted for
terrestrial locomotion. Curved manual claws, well developed articular surfaces on the
minor digit phalanges, separate major and minor digits, and manual proportions all
indicate ancestral grasping abilities were retained and possibly exapted for climbing.
All known specimens fit a growth curve suggesting somatic maturity was achieved
over a protracted period although even the smallest known individuals preserve
wing feathers indicating aerial capabilities. Diet is unknown but avian features of the
rostrum indicate increased rostral sensitivity and oral dexterity, which suggests a diet
targeting small, energy rich foods. Together these morphologies reveal a generalist
bird that foraged on the ground and utilized a diverse set of locomotor behaviors
including incipient powered flight.

1 Introduction

Archaeopteryx from the 150 Ma Solnhofen plattenkalk in Southern Germany is the old-
est known bird and the oldest known dinosaur to use airfoils formed by feathers for
volant locomotion [1, 2]. Although now closely matched by the slightly younger Bami-
nornis (149 - 148 Ma) from Fujian Province, China, the pectoral girdle in this taxon
is much more advanced and thus Archaeopteryx remains the most phylogenetically
basal taxon relevant for understanding the terrestrial to volant transition [3]. Although
some authors have hypothesized that Anchiornis is a bird older than Archaeopteryx,
and indeed, Anchiornithinae is typically resolved as the sister taxon to all birds (Aves)
together forming a clade referred to as Avialae, as more data have come to light, it is
increasingly clear from the morphology of the skeleton, forelimb feathers, molt pattern,
and ontogenetic changes in proportions that this taxon was non-volant [2, 4—6] and
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thus here considered a non-avian avialan. These two taxa are indeed similar and likely
very closely related, together providing the best available evidence for understanding
the evolution of flight in birds from a non-volant terrestrial ancestor [2]. However, these
two taxa occupied very different environments, which in turn affects their morphology
such that ecology should be considered when interpreting morphological differences in
taxa that bracket this important evolutionary transition. Archaeopteryx lived in a semi-
arid, seasonally wet environment most likely dominated by bushy conifers, whereas the
Yanliao environment, occupied by Anchiornis, consisted of diverse habitats dominated
by hot and humid forests [1, 7]. To fully understand the ‘dinosaur-bird’ transition from
available fossils, the morphology of Archaeopteryx must be evaluated in the context of
its ecology to separate the influence of its environment from phylogeny. To understand
how Archaeopteryx interacted with its environment, it is critical to summarize and eval-
uate hypotheses regarding its locomotor abilities.

The ecology of Archaeopteryx has been the subject of interest for over a century, e.g.
[8-11]. However, it has been 25 years since the last summary of its paleobiology and the
recent descriptions of five additional specimens of Archaeopteryx, including the arguably
best preserved specimen to date, together with morphological data gleaned from com-
puted tomographic scans have revealed new clues regarding the ecology and lifestyle of
this iconic early bird [2, 12—16]. Here we summarize currently available information and
hypotheses supported by available fossils and discuss the implications of Archaeopteryx
ecology with regards to understanding the ‘dinosaur-bird’ transition and the ecological
roles utilized by one of the earliest dinosaurs to fly using feathered airfoils.

2 Results

2.1 Flight capabilities

The feathered surfaces on the elongate forelimb of Archaeopteryx are proportionately
larger than in closely related non-avian taxa (e.g., Anchiornis, Zhenyuanlong, Caudip-
teryx) [17-19] and the primary feathers exhibit a degree of vane asymmetry that is
within the range of extant volant birds, whereas these feathers are nearly symmetrical in
non-avian pennaraptorans with the exception of the volant Microraptor(5, 20] (Fig. 1).
Furthermore, large tracts of tertial feathers are present which serve to close the gap
between the body and the distal wing feathers created by the elongate proportions of the
humerus [2]. These feathers are also observed in some Early Cretaceous fossil birds (e.g.,
Confuciusornis) but are noticeably absent in taxa like Anchiornis, Zhenyuanlong, and
Caudipteryx indicating the presence of a gap between the feathered airfoil and the body
in these non-avian pennaraptorans, which would disrupt lift production and preclude
flight [2]. The overall shape of the feathered wing is short and broad [21] but the propor-
tions of the body suggest relatively high wing loading. Together, these features suggest
an intermittent flight style such as flap-gliding.

The cross-sectional geometry of the humerus and bone density values observed in
Archaeopteryx are within the values observed in extant volant birds [22]. The reported
cross-sectional geometry most closely resembles birds that utilize short-distance flap-
ping flight. This evidence has been used in favor of the interpretation that Archaeopteryx
was capable of powered flight and utilized a unique craniodorsal to caudoventral flight
stroke more similar to non-avian paravian grasping, based on the presence of an elon-

gate tail, short coracoids, and the potential absence of furcular contact with the sternum
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Fig. 1 Indicators of Archaeopteryx locomotor habits. A, soft tissue of the manus (white arrow) revealing a separate
major digit and recurved and laterally compressed unguals (grey arrow) possibly supporting interpretations re-
garding scansoriality preserved in the Chicago specimen FMNH PA 830; B, reversed hallux and preserved foot pads
(white arrow) indicating terrestriality preserved in the Chicago specimen FMNH PA 830; C, tertials (white arrow)
closing the wing body gap preserved in the Chicago specimen FMNH PA 830; D, vane asymmetry in the primaries
preserved in the Berlin specimen (white, leading edge vane; black, trailing edge vane)

[22]. Although the flight stroke of Archaeopteryx would undoubtedly differ from those of
modern birds, based on the associations between humeral morphology and flight strate-
gies observed in neornithines, the long yet shallow deltopectoral crest of the humerus
in Archaeopteryx suggests a flight style with low frequency wingbeats, similar to neorni-
thine flap-gliding [23]. In contrast, neornithines with a deltopectoral crest that is short
and deep use high-frequency, rapid wingbeats during flight [23, 24].

Proportions of the semicircular canals and cochlear length gleaned from CT scans of
the London specimen are reportedly close to or within the range of modern birds indi-
cating spatial sensory perception nearing that of living birds [16]. The optic lobes are
large, but smaller than in crown avians, and laterally positioned, intermediate between
the dorsal position in non-avian theropods and caudally rotated position in birds, fea-
tures interpreted as being consistent with a brain capable of flight [16]. Compared to
basal theropods the cerebellum is proportionately larger, although still much smaller
than living birds [16]. However, a study that included more paravian taxa concluded that
some other non-avian dinosaurs had endocranial and cerebral volumes that exceeded
that of Archaeopteryx indicating that some cerebral expansion preceded the appearance
of flight and further increases in volume in closely related lineages were not necessarily
related to volant locomotion [25].

Consistent with its basal position, there is ample evidence from the morphology of the
pectoral girdle, including the absence of an ossified sternum, that indicates flight abilities
were limited. The pectoral girdle is characterized by a wide boomerang shaped furcula
and a fused and axe-shaped scapulocoracoid with a laterally oriented glenoid [26, 27].
Recent research indicates that even in more derived birds in which the scapula and cora-
coid are separate they articulate through an immobile joint, such that the significance of
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the morphological transformation from scapulocoracoid to separate elements is unclear
[28]. However, the lateral orientation of the glenoid indicates a more restricted range
of motion compared to more derived birds limiting the thrust generated by the flight
stroke. Compared to the dorsally-oriented glenoid in ornithuromorphs, which allows the
wing to be fully elevated above the body for a long and powerful downward phase of the
flight stroke, dorsal movement of the forelimb in Archaeopteryx would have been rela-
tively limited, potentially indicating an emphasis on gliding after short bouts of relatively
dorsally-restricted wingbeats [26].

No specimen preserves an ossified sternum or sternal plates, which are notably also
absent in all known troodontids, anchiornithines, and the basal pygostylian bird Sapeor-
nis[29]. A previous report of an ossified sternum in the Munich Archaeopteryx was
later correctly reinterpreted as the coracoid [30, 31]. With regards to anchiornithines
and Sapeornis, taxa known from hundreds of specimens, the absence of ossified sternal
plates can be considered genuine and not preservational [29].

The absence of an ossified sternum in Archaeopteryx (and Sapeornis) is at odds
with the interpretation that flapping flight would induce cyclical tensile stress on car-
tilaginous sternal plates, resulting in their calcification [32]. As such, it has been pro-
posed that sternal plates were also completely absent in Archaeopteryx and alternative
hypotheses for the attachment surface of the main flight muscles, the mm. pectora-
lis and supracoracoideus have been proposed (such as the coracoid and gastralia) [29,
33]. Alternatively, cartilaginous sternal plates were present but did not serve as the
main attachment surface for the m. pectoralis as it does in neornithines and thus stress
induced ossification did not occur. This is consistent with the expanded distal ends of the
third to eighth thoracic ribs [34] and CT data that reveal a slight protuberance on the
furcular symphysis [35], both morphologies suggesting these elements contacted carti-
laginous sternal plates. In some neornithines (e.g., Corvus, Guttera, Ptilonorhynchus) the
hypocleidium of the furcula (apophysis furculae) extends dorsally (instead of caudally)
to contact the sternum [36], resembling the swelling present in Archaeopteryx. It is also
possible the sternum ossified very late in ontogeny, in a growth stage not captured by the
fossil record of this taxon, which consists entirely of actively growing, presumably imma-
ture, individuals [37].

If a cartilaginous sternum was present, it would be craniocaudally short, limited by the
cranial extent of the large gastral basket (Fig. 2). Its position would indicate a m. pecto-
ralis attaching to this element would have relatively short muscle fibers, consistent with
the limited excursion of the forelimb inferred from the glenoid orientation [26]. How-
ever, it has been suggested the m. pectoralis attached to a coracoclavicular membrane
primarily originating on the furcula (also present in living birds), and that the upstroke,
rather than being primarily initiated by the m. supracoracoideus as in neornithines, may
have been engaged by the mm. deltoideus complex (mm. deltoideous pars major, del-
toideous pars minor, deltoideus pars propatagialis cranialis) (Fig. 2). These muscles pri-
marily originate on the craniodorsal surface of the scapula and are capable of lifting the
wing in the absence of the m. supracoracoideus [38]. These inferences are consistent with
the role of the m. deltoideus complex in raising the forelimb in all vertebrates, the well-
developed furcula in Archaeopteryx, and the morphology of the m. pectoralis and cora-
coclavicular membrane in neornithines [38]. However, as in neornithines in which the

m. supracoracoideus has been experimentally severed, Archaeopteryx would most likely
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Fig. 2 Reconstruction of the Archaeopteryx pectoral girdle in right lateral view depicting a cartilaginous sternum
(dashed dark grey) and the hypothetical position of the mm. pectoralis and deltoideus complex. Muscles are varying
levels of transparency to reflect those that are deep and superficial to one another with the exception of the m.
delt pars prop. cran. which lies superficial to both heads of the m. deltoides major/minor. Muscles of the deltoides
complex originate from the proximal region of the scapula. The pectoralis muscle is shown inserting along the
craniolateral surface of the humerus. The coracoclavicular membrane is filled by light grey lines. Skeletal abbrevia-
tions: co, coracoid; cs, cartilaginous sternum (predicted); fu, furcula; gs, gastralia; hu, humerus; sc, scapula. Abbrevi-
ated muscles: m. delt pars prop. cran.,, deltoides par propatagialis cranialis; m. delt., deltoides

be unable to take off from the ground from a standstill, utilizing either a running start
[39] or elevation to launch [40].

Adaptations of the wrist necessary for wing folding evolved outside of Aves in order to
protect the elongate forelimb feathers [41, 42]. However, compared to crown birds, the
structure of the wrist and humerus indicate limited wrist folding and wing pronation,
which suggest Archaeopteryx would have generally had difficulty flying at low speeds
[40, 43]. Potentially aiding in this period of incipient flight, Archaeopteryx’s coastal con-
text may have provided consistent head-winds that Archaeopteryx may have utilized
to launch from the ground [40, 44—46]. Many extant birds utilize headwinds for both
take-offs and energy-reduced flight [47, 48]. Bounding flight, an intermittent flight style
potentially similar to that utilized by Archaeopteryx, is considered only energetically effi-
cient when flying into a headwind [45, 49]. However, the structure of the flight apparatus
in Archaeopteryx may have lacked the control and thus maneuverability to handle strong
winds effectively [40]. Archaeopteryx lacked an alula (bastard wing) and a fan-shaped tail
controlled by rectricial bulbs, two features neornithines utilize during slow flight [50].
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However, the unique flight apparatus of Archaeopteryx, including the elongate tail, may
have provided novel solutions that served functions similar to features that evolved later
in more derived birds, albeit less efficiently or effectively. For example, the elongate tail
in Jeholornis is hypothesized to have functioned as a stabilizer [51]. The suggestion that
Archaeopteryx was only capable of “sprawled crash landings” [52] is unlikely due to the
risk of injury given that, with its incipient flight abilities, it would have been limited to
short bursts of flight and frequent landings.

Morphometric analysis of Archaeopteryx skeletal measurements, compared to
Anchiornis, also supports flight ability in Archaeopteryx, and conversely, its absence in
Anchiornis. In larger specimens of Archaeopteryx (e.g., Solnhofen, London), the fore-
limb becomes proportionately longer, a trend also observed in Confuciusornis, whereas
in Anchiornis the hindlimb is longer in larger individuals [6, 53]. Archaeopteryx skeletal
measurements also fit a tight regression [54, 55], as observed in Confuciusornis, whereas
Anchiornis specimens do not plot close to the regression line indicating greater variation
in proportions [6, 56]. This lower variation observed in flying birds may be related to
aerodynamic constraints for the optimal proportions required for flight [6].

2.2 Hindlimb function

The general structure of the hindlimb is very similar to other maniraptoran theropods
[57, 58]. It retains the nearly vertical orientation of the elongate femur indicative of
hip-driven locomotion, as opposed to the knee driven locomotion present in derived
ornithuromorph birds [8, 59, 60]. The major difference lies in the reversed first pedal
digit (hallux), which is also present in most other early-diverging (non-ornithuromorph)
birds (e.g., Jeholornis, Confuciusornis, Sapeornis, Jinguofortisidae, and Enantiornithes)
[61]. Although this morphology was reinterpreted as absent based on the Thermopolis
specimen [15], preservation of the 12th and Chicago specimen support earlier interpre-
tations that the first digit is reversed. However, the structure of metatarsal I suggests the
orientation of the hallux may be slightly more medial than in most anisodactyl neor-
nithines [2, 13], which is also true of some more derived Cretaceous birds (e.g., Con-
Sfuciusornis) [62]. The reversal of the first pedal digit, opposing digits II-IV allows the
foot to grasp more effectively, an advantage for gripping non-flat surfaces (e.g., branches,
rocks). This is notably absent in non-volant non-avian theropods including the closely
related avialan Anchiornis in which the hallux is short, medially oriented, and elevated
relative to the metatarsal II-IV trochleae [63]. This suggests the reversed hallux evolved
in response to flight as an adaptation for utilizing elevated perches.

Proportions of the hindlimb elements are consistent with terrestrial but not cursorial
locomotion, being close to some non-avian theropods and very similar to galliforms,
ground birds that typically run only when necessitated by threats [64]. Pedal phalanges
are shorter distally within each digit and pedal proportions plot intermediate between
arboreal and terrestrial species, close to taxa like extant columbiforms, suggesting broad
and generalized locomotive capabilities [65]. The proportions of the footpads and mor-
phology of the scales preserved in the Chicago specimen indicate the soft tissue of the
foot was predominantly adapted for terrestrial locomotion [2].

Analyses of pedal claw curvature lack consensus, which may at least partially reflect
differences in how curvature is quantified. One study concluded curvature was sugges-
tive of terrestrial foraging consistent with pedal proportions and soft tissues [66], while
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other studies have concluded that pedal claw curvature is more consistent with arboreal
taxa [67, 68]. Yet another study concluded the outer curvature indicated scansoriality
whereas the inner curvature indicated terrestriality [69]. These differences may also indi-
cate that the pedal claws served multiple roles.

Contra recent interpretations, pedal digit II lacks features indicative of hyperextension
present in troodontids and dromaeosaurids [15, 70]. In these taxa, digit II phalanges are
shortened and the proximoventral margin of the penultimate phalanx bears an expanded
‘heel’ Dorsal expansion of the trochlea of the penultimate phalanx in digit II was cited as
evidence for hyperextension in Archaeopteryx; however, compared to taxa like Deinony-
chus, the trochlea is only weakly dorsally expanded in Archaeopteryx and also ventrally
expanded [36]. The morphology of digit II is very similar in Anchiornis, whereas some
anchiornithines, like Xiaotingia, possess a greater suite of hyperextension features [71].

2.3 Scansoriality

The proportions of the manual phalanges are consistent with a specialized grasping
function present in deinonychosaurs [65]. Manual claw curvature has also been evoked
as evidence in favor of a scansorial function for the forelimb [67, 72]. Although this cur-
vature and the presence of well-developed flexor tubercles were likely inherited from the
grasping predatory forelimb of non-avian theropods [73], this morphology was likely
exapted for scansorial locomotion. This is supported by differences in mediolateral
thickness of the manual claws in dorsal view, which are laterally compressed through-
out their length consistent with extant climbers [72]. In contrast, in predatory non-avian
theropods including most non-avian pennaraptorans the unguals are thicker proximally,
tapering distally [72, 74, 75].

Previously, the major and minor digit were thought to be immobile, being bound
together ligamentously [8]. However, the Chicago specimen preserves soft tissue traces
demarcating the outline of the right major digit around the articulation between the first
and second phalanges (Fig. 1A). This suggests that it was not entirely bound to the minor
digit by soft tissue, but rather that these digits were separate, further supporting a grasp-
ing function for the minor digit [2]. The well preserved articular surfaces of the minor
digit visible in the Chicago specimen support interpretations that the minor digit was
mobile, whereas the major digit was rigid in support of the flight surface [2].

2.4 Wing-assisted incline running

Observations that many living birds flap their wings when ascending inclines greater
than 45°, a behavior referred to as wing-assisted incline running (WAIR), has provided
a new hypothesis for the origin of feathered flight in theropods, the ontogenetic tran-
sitional wing hypothesis [76—78]. The craniocaudal orientation of the flapping motion
during WAIR is consistent with the lateral orientation of the glenoid in Archaeopteryx.
This behavior is present in a wide range of extant taxa and in immature individuals which
lack a fully ossified sternum. This suggests that in addition to other locomotor behaviors,
Archaeopteryx may have utilized WAIR to scale inclines and flapped its wings to make
controlled descents from elevated perches. However, it has been suggested that the
shoulder musculature of Archaeopteryx was unsuitable for generating the rapid upstroke
needed for modern WAIR [79]. Given the differences in shoulder musculature outlined
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above, if Archaeopteryx engaged in WAIR, like its flight style, this behavior likely differed
somewhat from the condition in living birds.

2.5 Diet

No direct evidence of Archaeopteryx diet exists. Morphological proxies such as size and
tooth shape have been previously evoked in favor of an insectivorous diet and skeletal
proportions indicate ground foraging (as opposed to catching insects on the wing) con-
sistent with inferences regarding limited aerial capabilities [1, 8, 57]. Larvae are hypoth-
esized to be an important food source for young individuals with larger individuals
additionally feeding on larger insects with more durable chitinous exoskeletons [1, 40].
Insectivory is commonly evoked for small theropods with otherwise superficially car-
nivorous dentition [80]. As in anchiornithines, some troodontids (e.g., Byronosaurus)
and other Mesozoic birds, the teeth lack serrations [81-83] (Fig. 3). The teeth are basally
bulbous rapidly tapering in their apical quarter forming a sharp and slightly recurved tip
that closely aligns with the distal margin of the tooth (often located caudal to the dis-
tal margin in hypercarnivorous deinonychosaurs) [13]. The number of teeth is reduced
from 14 maxillary and 16 dentary teeth in Anchiornis, a taxon documented to be at least
partially vertivorous [84], to 8—10 maxillary and 11-13 dentary teeth in Archaeopteryx
[13, 81].

Archaeopteryx preserves three feeding related structures that are not observed in non-
volant theropods and two of which are currently only recognized in birds: a primitive
bill-tip organ, oral papillae, and an ossified basihyal [85] (Fig. 3). The latter is only oth-
erwise known in Microraptor, a volant dromaeosaurid [86]. The appearance of these fea-
tures suggests a shift in feeding strategies associated with the greater energetic demands
of flight. The bill-tip organ is a sensory structure located at the tip of the rostrum in
many living birds that increases sensory discrimination and facilitates adaptation of the
rostrum to perform a diversity of complex oral tasks from probing to seed husking [87,

Fig. 3 Cranial features preserved in the Chicago Archaeopteryx FMNH PA 830 suggesting an omnivorous diet
targeting small, energy rich foods: choanal oral papillae (black arrows); basihyal (white arrow); neurovascular open-
ings suggesting a primitive bill-tip organ (grey arrows)
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88]. In crown birds there are two general morphotypes, one in which the sensory cells
are located in numerous pits on the rostral bones themselves and another in which they
are located within the soft tissue of the rhamphotheca [87]. In Mesozoic toothed birds,
a single large neurovascular opening is present on the distal premaxillae and dentaries,
continuous with the maxillary and mandibular branches of the trigeminal nerve, respec-
tively. It is hypothesized that these openings, which imply neurovasculature exiting the
tip of the bony rostrum, indicate the presence of a sensory organ, protected by a small
rhamphotheca [89]. The bill-tip organ in Archaeopteryx and other toothed Mesozoic
birds differs from that observed in living birds, and is considered an early morphotype
representing an intermediate evolutionary step in the evolution of the modern bill-tip
organ [85].

The Chicago Archaeopteryx also preserves an ossified basihyal, which suggests hyolin-
gual suspension and the presence of complex tongue musculature indicating increased
tongue mobility relative to non-volant theropods [86]. This increased tongue mobility
improves food manipulation resulting in more efficient ingestion. This specimen also
preserves soft tissue traces along the medial margin of the left palatine interpreted as
remnants of choanal oral papillae [85] (Fig. 3). In living birds, the mobile tongue is a
structure that is interdependent with the oral papillae, soft tissue projections in the
oropharyngeal cavity that help to stabilize food items for manipulation by the tongue,
similar to early tetrapods with a mobile tongue and palatal teeth [90]. These three oral
features are associated with precision feeding, likely targeting small calorie rich foods
like some insects, seeds, and grains, and may indicate a shift towards less tooth depen-
dent feeding strategies, consistent with the continued trend towards reduced dentitions
observed in crownward birds, with the exception of piscivores [91]. In contrast, most
closely related non-avian theropods were carnivorous vertivores and targeted larger
food items, which were ingested whole or largely unprocessed [84, 92, 93].

The Solnhofen climate was predominantly warm and dry with the flora being xero-
morphic [1]. Fossils indicate the presence of occasional rain (wet season) producing
temporary bodies of water [1]. This type of seasonal climate inhabited by Archaeopteryx
may suggest an omnivorous diet, with variations in food resources throughout the year
related to climatic changes. Semi-arid and periodically wet (i.e., rainy season) conditions
can significantly impact both seeding plant and insect diversity and abundance [94—98].
The semi-arid climate accompanied by ephemeral bouts of rainfall suggests seasonal
bursts of seed germination, leading to intervals of potential seedy and herbaceous food
resources, often referred to as periods of “green up” [94, 97, 98]. Similarly, for many ter-
restrial arthropods, seasonally intense precipitation is a key determining factor of abun-
dance [95, 96]. Odonates and cicadomorphs are found in the Solnhofen, with these taxa’s
diversity and emergence success being directly affected by seasonal periods of wet con-
ditions bringing about both ephemeral pools for larval development and favorable moist
soil conditions respectively [1, 40, 99, 100]. Taking advantage of this short-lived season,
birds and other organisms will target protein and carbohydrate rich food sources. Fol-
lowing the rainy season, vegetative die-back and returning drought conditions may have
led to increased detritivorous arthropod communities, yet another seasonally-available
food resource [95, 101]. Overall, the climatic context of Archaeopteryx suggests periods
of shifting primarily-available food resources with seasonal multi-trophic interactions —
conditions well suited to an omnivorous generalist diet (Fig. 4).
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Fig. 4 Preliminary Archaeopteryx food web depicting probable omnivorous diet of Archaeopteryx at various
growth stages (eggs, immature, mature, and carcass) and how Archaeopteryx would have provided trophic re-
sources for other organisms as prey at all life stages including parasites and detritus feeders (scavengers). Organ-
isms not to scale although the two Archaeopteryx represent the relative size difference between the smallest and
largest specimens. (Reconstructions © Field Museum, artwork by NICE PaleoVisLab studio, Institute of Vertebrate
Paleontology and Palecanthropology; eggs, seed, and parasite drawings by Samantha Clark)

2.6 Reproduction

Currently there is no direct preserved evidence regarding reproductive habits. However,
comparison with taxa both stemward and crownward of Archaeopteryx permit sev-
eral inferences. Ground nests in non-avian paravians and enantiornithine birds suggest
that Archaeopteryx also would have utilized ground nests with immobile eggs partially
embedded in sediment [102]. Limited flight abilities suggest Archaeopteryx nested close
to where it foraged [40]. Eggs were most likely unornamented, asymmetrical, and col-
ored [102, 103]. Like almost all known non-avian dinosaurs and as documented in enan-
tiornithine birds, hatchlings were most likely precocial [104, 105].

2.7 Growth and development

The phylogenetic position of Archaeopteryx indicates that it was warm-blooded but it
can be inferred to have had a lower metabolic rate than crown birds based on the slower
deposition of bone tissue in Archaeopteryx and other early-diverging Cretaceous birds
compared to a subset of ornithuromorphs that includes Neornithes with uninterrupted
growth [37, 106]. The Chicago Archaeopteryx represents the ontogenetically most
immature individual known to date [2]. Although very close in size to the Eichstatt spec-
imen, the better preservation of the Chicago specimen reveals a coracoid and scapula
that are completely separated, although still preserved in articulation. These bones are
also unfused in the Thermopolis specimen which is 1.4 times larger consistent with the
observation that these bones fuse late in ontogeny [15, 107]. The atlas intercentrum and
neurapophyses, atlas pleurocentrum, axial, intercentrum and axial pleurocentrum, and
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sacral vertebrae are all unfused [2]. The preserved fully developed wing feathers indi-
cate that, despite its immaturity, the Chicago specimen was capable of volant locomo-
tion. Specimens of Archaeopteryx occupy a considerable size range consistent with a
protracted growth strategy like that observed in stemward (e.g., Anchiornis) and crown-
ward (e.g., Confuciusornis, Sapeornis, enantiornithines) taxa [29, 56]. Like non-avian
dinosaurs and enantiornithines [108], Archaeopteryx most likely reached sexual maturity
prior to somatic maturity.

2.8 Plumage

As in volant neornithines (9-11 primaries), the Archaeopteryx wing is formed by 11
primaries, although the 11th specimen appears to have 12 [5]. The shape of the wing
is broad [21], most closely resembling the elliptical wings of neornithines. The prima-
ries have an asymmetry value of 3.47, within the range of volant neornithines (2.5-6.63)
[5, 14]. Two rows of dorsal coverts are present covering approximately half the surface
of the remiges [14]. Consistent with the elongate humerus, a tertial tract is present [2]
(Fig. 1C). Closed pennaceous feathers are present on the forelimb, hindlimb, and tail
[14]. Hindlimb feathers decrease in length significantly at the ankle joint and taper dis-
tally not reaching the articulation with the pedal phalanges [14]. Body contour feathers
are open pennaceous with a fluffy appearance, as in other non-neornithine pennara-
ptorans [2]. Contra some reports, there is no strong evidence of molt [109]. However,
comparison with volant paravians Microraptor and Confuciusornis strongly suggests the
remiges would have molted sequentially [110, 111] whereas the non-volant Anchiornis
exhibits an irregular molt [4]. Chemical analyses of the isolated feather (holotype), inter-
preted as a dorsal wing covert, indicate it was white and black [112, 113]. Given the open
environment that Archaeopteryx occupied, the entire plumage may have been black and
white forming a disruptive color pattern that would hinder predators.

2.9 Other skeletal indicators
The proportions of the scleral ring indicate that Archaeopteryx was diurnal, adapted for
activity in bright light (photopic) conditions [114].

2.10 Abundance

Archaeopteryx is the most common theropod known from the Solnhofen limestones
with all other taxa known from single specimens. This does not necessarily indicate that
Archaeopteryx was the most abundant theropod in the Solnhofen archipelago, only that
the probability of becoming fossilized in the surrounding marine limestones was rela-
tively higher due to its large wings. Of the theropods known from the Solnhofen Lime-
stones, Archaeopteryx is the only pennaraptoran with airfoils formed by feathers on the
forelimbs. Other recorded theropods, like Juravenator, Compsognathus, and Sciurumi-
mus, would have been covered in a combination of scales and proto-feathers with little
to no aerodynamic properties, traces of which are directly documented in Juravenator
[115] and Sciurumimus [116]. The fact all specimens were actively growing at the time
of death [37] suggests the Archaeopteryx preserved in the marine Solnhofen Limestones
likely represent immature and inexperienced individuals caught during storm events
and blown out to sea by strong winds acting on their large feathered airfoils [1].
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Fig. 5 Reconstruction of Archaeopteryx in its habitat utilizing diverse forms of locomotion. A, flapping flight to
elevated perches; B, perching; C, gliding flight from elevation and terrestrial lifestyle; D, scansorial locomotion (©
Field Museum, artwork by NICE PaleoVisLab studio, Institute of Vertebrate Paleontology and Palecanthropology)
3 Discussion

Despite significant research over a period of more than 150 years, preservational limita-
tions and differences regarding interpretations of the skeleton are such that, although
much is known about this important taxon, many aspects of Archaeopteryx’s paleobiol-
ogy remain controversial. As the oldest known dinosaur with flight-capable feathered
aerodynamic surfaces, Archaeopteryx most certainly occupied a unique ecological niche
not captured by the extant diversity of birds. Incipient flight capabilities and clawed fore-
limbs strongly suggest that Archaeopteryx would have relied on a unique combination
of locomotor behaviors to interact with its environment distinct from living birds and
non-avian dinosaurs (Fig. 5). The recent descriptions of five new specimens of Archae-
opteryx in the 21st century has significantly contributed to the data available for this
important taxon [2, 12—15]. Four of these specimens are complete or nearly so (Ther-
mopolis, 11th, 12th, Chicago) and two are considered among the best-preserved known
specimens (Thermopolis, Chicago). In particular, the Chicago specimen was painstak-
ingly prepared for scientific research leading to the retention of novel soft tissues that
provide additional clues (Fig. 1). The application of new methods to known specimens
has also resulted in the extraction of significant new data that further contribute to mod-
ern interpretations of this bird’s many ecological roles [16, 35, 113].

As the oldest known bird, the most significant question is if and how Archaeopteryx
could fly. Evidence favors limited powered flight in contrast to obligate gliding volant
locomotion, although Archaeopteryx almost certainly also utilized gliding flight when
energetically favorable, as observed in many living birds (Fig. 5). Earlier hypotheses that
Archaeopteryx was only capable of gliding flight [38], a locomotor strategy not present in
living birds, have lost support and a gliding-only phase for the evolution of avian flight
is considered unlikely [2, 22, 78]. The most convincing evidence that Archaeopteryx was
capable of volant locomotion lies in the soft tissues of the wing, and how it differs from
non-volant close relatives (size, feather asymmetry, tertials). Interpretations regarding
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flight ability are additionally supported by bone density and cross-sectional geometry,
and brain morphology [2, 5, 16, 22].

Limitations in the flight apparatus, in particular the range of motion of the forelimb
and limited musculature inferred from the pectoral girdle, suggest launching from the
ground from a standstill was unlikely. It is more likely that Archaeopteryx could only
become airborne launching from a run, from an elevated take off point, or possibly uti-
lizing headwinds similar to some extant birds that utilize bounding flight [39, 45, 117].
Grasping abilities in the hand retained from non-volant ancestors suggest elevation was
gained through scansorial behaviors [8] (Fig. 5). The hindlimb and forelimb may have
been used simultaneously (WAIR) to gain elevation both to evade predation and take
flight. Hindlimb proportions and soft tissues indicate Archaeopteryx was comfortable
both on the ground and in trees. The paleoflora that existed on the Solnhofen archi-
pelagos is poorly understood. Although fossils exist, studies on them are few [1]. Flight
abilities and the reversed hallux for perching as well as probable scansorial and WAIR
behaviors strongly suggest Archaeopteryx spent some time elevated in the foliage,
hypothesized to consist of cycads, ferns, and small conifers [1] (Fig. 5).

The morphology of the foot, lacking the hyperextensible second digit present in most
non-avian deinonychosaurs except for Anchiornis[36], and features of the skull associ-
ated with increased dexterity, suggest adaptations for feeding on small food items, as
opposed to the hypercarnivory typical of deinonychosaurs [84, 93, 118] (Fig. 4). Com-
pared to Archaeopteryx, the closely related Anchiornis has a relatively higher tooth
count, and proportionately shorter pedal phalanx pads [119]. It also lacks a bill-tip
organ, ossified basihyal, and potentially oral papillae [85]. Together, these disparities
likely reflect differences in diet, with Anchiornis being relatively more predatorial, con-
sistent with the documented remains of a lizard in the esophagus of one specimen pre-
egestion [84]. Given limited aerial abilities, Archaeopteryx was most likely a terrestrial
forager, as indicated by the proportions of the hindlimb. The Solnhofen climate strongly
suggests omnivory.

Archaeopteryx growth was protracted, as evident from the considerable size range of
recovered specimens [1]. Especially at early ontogenetic stages, Archaeopteryx was likely
preyed upon by larger theropods like Compsognathus and Juravenator (Fig. 5). Comp-
sognathus is directly documented to have fed on lizards [120] but like other vertivorous
theropods it was most likely an opportunistic predator [92]. Inferences regarding ground
nesting suggests Archaeopteryx eggs would have been a potential resource for predators.
However, inferences concerning reproductive habits, and other aspects of ecology such
as abundance and distribution remain completely speculative.

Key flight-related differences with Anchiornis, the best known non-avian avialan,
such as the significant difference in remige surface area and absence of vane asymme-
try in Anchiornis, cannot be attributed to ecology. The Solnhofen Archipelago would
have offered fewer opportunities for perching than the Yanliao forests, yet the hallux is
reversed in the volant Archaeopteryx and not the terrestrial Anchiornis. However, differ-
ences in footpad morphology, with the phalanx pads proportionately shorter in Anchior-
nis may reflect ecological differences in diet, which are further supported by the absence
of an ossified basihyal and bill tip organ in this non-avian taxon. These differences may

reflect the elevated energetic cost associated with the appearance of flight in Aves [85].
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4 Conclusions

As a result of its diverse locomotor behaviors Archaeopteryx would have interacted
with numerous substrates in its environment, spending time on the ground, elevated on
medium to large plants, and in the air. Throughout its life history Archaeopteryx would
have utilized varying food sources spanning the plant and animal kingdoms as well as
provided trophic resources to a diversity of organisms from keratinophagous parasites
to apex predators. Key differences, explored in an ecological context, reveal how the
appearance of flight in birds impacted both skeletal and soft tissue anatomy.
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