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ABSTRACT

The enantiornithine Iberomesornis romerali from the Lower Cretaceous site of Las Hoyas (Spain) was orig-
inally described more than 35 years ago. As one of the first known articulated partial skeletons of this
clade, I. romerali has been critical to our understanding of early avian systematics. Due to its preservation
as a largely two-dimensional slab specimen, previous anatomical descriptions were unable to fully cap-
ture its anatomy. Here, we present new anatomical data based on micro-computed tomography of the
holotype. We reconstruct five previously poorly known osteological elements, i.e., cervical vertebrae,
pygostyle, coracoid, furcula, and humerus. Re-evaluation of these elements resulted in revised scorings
for 15 morphological characters commonly used for cladistic analysis of Aves. The results of the modified
character matrix support Iberomesornis in a derived position within Enantiornithes, close to the
Longipterygidae. In addition, new findings in the coracoid and humerus reveal well-developed muscles
for the elevation (i.e., supracoracoideus) and flexion-extension (extensor carpi radiale) of the wing.
The new evidences, together with the typical enantiornithine furcula and the small size of the holotype,
suggest that I. romerali was capable of flapping flight.

© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Enantiornithes were the most speciose lineage of Cretaceous
birds with fossils found on all continents, except Antarctica
(O’Connor et al.,, 2011; O’Connor, 2022). Our knowledge about
the diversity of this group has substantially increased in the last
two decades due to the huge number of fossils unearthed, particu-
larly from the Lower Cretaceous deposits at northeastern China
(Chiappe and Meng, 2016; O’Connor, 2022).

The lacustrine Lagerstdtte of Las Hoyas from La Huerguina Fm.
in central Spain (ca. 129-126 Ma; Fig. 1) is the most exceptional
source of Cretaceous birds in Europe. All collected specimens are
referable to Enantiornithes; cumulatively these fossils provide
key information regarding phylogeny, ecology, locomotion, and life
history of this clade (Sanz et al., 1988, 1996, 2002; Sanz and
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Buscalioni, 1992; Navalén et al, 2015; Poyato-Ariza and
Buscalioni, 2016; Knoll et al., 2018; Serrano et al., 2018; Cubo
et al.,, 2022; Nebreda et al., 2023). Particularly, the ‘unusual’ Early
Cretaceous bird Iberomesornis romerali was described thirty-six
years ago (Sanz et al., 1988), when only a few fossils of Cretaceous
birds were known globally. The generic epithet Iberomesornis
(meaning Iberian intermediate bird) referred to its place of origin
and preserved anatomical features that were intermediate
between Archaeopteryx and ornithurines known at that time (e.g.,
Ichthyornis and Hesperornis; Sanz et al., 1988). Subsequent cladistic
analyses that grew in scale as they successively incorporated new
discoveries (e.g., Sinornis, Concornis, Patagopteryx, Confuciusornis)
supported the inclusion of I. romerali into the clades Pygostylia,
Ornithothoraces and Enantiornithes, based on the presence of a
proportionately large pygostyle (Pygostylia), a strut-like coracoid
(Ornithothoraces), a Y-shaped furcula with long hypocleidium, a
humerus with distal condyles transversely oriented, a round artic-
ular surface of the proximal tibiotarsus, and partial fusion of the
tarsometatarsus (Enantiornithes) (Kurochkin, 1985; Sanz and
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Fig. 1. A. Geographical location and geological information of Las Hoyas fossil site in the Iberian Peninsula. B. Chronostratigraphic position of the fossil site. Images taken and
modified from Fregenal-Martinez et al. (2017) and Marugén-Lobén et al. (2023), with permission of the authors.

Buscalioni, 1992; Sereno, 2000; Chiappe, 2002). More recent anal-
yses including a much higher number of Cretaceous avian taxa dif-
fer with regards to the relative position of Iberomesornis within
Enantiornithes: embedded in an enantiornithine polytomy
(O’Connor et al., 2011); basal and closest to Protopteryx (Atterholt
et al., 2018); or more derived and closer to Longipterygidae
(O’Connor and Zhou, 2013; Wang et al., 2022b).

The last anatomical studies describing the holotype of I. romer-
ali were published more than 20 years ago (Sereno, 2000; Sanz
et al.,, 2002). Like many other fossil birds preserved in slabs, the
skeleton is two-dimensionally preserved and crushed, and many
characters could not be observed originally due to its preservation
in a slab which leaves a considerable portion of the skeleton hid-
den in the matrix. As a result, many potentially informative charac-
ters regarding the phylogenetic position of Iberomesornis could not
be assessed.
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Recent research concerning the functional morphology and
flight abilities of enantiornithines suggest they were able to fly
similarly to many modern birds and most likely utilized some form
of intermittent flight (Close and Rayfield, 2012; Feo et al., 2015; Liu
et al.,, 2017, 2019; Serrano et al., 2018; Chiappe et al., 2020; Pei
et al., 2020). However, some studies suggest that the unusual
shoulder configuration in these birds would have limited wing
movement, resulting in a unique mechanics of flight different from
that present in extant birds (Mayr, 2017; Wang et al., 2022a). In
order to shed light on the flight performance of Enantiornithes
and other early birds, the 3D morphology and reconstruction of
the wing and pectoral girdle bones is required.

The application of computed tomography (CT) scanning has
greatly increased our capacity to assess fossil morphology by virtu-
ally extracting the skeleton from the rock for 3D visualization and
assessing internal structures (Knoll et al., 2018; Voeten et al., 2018;
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Wang et al., 2022a). In the present study we reanalyze the holotype
of I. romerali using micro-CT based segmentation and 3D recon-
struction. We focus on five osteological structures, two from the
axial skeleton (i.e., cervical vertebrae and pygostyle) and three
from the appendicular skeleton (i.e., coracoid, furcula and
humerus). These parts were best preserved and had most potential
to reveal new information regarding phylogeny and flight of
Iberomesornis. Other more delicate and crushed areas, which will
require much more work (and may not even reveal information)
will be the subject of a separate study.

2. Material and methods
2.1. Fossil holotype

Iberomesornis romerali, LH-22, is housed in Museo Paleon-
tolégico de Castilla-La Mancha (MUPA), Cuenca, Spain. It was found
in Las Hoyas, a fossil site from the Calizas de La Huérguina Fm.,
dated to the Late Barremian of the Lower Cretaceous (Fregenal-
Martinez et al., 2017; Sanz et al., 2002; Fig. 1). LH-22 is a nearly
complete articulated specimen preserved in lithographic limestone
resting on its right side (Fig. 2), lacking the skull, cranial cervical
vertebrae, most of the sternum and hands, as well as soft tissues.
In addition, it is worth noting that this fossil lacks preserved soft
tissues. The specimen is relatively well preserved but erosion,
crushing, and local displacement are observable. High-resolution
images of the fossil were obtained using a macro lens (Canon
EOS EF 50 mm F/1.8) of a camera Canon EOS 6D. The terminology
regarding anatomy primarily follows Baumel et al. (1993), and also
Sereno (2000), Panteleev (2018), and Wang et al. (2022a).

2.2. Micro-CT data acquisition, processing, and three-dimensional
reconstruction

The holotype was scanned by the SkyScan 2214 located in Ser-
vicios Centrales de Apoyo a la Investigacién at Universidad de
Malaga, Spain. The fossil was put inside a polystyrene structure
to allow a correct positioning in the scanner. After modifying a
number of parameters for the scanner (Table 1), we obtained a scan
consisting of 4297 slices at a voxel size of 21.5 um. We applied
contrast correction filters to the raw micro-CT data using Fiji soft-
ware v.2.21.0 (Schindelin et al., 2012) to improve the visualization
of the images by decreasing the artifacts produced during the data
acquisition process (Pérez-Ramos and Figueirido, 2020). Segmenta-
tion of five osteological structures, namely, cervical vertebrae, left
coracoid, furcula, left humerus, and pygostyle was performed using
Avizo software v.7.1 (https://www.vsg3d.com) to generate differ-
ent virtual layers separating different bones (thresholding), cali-
brating histogram ranges - which are directly related to
palaeohistological and taphonomical characteristics -, and select-
ing region of interest (ROIs). The volume of each layer was inferred
by means of voxel size interpolations and the bones were virtually
extracted with their measurements exactly matching the original
ones (Grau, 2003; Abel et al., 2012; Sutton et al., 2014; Pérez-
Ramos and Figueirido, 2020).

Virtual model bones corresponding to the (i) cervical vertebrae,
(ii) pygostyle, (iii) coracoids, (iv) furcular, and (v) left humerus of
LH-22 were generated using Geomagic Studio 2013 software
(https://www.3dsystems.com). Remeshing techniques like
smoothing and noise reduction were applied on these models in
order to remove artifacts generated during the scanning or seg-
mentation processes (Grau, 2003; Pérez-Ramos and Figueirido,
2020). Bones were mirrored due to the inversion of the CT data
with respect to the fossil, and then reoriented so that the Z-axis
coincided with the exposed region of the fossil in the rock. The
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Z-axis thus corresponds to the plane in which the bones were
crushed. In addition, the missing parts of the pygostyle were recon-
structed according to the cast outline discernible from the rock. In
the case of the furcula, the position of some parts of the bone (i.e.,
broken or dislocated parts) were manually repositioned in the cor-
rect anatomical position. CT images of this bone allowed to discern
between areas of high- and low-density (Fig. S1, Appendix A),
because the interaction with X-rays is higher in the denser zones.
High-density bone zones (distributed along the posteromedial
margin of the rami and the dorsoventral axis of the hypocleidium)
were interpreted as collapsed bone walls, and thereafter recon-
structed as elevated areas in the 3D virtual model.

2.3. Phylogenetic analysis

We amended the scoring of 15 previously hidden characters for
Iberomesornis in Atterholt et al’s (2018) character matrix. These
pertain to new information gleaned from the cervical vertebrae,
pygostyle, coracoid, furcula, and humerus (Table 2). Almost all
these new scorings are replacing missing information. Scorings
for two fusion characters were also changed based on the compar-
ison with other enantiornithines that suggests the lack of fusion in
the compound bones of the hindlimb reflects immaturity and that
these bones would most likely fuse with maturity (Hu and
O’Connor, 2017).

The basal enantiornithine Protopteryx was also added, resulting
in a matrix with 47 operational taxonomic units (OTU) scored
across 252 characters. The matrix was analyzed using the software
TNT (Goloboff and Morales, 2023) with memory set to 10,000 trees.
We conducted a heuristic search saving the shortest tree out of
every 1,000 trees followed by a second round of tree-bisection
reconnection (TBR). The first round of TBR produced 12 trees 936
steps long. The second round of TBR produced 2321 trees of the
same length. We also ran the analysis without Protopteryx (46
OTU), resulting in a single tree 923 steps long in the first round
of TBR and 78 trees in the second round of TBR.

3. Results

Micro-CT data allowed the reconstruction of five osteological
structures from the holotype of Iberomesornis romerali, two from
the axial skeleton (cervical vertebrae and pygostyle) and three
from the appendicular skeleton (coracoid, furcula, and humerus)
(Fig. 2). New anatomical and morphological findings relevant for
systematics are described and compared to previous observations
in the following sections. The new rescored characters (Table 2)
were incorporated to the matrix to perform the phylogenetic
analyses.

3.1. Cervical vertebrae

Iberomesornis romerali preserves the five caudalmost vertebrae
in the cervical series, although the most proximal of these is only
a small fragment (Fig. 3(A)); the rest are well-preserved and com-
plete. Of these four, the two cranialmost cervicals (i.e., ‘a’ and ‘b’;
Fig. 3) are elongated and have a lateral shelf connecting the prezy-
gapohysis and the postzygapophysis, with the latter being long and
curved with a low epipophysis, as observed by Sereno (2000) and
Sanz et al. (2002). The postzygapophysis of the next preserved cer-
vical (i.e., ‘C’) is remarkably arched (Fig. 3(B-D)), reminiscent of
those X-shaped cervicals observed in Parabohiaornis martini
(Wang, 2023). These three cervicals lack spinous processes, which
were reported present in the last preserved cervical (i.e., ‘d’)
(Sereno, 2000; Sanz et al., 2002), but cannot be confirmed in our
micro-CT data. Preservation of the parapophysis in ‘b’ and


https://www.vsg3d.com
https://www.3dsystems.com

J. Castro-Terol, A. Pérez-Ramos, J.K. O’Connor et al. Geobios 90 (2025) 17-30

rco

Fig. 2. Holotype of Iberomesornis romerali LH-22 from the paleontological collection of MUPA. A. Fossil on its lithographic plate from the Las Hoyas site, Spain. B. Virtual
model of I. romerali obtained from a micro-CT scan at the University of Malaga. Anatomical elements highlighted in color indicate the osteological structures analyzed in the
present study. Abbreviations: cv, cervical vertebrae; lco, left coracoid; fu, furcula; hu, humerus; py, pygostyle; rco, right coracoid. Scale bars: 1 cm.

diapophyses in ‘D', ‘c’ and ‘d’ - although broken - suggests the pres- vertebrae (‘c’ and ‘d’) are laterally excavated and with keeled ven-
ence of partially fused cervical ribs (Sanz and Bonaparte, 1992; tral surfaces, which are developed into a cranially positioned hypa-
Sereno, 2000). The centra of the two caudalmost preserved cervical pophysis in the latter. Ventrally keeled centra are reported in
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Table 1
Values of the main acquisition parameters pro-
grammed in the scanner to obtain the CT data.

Source Voltage (kV) 125.00

Source Current (HA) 104.00

Source Target Power (W) 12.11

Image Pixel Size (um) 21.50

Scan duration 10 h:21 min:33 s
Rotation Step (deg) 0.010

Table 2
Scoring of the changed characters in order to respect the matrix of Atterholt et al.
(2018).

Character Character and states description Character
# state
changed

50 One or more pneumatic foramina piercing the ?2to0
centra of mid cranial cervicals caudal to the
level of the parapophysis-diapophysis: present
(0); absent (1).

Prominent carotid processes in the intermediate
cervicals: absent (0); present (1).

Cranial end of pygostyle dorsally forked: absent
(0); present (1).

Cranial end of pygostyle with a pair of laminar,
ventrally projected processes: absent (0);
present (1).

Distal constriction of pygostyle: absent (0);
present (1). In the pygostyles of some
enantiornithine taxa, the distalmost
mediolateral width is reduced so that the
midline of the pygostyle projects distally farther
than the lateral margins (Chiappe et al. 2002).
Scapula: articulated at the shoulder end of the
coracoid (0); well below it (1).

Coracoid, humeral articular facet: dorsal to
acrocoracoid process (0); ventral to
acrocoracoid process (1).

Laterally compressed shoulder end of the
coracoid with nearly aligned acrocoracoid
process, humeral articular surface, and scapular
facet in dorsal view: absent (0); present (1).
Coracoid, medial surface, strongly depressed
elongate furrow at the level of the passage of
the n. supracoracoideus: absent (0); present (1).
Dorsal and ventral margins of the furcula: sub
equal in width (0); ventral margin distinctly
wider than the dorsal margin so that the furcula
ramus appears concave laterally (1).
Hypocleidium: absent (0); present as a tubercle
or short process (1); present as an elongate
process approximately 30% rami length (2);
hypertrophied exceeding 50% rami length (3).
Well-developed olecranon fossa on the caudal
face of the distal end of the humerus: absent
(0); present (1).

Humerus, distal condyles: subround, bulbous
(0); weakly defined, “straplike” (1).

Tibia, calcaneum, and astragalus: unfused or
poorly co-ossified (sutures still visible) (0);
complete fusion of tibia, calcaneum, and
astragalus (1).

Metatarsals II-1V, intermetatarsal fusion: absent
or minimal co-ossification (0); partial fusion
(sutural contacts easily discernible) (1);
completely (or nearly completely) fused
(sutural contacts absent or poorly demarcated)

).

52 ?7tol

76 ?tol

77 ?7tol

78 ?7tol

84 ?7to1

85 ?2to0

88 ?7to1

93 ?to1

106 ?7to1

107 [23] to 2

136 ?2tol

142 ?2tol

209 Oto1

222 Oto1

several Early Cretaceous enantiornithines - e.g., Concornis lacustris
(Sanz et al., 2002), Sulcavis geeorum (O’Connor et al., 2013), Pisci-
vorenantiornis inusitatus (Wang and Zhou, 2020), and Parabohaior-
nis martini (Wang, 2023). Raw micro-CT data and the reconstructed
models reveal the presence of a small but prominent carotid pro-
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cess in the second preserved cervical (revised scoring for character
52), reminiscent of those of Sulcavis geeorum (O’Connor et al.,
2013), as well as a pneumatic foramen piercing the centrum at
the level of the diapophysis in the caudal region of the first com-
plete, preserved cervical (revised scoring for character 50; Fig. 3
(B, D)), a structure also reported in more stem birds like Archaeop-
teryx (Britt et al., 1998).

3.2. Pygostyle

LH-22 presents eight free caudal vertebrae that articulate dis-
tally with the pygostyle, which is moderately well-preserved prox-
imally but distally only preserves the ventral portion (Fig. 4). The
first three caudals contributing to the pygostyle can be delimited,
indicating that the fusion bone is incomplete. Micro-CT data
reveals that cranially, the pygostyle has two proximoventral pro-
cesses preserved: one bulky and laterally projected, and another
more pointed and proximally projected (Fig. 4(C)). We tentatively
identified them as the left and right proximoventral processes
due to its position as a symmetrically bilateral structure; by
assuming that their differences in size and shape result from the
deformation affecting the bone. In addition, the left ventrolateral
ridge longitudinally extended (from the cranial to the caudal
region) and laterally projected is observed. Distally, the mediolat-
eral width is constricted so that the midline of the pygostyle pro-
jects distally farther than the lateral margins. These features are
found commonly in other enantiornithines (Chiappe and Walker,
2002; Chiappe et al., 2002; Wang and O’Connor, 2017); Atterholt
et al,, 2018). From these observations, scoring for characters 76,
77 and 78 were revised (Table 2).

3.3. Coracoid

The two coracoids of I. romerali LH-22 are exposed in ventral
view (Fig. 2). The morphology is typically enantiornithine, that is,
strut-like with a conspicuous head followed by a shaft that distally
expands forming the triangular pterygoma (Fig. 5(A)). The shaft is
relatively similar in length to the head (shaft elongates in some
taxa, e.g., Enantiornis and Neuquenornis; O’Connor, 2009). Lateral
and medial margins of the pterygoma are nearly straight - in con-
trast with some other enantiornithines in which the lateral margin
is strongly convex (e.g., Concornis or Eoalulavis) - with only a slight
convexity of the lateral margin distally near to the broad and
straight sternal margin (Sanz et al., 1988; Sereno, 2000; Chiappe
and Witmer, 2002).

The right coracoid only preserves the distal half, with the med-
ial pterygoma underlying the distal ulna. Micro-CT images of the
right coracoid revealed that the covered portion is poorly pre-
served (Fig. S2, Appendix A). The reconstruction presented here
relies on the almost complete left coracoid. Micro-CT data reveals
the morphology of the dorsal surface (Fig. 5). The distal end of
the coracoid has a poorly developed, blunt acrocoracoid process
that is rounded in the ventral face and proximodistally aligned
with the humeral and scapular articular facets in dorsal view
(Fig. 5(B, C)), as typical in Enantiornithes (Zhang et al., 2014;
Atterholt et al., 2018; Panteleev, 2018). In the ventral face, at least
one lateral ridge of the acrocoracoid is observed expanding from
the top of the acrocoracoid process to the humeral articular surface
(Fig. 5(B)). The dorsal surface of the acrocoracoid process appears
to be eroded so that it appears concave. The scapular facet is angled
proximally (it forms a 76.5° angle with the long axis of the shaft)
and the articular surface of this facet is remarkably concave
(Fig. 5(C)). In enantiornithines, the surface of this facet is flat to
weakly convex, opposed to the concave facet presented by
ornithuromorphs (Chiappe, 2002; Panteleev, 2018; O’Connor,
2022; Wang et al., 2022a). The clear concave facet reported here
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Fig. 3. Cervical vertebrae of Iberomesornis romerali. A. Original fossil (holotype, LH-22). B. Virtual model segmented from micro-CT scan of the four posteriormost cervicals. C.
Detailed virtual model of the second last posterior cervical. D. Micro-CT slice of three most anterior cervicals preserved. Abbreviations: cdf, caudal articular facet of centrum;

cp, carotid process; crf, cranial articular facet of centrum; dp, diapophysis (broken); epi, epipophysis; hy, hypapophysis; pf, pneumatic foramina; poz, postzygapophysis; prz,
prezygapophysis; sp, spinous process; tp, tranverse process; vk, ventral keel. Scale bars: 2 mm (A, B, D), 1 mm (C).

in I romerali could be attributed thus to (i) an independent devel-
opment of an ornithuromoph-like facet in this enantiornithine, or
most likely (ii) to the fact that the deformation/crushing of the
bone has exaggerated the concavity from an original flatter surface.

Considering these two possibilities, this character was not included
in the matrix for phylogenetic analysis.

The dorsal surface of the shaft is concave, and the medial mar-
gin seems thicker than the lateral one, forming a prominent medial

22
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Fig. 4. Pygostyle of Iberomesornis romerali. A. Original fossil (holotype, LH-22). B. Micro-CT slices in laterocaudal and lateral views. C. Virtual model segmented from micro-CT
scan. Abbreviations: fc, free caudal vertebrae; Ivlr, left ventrolateral ridge; pc, caudal vertebrae fused to pygostyle; rpvp, right proximoventral process; lpvp, left
proximoventral process. Scale bars: 5 mm (A), 2 mm (B, C), 1 mm (C).
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Ventrolateral right

Fig. 5. Left coracoid of Iberomesornis romerali. A. Original fossil (holotype, LH-22), ventral view. B. Virtual model segmented from micro-CT scan. C. Reconstructed model of
distal coracoid (left) applying a curvature filter to highlight the grooves and anatomical marks (right). Abbreviations: ap, acrocoracoid process; mc, medial crest (scapular
wing); fh, humeral facet (glenoid); fsc, scapular facet; ins, supracoracoid nerve incisure; pt, pterygome (sternal wing); sms, supracoracoid groove; tpal, acrocoracoid ridge.

Scale bars: 2 mm (A, B), 1 mm (C).

crest that was originally hidden under the left furcular ramus
(Fig. 5(A, B)). These features are similar to the Early Cretaceous Pis-
civorenantiornis (Wang et al., 2022a) and the Late Cretaceous enan-
tiornithines from Dzharakuduk locality of the Bissetky Fm.,
Uzbekistan (Panteleev, 2018). The preserved medial crest fragment
goes from the midshaft (the crest stops very abruptly at the mid-
shaft break, indicating that it could be continued further proxi-
mally) to the base of the acrocoracoid, housing a canal for the ten-
don of the supracoracoid muscle, continuous to the supracoracoid
groove; distally the crest curves and diminishes towards the acro-
coracoid base (Fig. 5(B, C)). Such a morphology is observed in some
enantiornithines from Dzharakuduk (i.e., specimens PO 4609, PO
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4671, and PO 4825; Panteleev, 2018) unlike others from this local-
ity (i.e., specimens PO 4819, PO 5203, and PO 6502) and Pisci-
vorenantiornis (Wang et al.,, 2022a), which have a medial crest
that terminates at the base of the scapular articular facet. A small
and deep concavity is observed ventrally at midshaft in the bound-
ary between the medial crest and the shaft, consistent with the
presence of the incisure for the supracoracoid nerve (Fig. 5(B)), like
the incisure observed in the enantiornithine Longirostravis
(O’Connor, 2009). Instead this incisure, most enantiornithines pre-
sent a supracoracoid nerve foramen piercing the shaft of the cora-
coid (Chiappe et al., 2007; Wang et al., 2016; Atterholt et al., 2018;
Panteleev, 2018; Wang et al., 2022a).
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The dorsal surface of the pterygoma is crushed and the medial
margin is presumably eroded, given that the medial crest over-
hangs it. The laterosternal expansion of the pterygoma is thinner
than the rest of the bone plate. The estimated ratio of the sternal
width relative to the proximodistal length of the bone is low com-
pared to other enantiornithines birds (0.33 in I romerali LH-22;
O’Connor, 2009). This ratio, which is very low in some Late Creta-
ceous taxa (Bufferaut, 1998) may appear wider in many slab spec-
imens, exaggerated by crushing.

3.4. Furcula

The furcula is exposed in cranial view and has the typical Y-
shaped observed in Enantiornithes (Chiappe and Witmer, 2002;
O’Connor, 2022). The rami are broad and robust, becoming thinner
towards the well-developed hypocleidium, the distal end of which
is hidden under the radius (Fig. 6(A)). The distal third of the right
ramus is broken and rotated (~60°) medially. Compared to the rest
of the furcula, which is flattened, this fragment of the right ramus
is three-dimensionally preserved, revealing the presence of the
caudolateral groove (Fig. 5(B)) that is present in most enantior-
nithines. The caudal surface of the furcula is poorly preserved,
but areas of high- and low-density bone can be discerned, with
high-density areas distributed along the margins of the rami and
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in the dorsoventral axis of the hypocleidium (Fig. 6(B, C)). This con-
figuration is confirmed by an analysis of density pattern (Fig. S1,
Appendix A), and supports the presence of the caudolateral groove
as well as a caudal keel on the hypocleidium, observed in some
other enantiornithine taxa (Chiappe and Witmer, 2002;
0’Connor, 2009; Atterholt et al., 2018; Wang et al., 2022a). A late-
rocaudally oriented facet in the omal end of the left ramus is
observed, interpreted as the epicleidium and the scapular articular
surface (Fig. 6). The complete morphology of the hypocleidium was
recovered: a small 0.3 mm fragment was found under the radius,
confirming that the hypocleidium did not continue much farther
beyond its preserved length. With a length of 33% of the total
ramus, I. romerali is within the range of other enantiornithines with
“short” hypocleidia (e.g., Concornis lacustris) according to O’Connor
(2009).

3.5. Humerus

The left humerus is flattened and exposed cranially (Fig. 7). The
shaft is fractured in two places: near its midpoint and more prox-
imally. The proximal epiphysis has been lost since the original
description (Sanz et al., 1988), and only a small portion of the prox-
imal fragment is currently preserved, although it is known that a
well-developed deltopectoral crest and a short bicipital crest were

Cranial view lep Caudal view

TUorep

Fig. 6. Furcula of Iberomesornis romerali. A. Original fossil (holotype, LH-22). B. Virtual model segmented from micro-CT scan. C. Reconstructed model recovering the
approximate furcular shape. Abbreviations: clg, caudolateral groove; fk, furcula keel; hy, hypocleidium; lep, left epicleidium; Ir, left ramus; rep, right epicleidium; rr, right

ramus. Scale bars: 2 mm.
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Fig. 7. Left humerus of Iberomesornis romerali. A. Original fossil (holotype, LH-22). B. Micro-CT slice of the whole humerus in cranial view. C. Virtual model segmented from
micro-CT scan and detail of the dorso-distal edge showing the dorsal supracondylar tubercle. D. Segmented model of the distal humerus under topology filter. Abbreviations:
dc, dorsal condyle; dst, dorsal supracondylar tubercle (red arrow); of, olecranon fossa; vc, ventral condyle. Scale bars: 2 mm (A-C), 1 mm (D).

present (Sereno, 2000; Sanz et al., 2002; Fig. S3, Appendix A).
Micro-CT recovered new information about the distal humerus.
The distal condyles are transversely oriented and weakly defined,
having a ‘strap-like’ morphology contrasting with observations
by Sereno (2000). The major axis of the ventral condyle appears
longer than that of the dorsal condyle (Fig. 7(D)). In addition, a
small dorsal supracondylar tubercle is identified at the dorsal mar-
gin of the distal epiphysis (Fig. 7(B-D)). This tubercle seems to be
also present in Eocathayornis (Zhou, 2002) and Cathayornis (Zhou
et al., 1992) from the Early Cretaceous, and it has been clearly iden-
tified in several enantiornithines from the Late Cretaceous
(Chiappe et al., 2007; Walker et al., 2007; Lawver et al., 2011;
Herrera et al., 2023). The dorsal supracondylar tubercle of I. romer-
ali is more reminiscent to that of Martinavis (Walker et al., 2007)
and MPEF-PV2359 (Lawver et al, 2011) than to the well-
developed supracondylar process presented by Yatenavis (Herrera
et al., 2023). A marked groove is observed in the distal view of
the epiphysis, which may correspond to the olecranon fossa
(Fig. 7(D)). This identification based on their topological location
is tentative, given that the plastic behaviour of the bone during
the taphonomic process has much flattened and deformed cranio-
caudally the distal epiphysis.

4. Discussion
4.1. Phylogenetic affinity of Iberomesornis

The new CT data allows us to revise 13 morphological charac-
ters for Iberomesornis in the matrix from Atterholt et al. (2018):
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two from the caudal cervicals, three from the pygostyle, four from
the coracoid, two from the furcula and two from the humerus
(Table 2). In addition, we reinterpreted two other characters from
the hindlimb. Despite the pygostyle is not fully fused, we consid-
ered the holotype of I. romerali as anatomically mature based on
the fusion between the pubis and ischium and the absence of neu-
rocentral sutures in the presacral vertebrae (Sanz et al., 2002; Grif-
fin et al. 2021).

In the strict consensus tree of the first run of the analysis,
Ornithothoraces formed a large polytomy. In the 50% majority tree,
most Enantiornithes formed a large polytomy, with only subclades
like the Bohaiornithidae, Pengornithidae, and Longipterygidae
resolved (Fig. 8(A)). This likely reflects a combination of the unu-
sual morphology of Protopteryx, which includes some
‘ornithuromorph-like’ traits such as the presence of a procoracoid
process on the coracoid (Zhang and Zhou, 2000; Chiappe et al.,
2020), and the fact that enantiornithine relationships are in general
poorly resolved. Removing Protopteryx from the cladistic analysis
produced a strict consensus tree with a topology that resolved Pen-
gornithidae as the most basal clade of Enantiornithes (Fig. 8(B)).
The position of Iberomesornis was consistently resolved as the out-
group to Longipterygidae, which agrees with a recent cladistic
analysis that included two longipterygids, Longirostravis and
Rapaxavis (see Wang et al., 2022b). The reconstruction of the
pygostyle of I. romerali (Fig. 4) indicates it was 13% longer than
the tarsometatarsus, which is consistent with other longipterygids
which typically possess a proportionately large pygostyle (with the
pygostyle exceeding the tarsometatarsus in length by 10% in
Rapaxavis to 20% in Longypteryx; O’Connor, 2009). Such a derived
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Fig. 8. Cladistic analyses of Aves using the new characters found in Iberomesornis from micro-CT data. A. Cladogram resulted from 50% majority rule including Protopteryx. B.
Strict consensus single tree 923 steps long excluding Protopteryx, and displaying absolute and relative Bremer support values for nodes.

position close to Longipterygidae contrasts with the basal position
previously recovered for Iberomesornis by Atterholt et al. (2018).
The recognition of many classic enantiornithine morphologies like
the ventrolateral processes of the pygostyle (Fig. 4), proximodis-
tally aligned articular surfaces of the coracoid (Fig. 5), and cau-
dolaterally excavated furcula (Fig. 6) have pushed this taxon
further up in the tree.

4.2. Functional implications related to flight mechanics

Crown birds have two main muscles responsible for the wing
movement, the mm. pectoralis and the supracoracoideus (SC), both
having broad attachment originating on the sternum and its ven-
trally projecting keel (Raikow, 1985; Baumel and Witmer, 1993;
Vanden Berge and Zweers, 1993; Biewener, 2011). The m. pec-
toralis inserts ventrally on the deltopectoral crest of the cranial
surface of the proximal humerus, and depresses the wing produc-
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ing the downstroke during flight. The tendon of SC passes through
the triosseal canal - formed by the junction of the coracoid, scapula
and furcula in the most of extant species — and inserts to the dorsal
tubercle on the caudodorsal surface of the proximal humerus. With
contraction, the SC acts as a pulley that elevates the wing (Raikow,
1985; Baumel and Witmer, 1993; Vanden Berge and Zweers, 1993;
Biewener, 2011). This mechanism was presumably not present in
the earliest birds like Archaeopteryx, Sapeornis, or Confuciusornis,
which would have elevated their wings using dorsal musculature
from the shoulder (Mayr, 2017; Pittman et al., 2022). However,
Sapeornis could have had a partially enclosed tri-osseal canal sim-
ilar to that of enantionithines, as proposed Wang et al. (2022a). The
redirection and pulley action of the SC was an innovation that
appeared close to the origin of Ornithothoraces, allowing a more
efficient upstroke during flight. Within Ornithothoraces, the differ-
ent contacts of the shoulder bones in Enantiornithes and Euor-
nithes (the clade containing extant birds) may indicate a
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different configuration of the SC pulley (Mayr, 2017; Novas et al.,
2021; Wang et al., 2022a). For instance, unlike euornithines, most
enantiornithines possess an elongated acromion of the scapula
(which articulates distally with the epicleidium of the furcular
ramus) and a less-developed acrocoracoid process, both suggesting
that coracoid and furcula did not contact. Iberomesornis supports
this interpretation as no areas of articulation between the epiclei-
dium of the furcula and the coracoid were found in the segmented
models (Figs. 5, 6). Based on this configuration present in numer-
ous well-preserved enantiornithines, Mayr (2017) suggested that
the SC tendon ran along the medial side of the acromion, rather
than along the lateral side as in crown birds. The new CT data of
the coracoid of I. romerali reveals a marked groove along the medial
surface that indicates that SC tendon ran the coracoid medially
from the midshaft to the tip of the acrocoracoid process (Fig. 5(B,
C)). This character together with the absence of the procoracoid
process in I. romerali is more consistent with the passage of the
SC tendon through a partially enclosed triosseal canal by the lateral
side of the acromion - although the scapula is not preserved -,
similar to that reconstructed for the enantiornithine Piscivorenan-
tiornis inusitatus (Wang et al., 2022a).

The lateralization of the scapular facet observed in I. romerali is
noted to a lesser degree in P. inusitatus (Wang et al., 2022a); this
configuration reduces the area for the glenoid facet of the coracoid.
As the glenoid articulates with the humeral head, such a reduction
might indicate a different range of motion of the wing among
enantiornithines, although this interpretation is tentative since
that the scapular glenoid is unknown due to the scapula is not pre-
served in Iberomesornis.

The fused clavicles (i.e., furcula) play a dynamic function in bird
flight, with the rami bending laterally during the downstroke and
medially during upstroke, working like a spring (Jenkins et al.,
1988). Accordingly, the furcular shape correlates with flight perfor-
mance in extant birds (Hui, 2002). 2D morphological analyses by
Close and Rayfield (2012) found that the relatively narrow interclav-
icular angle of Iberomesornis and other enantiornithines was remi-
niscent of extant birds with continuous flapping flight. However,
the cross-section of the rami seems point to a different stress-
bearing. The presence of the caudolateral groove evidenced here in
Iberomesornis, and also reported in other enantiornithes (Chiappe
et al. 2007, named as dorsal furrow; Atterholt et al., 2018, named
as dorsal groove; Wang et al.,, 2022a) implies a U-shaped cross-
section of the rami, which is different from the oval section of mod-
ern birds. Such a different morphology indicates that the furcula of
Iberomesornis and enantiornithines could support the mechanic
stresses from the wing in a different way than neornithines, since
that bone cross-section has high impact on the elasticity modulus,
and hence, on the strength to deformation against stress
(Hilderbrand and Gloslow, 2001). While this is predicted from beam
theory, until our knowledge, the potential role of the cross-section of
furcular rami has not been explored, and the functional effect of
their different shape between enantiornithine and neornithine
needs to be investigated in further research.

The geometry and shape of the humerus could provide func-
tional information on birds’ wings (De Margerie et al.,, 2005;
Habib and Ruff, 2008; Serrano et al., 2020), but in Iberomesornis,
the crushing of the bone and the loss of proximal epiphysis have
precluded any functional interpretation. However, the identifica-
tion of the dorsal supracondylar tubercle at the distal epiphysis
(Fig. 7(B-D)) could provide some functional clue. This tubercle is
the origin of the m. extensor carpi radialis, the muscle that con-
nects the distal humerus with the proximal carpometacarpus in
crown birds, conducting the extension of the wrist and, also con-
tributing to the flexion of the elbow (Raikow, 1985; Baumel and
Witmer, 1993; Vanden Berge and Zweers, 1993). A well-
developed supracondylar dorsal tubercle was already present in
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Early Cretaceous ornithuromorphs (O’Connor et al., 2010), but its
presence in Enantiornithes is less common. Among Late Cretaceous
enantiornithines, Yatenavis has a prominent process (Herrera et al.,
2023) while other taxa like Martinavis, Elsornis and MPEF-PV2359
present a less-prominent tubercle (Chiappe et al., 2007; Walker
et al., 2007; Lawver et al., 2011), which is more similar with the
tubercle identified in Iberomesornis (Fig. 7(B-D)). Apart from
Iberomesornis, the dorsal supracondylar tubercle has been men-
tioned only to be present in two other enantiornitines from the
Early Cretaceous: Eocathayornis and Cathayornis (Jin and Zhang,
1992; Zhou, 2002; Herrera et al., 2023). Interpolating from the
wing mechanics of modern birds, the presence of the dorsal supra-
condylar tubercle suggests that Iberomesornis would have used
elbow flexion and wrist extension frequently, as required during
flapping flight in which the wings are flexed in the upstroke and
spread in the downstroke (Raikow, 1985; Videler, 2006).
Iberomesornis romerali was smaller than Eoalulavis hoyasi,
another enantiornithine described from Early Cretaceous of Las
Hoyas. While body mass and other aerodynamic key parameters
could be estimated for Eoalulavis, allowing to infer a capacity to
perform powered flight through either continuous flapping or
bounding (Serrano et al., 2018), the bone deformation in the holo-
type of I. romerali prevents an accurate estimate of body mass and
wing area - crushed diaphysis results in overestimates of these
parameters, which would result in aerodynamic reconstructions
with a broad range of error (Serrano et al., 2015, 2017). However,
we would expect that I. romerali had a capacity for powered flight
similar to that inferred for Eoalulavis and other small enantiornithi-
nes (e.g., Junornis, Protopteryx, and Orienantius; Liu et al., 2019,
2017; Chiappe et al., 2020) given that the energetic demands of
flight are lower in smaller birds, because as body mass increases,
the power required for flapping flight increases more rapidly than
the power available from the muscles (Pennycuick, 1969, 2008).

5. Conclusions

Micro-CT reconstruction of Iberomesornis romerali assessed in
this study reveals new information regarding the anatomy and mor-
phology of the cervical vertebrae, pygostyle, coracoids, furcula and
humerus of this early bird. The new phylogenetic analyses support
a derived position of Iberomesornis within Enantiornithes, close to
Longypterygidae, rather than the basal position assigned by previ-
ous studies. The recognition of many classic enantiornithine mor-
phologies like the ventrolateral processes of the pygostyle,
proximodistally aligned articular surfaces of the coracoid, and dor-
solaterally excavated furcula push this taxon further up in the tree.

From a functional point of view, the identification of (i) a well-
developed groove for the passage of the main wing-elevator mus-
cle (i.e., supracoracoideus) in the coracoid, and (ii) a dorsal supra-
condylar tubercle for insertion of a muscle responsible of wing
flexion-extension (i.e., m. extensor carpi radialis) in the distal
humerus, supports the capacity of Iberomesornis to perform some
type of flapping flight. This capacity is consistent with other evi-
dences previously reported, like 2D furcular shape (Close and
Rayfield, 2012), the robust rami and long hypocleidium of the typ-
ical enantiornithine furcula (Chiappe and Witmer, 2002; Mayr
2017), or to have a smaller size than other enantiornithines (e.g.,
Eoalulavis) for which a full flapping capacity has been inferred
(Serrano et al., 2018). However, the identification of the caudolat-
eral groove conferring a U-shaped cross-section of the furcular
rami in Iberomesornis, as in other enantiornithines, may indicate
a different way for bearing the stress resulting from wing flapping
with respect to flying neornithines.

Micro-CT also showed the coracoid’s scapular facet of I. romerali
opposite to the enantiornithine condition (i.e., concave vs. convex).
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Although we cannot discard I. romerali acquired this ornithurine
morphology independently, we conservatively attribute this mor-
phology to deformation/crushing of the fossil. It is worth noting
that while micro-CT scanning constitutes a powerful tool for the
examination of fossils, a critical interpretation of the reconstructed
structures and taphonomy is essential (Crane et al., 2025), particu-
larly in fossils that are highly crushed. Further application of digital
restoration techniques, including fixing breaks, mirroring, super-
imposing, repositioning and duplicating elements, and plastic
retrodeformation (Lautenschlager, et al., 2016; Racicot, 2016;
Pérez-Ramos and Figueirido, 2020; Herbst et al., 2022) could help
to diminish the impact of taphonomical crushing and provide more
robust 3D bone reconstructions of Iberomesornis and many other
extinct birds, which promise to reveal even more about their anat-
omy and flight capabilities.
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