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A new fossil from the London Clay documents
the convergent origin of a “mousebird-like” tarsometatarsus
in an early Eocene near-passerine bird

GERALD MAYR and ANDREW C. KITCHENER

Mayr, G. and Kitchener, A.C. 2023. A new fossil from the London Clay documents the convergent origin of a “mouse-
bird-like” tarsometatarsus in an early Eocene near-passerine bird. Acta Palaeontologica Polonica 68 (1): 1-11.

We describe a partial skeleton of a small bird from the lower Eocene London Clay of Walton-on-the-Naze (Essex,
UK), which shows close affinities to two phylogenetically controversial early Paleogene taxa, Morsoravis sedilis
(lower Eocene of Denmark) and Pumiliornis tessellatus (lower/middle Eocene of Germany). Our phylogenetic analysis
supports a clade including M. sedilis, P. tessellatus, and the new species, Sororavis solitarius gen. et sp. nov., and this
clade is introduced as Morsoravidae fam. nov. Even though morsoravids resulted within crown group Psittacopasseres
in our analysis, as the sister taxon of the Zygodactylidae and Passeriformes, they exhibit a presumably plesiomorphic
tarsometatarsus morphology unlike that of zygodactyl psittacopasserines. The elongate tarsometatarsus of S. solitarius
shows a resemblance to that of extant mousebirds (Coliiformes) and has a large trochlea for the second toe, which bears
an extensive trochlear furrow. This distinctive foot morphology is likely to represent an adaptation for a grasping foot
and may indicate a locomotory behaviour similar to that of mousebirds, which are arboreal acrobats that forage in the
foliage of trees and shrubs. Since the Psittacopasseres and the Coliiformes are widely separated in current phylogenies,
the “mousebird-like” tarsometatarsus of the new species represents a notable instance of convergent evolution in small
arboreal birds.
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Introduction

Morsoravis sedilis Bertelli, Lindow, Dyke, and Chiappe,
2010, is a small bird known from a three-dimensionally
preserved partial skeleton from the early Eocene Fur For-
mation in Denmark, which was originally assigned to the
Charadriiformes (Bertelli et al. 2010). Mayr (2009, 2011)
challenged this classification and likened M. sedilis to
Pumiliornis tessellatus Mayr, 1999, from the uppermost
lower or lowermost middle Eocene of Messel in Germany
and to Eocuculus cherpinae Chandler, 1999, from the lower
Oligocene of Europe and North America. Focuculus was
previously assigned to the Cuculidae (Chandler 1999, but
see Mayr 2006), whereas the affinities of Pumiliornis were
considered uncertain (Mayr 1999, 2008).
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A subsequent analysis supported close affinities between
Morsoravis, Pumiliornis, and the early Eocene Psittacopes,
and found these taxa to be part of the Psittacopasseres, the
clade including the Psittaciformes and Passeriformes (Mayr
2015). Psittacopes was initially considered to be an archaic
taxon of the Psittaciformes, but later it was hypothesised
that it represents a zygodactyl stem group representative of
the Passeriformes, alongside another early Cenozoic taxon,
the Zygodactylidae (Mayr 2015, 2017, 2022). Psittacopes is
the type genus of the taxon Psittacopedidae, which mean-
while includes several other early Paleogene taxa (Mayr
2020; Mayr and Kitchener in press).

An analysis by Ksepka et al. (2019) found Morsoravis,
Psittacopes, and Pumiliornis to form a clade together with
Eofringillirostrum from the lower Eocene North America
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Green River Formation, and this clade was the sister taxon
of a clade including the Zygodactylidae and crown group
Passeriformes. A clade including Morsoravis, Pumiliornis,
and the psittacopedid taxa Psittacopes and Parapsittacopes
was also obtained in an analysis by Mayr (2020). In a more
recent analysis (Mayr and Kitchener in press), Morsoravis
and Pumiliornis were recovered in a clade including the
Psittacopedidae, Zygodactylidae, and crown group Passeri-
formes, with Focuculus and Eofringillirostrum not being
part of this clade.

However, all of the above phylogenies are rather weakly
supported and poorly resolved, and critical osteological data
of Morsoravis and Pumiliornis, especially concerning the
morphology of the tarsometatarsus, remained unknown.
Here were describe a partial skeleton of a Morsoravis-like
bird from the lower Eocene London Clay of Walton-on-
the-Naze (Essex, UK), which stems from the collection of
the late Michael Daniels. The specimen belongs to a new
genus-level taxon, and like other bird fossils from Walton-
on-the-Naze (e.g., Mayr 2020; Mayr and Kitchener in press)
it consists of three-dimensionally preserved isolated bones.
As such it provides new osteological data that corroborate
close affinities between Morsoravis and Pumiliornis and
adds to a better understanding of the evolutionary signifi-
cance of these distinctive Eocene birds.

Nomenclatural acts—This published work and the nomen-
clatural acts it contains have been registered in ZooBank:
http://zoobank.org/urn:lsid:zoobank.org:pub:40AC6727-
2995-46F3-ACF8-9ESA810FE984.

Institutional abbreviations—GMH, Geiseltalsammlung,
Martin-Luther Universitdt of Halle-Wittenberg, Germany;
MGUH, Geological Museum of the University of Copenha-
gen, Denmark; NMS, National Museums Scotland, Edin-
burgh, UK; SMF, Senckenberg Research Institute Frankfurt,
Germany.

Other abbreviations: Cl, consistency index; L, tree length;
RI, retention index.

Material and methods

A phylogenetic analysis was performed on the basis of the
emended character matrix of Mayr and Kitchener (in press;
for character descriptions and character matrix see SOM 1,
2, Supplementary Online Material available at http:/app.
pan.pl/SOM/app68-Mayr_Kitchener SOM.pdf). The analy-
sis was run with the heuristic search modus of NONA 2.0
(Goloboff 1993) through the WINCLADA 1.00.08 interface
(Nixon 2002), with the commands hold 10000, mult*1000,
and hold/10. Bootstrap support values were calculated with
1000 replicates, ten searches holding ten trees per replicate,
and TBR branch swapping without max*. The trees were
rooted with the anseriform Anhimidae. Two characters were
coded as additive. Tree statistics recorded are tree length
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(L), consistency index (CI), and retention index (RI). A con-
strained analysis was performed with the heuristic search
modus of PAUP*4.0a169 (Swofford 2002); concerning the
extant taxa a backbone constraint was enforced based on the
results of current molecular analyses (Prum et al. 2015; Kuhl
et al. 2021).

Systematic palacontology

Aves Linnaeus, 1758

Telluraves Yuri, Kimball, Harshman, Bowie, Braun,
Chojnowski, Han, Hackett, Huddleston, Moore,
Reddy, Sheldon, Steadman, Witt, and Braun, 2013
Australaves Ericson, 2012

Family Morsoravidae nov.

LSID Zoobank: http://zoobank.org/urn:1sid:zoobank.org:act: B8 1 BOE09
-9CC3-44E9-9FCF-BB6667A90FEQ.

Type genus: Morsoravis Bertelli, Lindow, Dyke, and Chiappe, 2010.

Included genera: Morsoravis Bertelli, Lindow, Dyke, and Chiappe,
2010; Pumiliornis Mayr, 1999; Sororavis gen. nov.

Diagnosis—The new taxon is characterised by (1) a high
number of 21 praesacral vertebrae (not ascertainable for
Sororavis gen. nov.); (2) a long and slender tibiotarsus; (3) a
very large tuberositas musculi tibialis cranialis that is situ-
ated at the medial margin of the tarsometatarsus on the level
of the foramina vascularia proximalia; (4) a trochlea meta-
tarsi II of cylindrical shape that is plantarly deflected and
has a marked and extensive trochlear furrow; (5) a fossa on
the dorsal tarsometatarsus surface immediately proximal to
the trochlea metatarsi I1I; (6) a trochlea metatarsi I'V that ex-
hibits a plantarly directed, wing-like flange and has a later-
ally slanted distal margin, which forms an angle of about 45°
relative to the longitudinal axis of the tarsometatarsus (the
presence of the flange is not ascertainable for Morsoravis);
(7) a very wide first phalanx of the fourth toe (not ascertain-
able for Sororavis gen. nov.). Characters (4) and (7) are here
considered diagnostic apomorphies of the new taxon.

Genus Sororavis nov.

LSID Zoobank: http://zoobank.org/urn:Isid:zoobank.org:act:E26943A7-
0011-4266-A5C3-1F706C9EAD18.

Type species: Sororavis solitarius sp. nov.; see below.

Etymology: From Latin soror, sister and avis, bird; in reference to the
phylogenetic closeness of the new taxon to Morsoravis, to which the
new name is intended to be phonetically similar.

Diagnosis—The new taxon differs from Morsoravis Ber-
telli, Lindow, Dyke, and Chiappe, 2010, in that the tarso-
metatarsus is more elongated (ratio length of bone to
minimum width of shaft 12.9 vs. 8.9 in M. sedilis). 1t is
distinguished from Pumiliornis Mayr, 1999 in that the tibio-
tarsus has a pons supratendineus and the tarsometatarsus is
more elongated (ratio length of bone to minimum width of
shaft 12.9 vs. 8.3 in P. tessellatus).
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Fig. 1. The bones preserved in the holotype of the morsoravid bird Sororavis solitarius gen. et sp. nov. (NMS.Z.2021.40.75), from the lower Eocene
London Clay of Walton-on-the-Naze, UK. A4, tip of upper beak in dorsal view; A,, fragments of mandible; A3, Ay, left coracoid in dorsal (A3) and ventral
(A4) views; As, Ag, right coracoid in dorsal (As) and ventral (Ag) views; A5, partial furcula; Ag, Ag, cranial portion of sternum in ventral (Ag) and lateral
(Ayg) views; Aqg, Ajj, partial right humerus in cranial (A;y) and caudal (A;;) views; Aj,—A;s, proximal (A;,, Aj3) and distal (A4, A;s) portions of left
humerus in caudal (Ay,, Aj4) and cranial (A3, Ays) views; A4, proximal end of right ulna in cranioventral view; A7, Az, partial left tibiotarsus in caudal
(A7) and cranial (Ag) views; Ajg—A,y, right tarsometatarsus in dorsal (A9), medial (A,,), plantar (A,;), lateral (A,,), proximal (A,3), and distal (A,4)
views; Ass, Ay, proximal end of left tarsometatarsus in plantar (A,s) and dorsolateral (A,4) views; A,, first phalanx of third toe in dorsal and plantar view;
A,g, second to fourth phalanges of fourth toe in different views (plantar, dorsal, and lateral, respectively).
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Fig. 2. Beak and selected postcranial bones of the morsoravid bird Sororavis solitarius gen. et sp. nov. in comparison to those of other Morsoravidae
and the Psittacopedidae, Zygodactylidae, and Coliiformes. A. Morsoravis sedilis Bertelli, Lindow, Dyke, and Chiappe, 2010 (holotype, MGUH 28930),
from the lower Eocene Fur Formation in Denmark; A, skull in dorsolateral view (coated with ammonium chloride); A,, distal end of left tibiotarsus in
cranial view. B. Sororavis solitarius gen. et sp. nov. (holotype, NMS.Z.2021.40.75), from the early Eocene London Clay of Walton-on-the-Naze, UK.
B, tip of upper beak in dorsal view; B,, right coracoid in dorsal view; B3, composite image of partial right humerus (mirrored) and distal end of left
humerus in cranial view; By, distal end of left tibiotarsus in cranial view. C. Primoscens carolinae Mayr and Kitchener, 2022 (Zygodactylidae) (holotype,
NMS.2021.40.54), from the early Eocene London Clay of Walton-on-the-Naze, UK, left coracoid in dorsal view (mirrored). D. ?Psittacopes occiden-
talis Mayr and Kitchener, 2022 (Psittacopedidae) (holotype, NMS.Z.2021.40.44), from the early Eocene London Clay of Walton-on-the-Naze, UK, left
coracoid in dorsal view (mirrored). E. The extant Myiarchus tyrannulus (Statius Miiller, 1776) (Passeriformes, Tyrannidae) (SMF 9584), right coracoid
in dorsal view. F. Pumiliornis tessellatus Mayr, 1999 (SMF-ME 2475B), from the luppermost lower or lowermost middle Eocene of Messel, Germany;
Fy, right humerus in cranial view (mirrored); F,, distal end of left tibiotarsus in cranial view. G. Parapsittacopes bergdahli Mayr, 2021 (Psittacopedidae)
(NMS. Z.2021.40.43), from the early Eocene London Clay of Walton-on-the-Naze, UK, right humerus in cranial view. H. Primozygodactylus cf. danielsi
Mayr, 1998 (Zygodactylidae) (NMS.2021.40.49), from the early Eocene London Clay of Walton-on-the-Naze, UK, right humerus in cranial view (mir-
rored). Scale bars 5 mm.

~13.0 mm in M. sedilis; Bertelli et al. 2010) and distinctly
larger than Pumiliornis tessellatus (tarsometatarsus length
8.9-9.9 mm; Mayr 1999).

Measurements (maximum length, in mm).—Right coracoid,
11.0; right humerus, length as preserved, 14.0, estimated to-
tal length, ~15-16; left tibiotarsus, length as preserved, 16.5,
estimated total length, ~23-25; right tarsometatarsus, 14.3.

Sororavis solitarius sp. nov.

Figs. 1-3.

LSID Zoobank: http://zoobank.org/urn:lsid:zoobank.org:act:A979CC
23-3409-4CDD-B28E-2FEA52691A86.

Etymology: From Latin solitaries, single, solitary, in reference to the
fact that only one specimen of this species has been identified among
the numerous birds from Walton-on-the Naze in the Daniels collection.

Holotype: NMS.Z.2021.40.75 (Fig. 1; tip of upper beak; fragments
of mandibular rami; both coracoids; partial furcula; partial sternum;

Description—The tip of the upper beak (Figs. 1A}, 2B)) is

right humerus lacking distal end; proximal and distal ends of left hu-
merus; proximal end of right ulna; left tibiotarsus lacking proximal
end; proximal end of left tarsometatarsus; right tarsometatarsus; four
pedal phalanges), collected in 1986 by M. Daniels (original collector’s
number WN 86530).

Type locality: Walton-on-the-Naze, Essex, UK.

Type horizon: Walton Member of the London Clay Formation (pre-
viously Division A2; Rayner et al. 2009; Aldiss 2012); lower Eocene
(lower Ypresian, 54.6—-55 million years old; Collinson et al. 2016).

Diagnosis.—As for genus. The new species is of similar size
to Morsoravis sedilis (tarsometatarsus length 14.3 mm vs.

narrow and pointed, and its shape indicates similar propor-
tions to the beak of Morsoravis sedilis (Fig. 2A) and extant
thrushes (Turdidae, Passeriformes). The fragments of the
mandibular rami show that the lower jaw was long and dor-
soventrally low as it is in M. sedilis.

The coracoid (Figs. 1A3;—As, 2B,) resembles the corre-
sponding bone of the Psittacopedidae (Fig. 2D) and Zygo-
dactylidae (Fig. 2C) as well as that of crown group pas-
serines (Fig. 2E). The extremitas omalis has a hook-like
shape and the facies articularis scapularis is shallow. The
processus procoracoideus is broken, but judging from the
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Fig. 3. Leg bones of the morsoravid bird Sororavis solitarius gen. et sp. nov. in comparison to those of other Morsoravidae and the Psittacopedidae and
Zygodactylidae. A. Sororavis solitarius gen. et sp. nov. (holotype, NMS.Z.2021.40.75), from the early Eocene London Clay of Walton-on-the-Naze, UK,
right tarsometatarsus (mirrored), in dorsal (A,), plantar (A,), and medial (A3) views, the arrow indicates an enlarged detail of the distal end; distal end of
right tarsometatarsus (mirrored) in distal view (A,). B. Morsoravis sedilis Bertelli, Lindow, Dyke, and Chiappe, 2010 (holotype, MGUH 28930), from the
early Eocene Fur Formation in Denmark, left tarsometatarsus in dorsal (B;) and medial (B,) views; coated with ammonium chloride, in By, surrounding
matrix was digitally removed and a missing portion of the shaft is highlighted by the grey-brown area, the arrow in B,, indicates an enlarged detail of
the distal end. C. Pumiliornis tessellatus Mayr, 1999 (SMF-ME 2475A), from the latest early or earliest middle Eocene of Messel, Germany, left tar-
sometatarsus in dorsal (C) and plantar (C,) views. D. Psittacomimus eos Mayr and Kitchener, 2022 (NMS.Z.2021.40.39), from the early Eocene London
Clay of Walton-on-the-Naze, UK, left tarsometatarsus in dorsal (D), plantar (D,), and distal (D3) views. E. Primozygodactylus cf. danielsi Mayr, 1998
(Zygodactylidae) (NMS.2021.40.49), from the early Eocene London Clay of Walton-on-the-Naze, UK, distal portion of right tarsometatarsus (mirrored),
in dorsal (E,), plantar (E,), and distal (E3) views. Scale bars 5 mm.
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larger portion preserved in the right coracoid, it appears to
have been fairly long. A foramen nervi supracoracoidei is
absent. The extremitas sternalis is comparatively narrow,
with a short processus lateralis. The medial margin bears an
incipient notch.

Only a fragment of the extremitas sternalis of the furcula
is preserved (Fig. 1A;), which indicates that the bone was
U-shaped and had slender shafts. The apophysis furculae is
broken, but appears to have been small.

The specimen includes the cranial portion of the sternum
(Fig. 1Ag, Ag), which has a long and mediolaterally wide
spina externa that is only incipiently bifurcated. The apex
carinae shows little cranial projection.

The humerus (Figs. 1A10—A;s5, 2B;) resembles that of
the Psittacopedidae and Zygodactylidae (Fig. 2G, H; Mayr
and Kitchener in press). As in the latter, the fossa pneumo-
tricipitalis lacks pneumatic openings, which is likely to be
a plesiomorphic characteristic and functionally correlated
with the occurrence of pleurocoels on the thoracic verte-
brae (Mayr 2021). The tuberculum dorsale is small. The
crista deltopectoralis is broken, but the remaining portions
indicate that it was proximodistally short. The sulcus sca-
pulotricipitalis is very shallow. The condylus ventralis is
more elongated and less globose than in the Psittacopedidae
and Zygodactylidae; unlike in the latter two taxa, the dorsal
margin of the bone does not form a well-defined tuber-
culum/processus supracondylaris dorsalis. With regard to
other features, such as the size and position of the fossa
musculi brachialis and tuberculum supracondylare ventrale
as well as the shape of the processus flexorius, the distal end
of the bone resembles the distal humerus of psittacopedids
and zygodactylids (Fig. 2G, H).

The holotype includes the proximal end of the ulna
(Fig. 1A6), which shows a fairly undiagnostic morphology,
with an olecranon of moderate size, a rather small cotyla
dorsalis, and an average-sized cotyla ventralis with a circu-
lar outline.

The tibiotarsus (Figs. 1A, Ajg, 2B4), whose proximal
end is lacking, is a very long and slender bone, and its shaft
is proportionally narrower than in Morsoravis. The dis-
tal end of the bone closely resembles the distal tibiotarsus
of Morsoravis sedilis (Fig. 2A,). The pons supratendineus,
which is absent in Pumiliornis (Fig. 2F,), is proximodistally
long. Proximal to the condylus dorsalis and lateral to the
distal end of the sulcus extensorius, there is an embossment
of subtriangular outline. The condylus medialis is somewhat
less tall proximodistally and less wide mediolaterally than
the condylus lateralis.

The tarsometatarsus (Figs. 1Aj9—Ay4, 3A1—Aj3) is pro-
portionally longer and narrower than the corresponding
bone of Morsoravis sedilis (Fig. 3B) and Pumiliornis tes-
sellatus (Fig. 3C). The shaft is very flat in dorsoplantar
direction. As in P. tessellatus, the proximal margin of
the bone is not oriented perpendicular to its longitudinal
axis. Furthermore as in M. sedilis and P. tessellatus, the
medial portion of the cotyla medialis forms a proximally
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projecting lip (Fig. 3A;); medial to it there is a small medial
embossment (Fig. 1A,3). The hypotarsus exhibits two sulci
for the tendons of musculus flexor digitorum longus and
musculus flexor hallucis longus, respectively. The small
foramina vascularia proximalia are on the same level and
are widely separated. The large tuberositas musculi tibialis
cranialis is situated at the medial margin of the bone and
contributes to a medial bulge of the shaft; in P. tessellatus,
there is an equally large and medially situated tuberositas
musculi tibialis cranialis (this feature is not visible in the
M. sedilis holotype, but a large tuberositas musculi tibia-
lis cranialis was present on the proximal end of the right
tarsometatarsus; this bone was figured by Kristoffersen
2002, but it broke off subsequently and is now lost). The
plantar surface of the shaft is essentially flat and lacks a
crista medianoplantaris. The distal end of the bone closely
resembles the tarsometatarsus of M. sedilis. The foramen
vasculare distale is small and there is no sulcus between
this foramen and the incisura intertrochlearis lateralis. The
fossa metatarsi | is situated on the plantar surface of the
bone, near to its medial margin. In distal view, the troch-
leae form an arch, with both the trochlea metatarsi II and
the trochlea metatarsi IV being plantarly deflected. The
trochlea metatarsi I1 is large and of subcylindrical shape; it
is plantarly deflected and bears a marked trochlear furrow
that extends onto its medial surface (Fig. 3A3). In the ho-
lotype and only known specimen of M. sedilis this furrow
on the medial surface of the trochlea metatarsi II is clearly
visible (Fig. 3B,, the plantar tarsometatarsus surface is not
exposed). The distal end of the tarsometatarsus is poorly
preserved in the known specimens of Pumiliornis tessel-
latus, but the trochlea metatarsi Il appears to be of similar
shape to that of S. solitarius and is much larger than in
psittacopedids (Fig. 3D,). On the dorsal surface of the
distal tarsometatarsus of S. solitarius, there is a depression
immediately proximal to the trochlea metatarsi III, which
is also present in P. tessellatus (the corresponding area of
the tarsometatarsus is damaged in the M. sedilis holotype).
The trochlea metatarsi III is not mediolaterally widened
and has a well-developed trochlear furrow. The trochlea
metatarsi [V is plantarly deflected and forms a wing-like
flange of similar shape to that in extant Leptosomiformes
and Strigiformes, which indicates at least semizygodactyl
feet. As in Morsoravis and Pumiliornis, the distal margin
of the trochlea metatarsi [V is laterally slanted, forming an
angle of about 45° relative to the longitudinal axis of the
tarsometatarsus.

The holotype includes four pedal phalanges, which we
identify as the first phalanx of the third toe and the second
to fourth phalanges of the fourth toe (Fig. 1A,7, Asg). The
first phalanx of the third toe has a distinctive morphology in
that the trochlea has very long plantar rims. The proximal
phalanges of the fourth toe are not greatly abbreviated.

Stratigraphic and geographic range.—Type locality and
horizon only.
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Fig. 4. Strict consensus tree of ten most parsimonious trees (L =316, CI = 0.33, RI = 0.59) resulting from the phylogenetic analysis. Unsupported nodes
were collapsed; extinct taxa are indicated by a dagger. Bootstrap support values are given next to the internodes.

Results of the phylogenetic
analysis

Analysis of the primary character matrix in the SOM re-
sulted in ten most parsimonious trees (L =316, CI =0.33, RI
= 0.59), the consensus tree of which is shown in Fig. 4. The
analysis supported a clade including Sororavis, Morsoravis,
and Pumiliornis. This clade, the Morsoravidae fam. nov.,
was obtained as part of a more inclusive clade that also
comprises the Psittacopedidae, Zygodactylidae, and crown
group Passeriformes, with the Morsoravidae being the sister
group of a clade formed by the Zygodactylidae and crown
group Passeriformes. However, whereas the clade formed
by Sororavis, Morsoravis, and Pumiliornis received weak
bootstrap support, the more inclusive clade was not retained
in the bootstrap analysis (Fig. 4). Three characters were
optimised as apomorphies of a clade including Sororavis,
Morsoravis, and Pumiliornis, that is, ch. 78: tarsometatar-
sus, trochlea metatarsi I1I with a deeply incised groove be-
tween the trochlear rims; ch. 82: tarsometatarsus, trochlea
metatarsi [V with a laterally slanted distal margin, which
forms an angle of about 45° relative to the longitudinal axis
of the tarsometatarsus; and ch. 86: fourth toe, proximal
phalanx greatly widened (this character was optimised as a
diagnostic apomorphy with CI = 1.0).

The following characters were optimised as apomorphies
of a clade including Sororavis, Morsoravis, and Pumiliornis,
as well as the Psittacopedidae, Zygodactylidae, and crown

group passerines: Ch. 22: furcula with well-developed
apophysis furculae; ch. 34: humerus, processus flexorius
prominent and reaching distally well beyond distal margin
of condylus ventralis; ch. 61: tibiotarsus, crista cnemialis lat-
eralis distinctly hooked. Two further characters represent re-
versals into the plesiomorphic condition: ch. 62: tibiotarsus,
distal end not mediolaterally wide and not craniocaudally
compressed, without shallow trochlea cartilaginis tibialis;
ch. 87: fourth toe, proximal three phalanges not abbreviated.

A clade including Sororavis, Morsoravis, Pumiliornis,
the Zygodactylidae, and crown group passerines is sup-
ported by: Ch. 48: carpometacarpus, distinct, narrow fossa
supratrochlearis running across dorsal portion of trochlea
carpalis; ch. 67: tarsometatarsus, medial portion of cotyla
medialis forming a proximally projecting lip. Three further
characters represent reversals into the plesiomorphic condi-
tion: Ch. 74: tarsometatarsus, without dorsally open sulcus
between foramen vasculare distale and incisura intertroch-
learis lateralis; ch. 77: tarsometatarsus, trochlea metatarsi
III not much wider in mediolateral than in dorsoplantar di-
rection; ch. 79: tarsometatarsus, trochlea metatarsi III with-
out distinct tubercle on lateral side.

Like other analyses of morphological data, our study did
not recover major clades that received strong support in anal-
yses of sequence data (e.g., Prum et al. 2015; Kuhl et al. 2021;
Sangster et al. 2022). This is most obvious in the case of the
Eufalconimorphae (the clade including the Falconiformes
and Psittacopasseres), Eucavitaves (the clade including
the Trogoniformes, Bucerotiformes, Coraciiformes, and
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Fig. 5. Strict consensus tree of 714 most parsimonious trees (L =331, CI =0.32, RI=0.57) resulting from an analysis that, concerning the extant taxa, was
constrained to the results of current molecular analyses (Prum et al. 2015; Kuhl et al. 2021). Extinct taxa are indicated by a dagger.

Piciformes), and Coraciimorphae (the clade including the
Coliiformes, Leptosomiformes, and Eucavitaves).

A second analysis was therefore run that was constrained
to a molecular backbone phylogeny for the extant taxa based
on current molecular phylogenies (Prum et al. 2015; Kuhl et
al. 2021). This analysis resulted in 714 most parsimonious
trees (L = 331, CI = 0.32, RI = 0.57), the consensus tree of
which is shown in Fig. 5. Concerning the affinities of the
new species, the results of this analysis are concordant with
the primary data set. However, unlike in the primary anal-
ysis, halcyornithids, messelasturids, and vastanavids were
found to be outside crown group Psittacopasseres.

Discussion

Phylogenetic affinities.—The new fossil corroborates close
affinities between Morsoravis and Pumiliornis, with the
well-preserved bones of Sororavis solitarius gen. et sp. nov.
elucidating morphological features that are not clearly visi-
ble in the known specimens of Morsoravis and Pumiliornis.
This is particularly true for the tarsometatarsus, whose dis-
tal end conforms to the distal tarsometatarsus of Morsoravis
with respect to the marked trochlear furrow of the trochlea
metatarsi II, whereas the proximal end of the bone agrees
with Pumiliornis in the large and medially situated tuber-
ositas musculi tibialis cranialis (the trochlea metatarsi II
is poorly preserved in the known Pumiliornis tessellatus
specimens, whereas the proximal tarsometatarsus end is
damaged in the holotype of Morsoravis sedilis).

Even though all formally named taxa of the Morsoravidae
fam. nov. are from European sites, these birds also occurred

during the early Eocene in North America, with Grande
(2013: fig. 143B) figuring a skeleton from the North American
Green River Formation, which closely resembles Sororavis
solitarius. This fossil was likened to Morsoravis sedilis by
Grande (2013) and was the sister taxon of M. sedilis in an
analysis by Ksepka et al. (2019). In contrast, a tarsometa-
tarsus from the lower Eocene North American Nanjemoy
Formation, which was tentatively referred to Pumiliornis by
Mayr et al. (2022), may actually be from a representative of
the Psittacopedidae (Mayr and Kitchener in press); this fossil
is clearly distinguished from the tarsometatarsus of S. soli-
tarius in that the trochlea accessoria is separated by a furrow
from the trochlea metatarsi IV proper.

Our analysis recovers the Morsoravidae as the sister
group of a clade formed by zygodactylids and crown group
Passeriformes, and the taxon is therefore found to be nested
within zygodactyl stem group Psittacopasseres. Eofringilli-
rostrum and Eocuculus were shown to be only distantly re-
lated to the Morsoravidae, and compared to the “finch-
beaked” species of Eofringillirostrum, the upper beak of
S. solitarius appears to have been much narrower and more
thrush-like, the humerus is more elongated and without a
well-defined tuberculum supracondylare dorsale, the tar-
sometatarsus is proportionally longer, with the trochlea
metatarsi ['V reaching farther distally, and the proximal pha-
langes of the fourth toe are more slender and less abbrevi-
ated. Sororavis solitarius differs from Eocuculus in that the
humerus is less stout, the tibiotarsus much longer, the tar-
sometatarsus more elongated, and the trochlea metatarsi I1
wider and of sub-cylindrical shape.

A placement of morsoravids within crown group Psittaco-
passeres conforms to the results of previous analyses (Mayr
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Fig. 6. Humeri and tarsometatarsi of the morsoravid bird Sororavis solitarius gen. et sp. nov. and coliiform birds. A. Sororavis solitarius gen. et sp. nov.
(holotype, NMS.Z.2021.40.75), from the early Eocene London Clay of Walton-on-the-Naze, UK; A;, composite reconstruction of proximal portion of
right humerus and mirrored distal end of left humerus in cranial view; right tarsometatarsus in dorsal (A,), plantar (A;), distal (A4), and proximal (As)
views. B. Selmes absurdipes Peters, 1999 (Coliiformes) (GMH XXXVI-305-1963), from the middle Eocene of the Geisel Valley in Germany; right hu-
merus in cranial view. C. The extant Colius striatus Gmelin, 1789 (Coliiformes) (SMF 8019); C;, right humerus in cranial view; right tarsometatarsus in

dorsal (C,), plantar (C;), distal (C,), and proximal (Cs) views. The tarsometatarsal trochleae are numbered. Scale bars 5 mm.

2015; Ksepka et al. 2019; Mayr and Kitchener in press). The
coracoid and humerus of S. solitarius closely resemble the
corresponding elements of early Eocene zygodactyl repre-
sentatives of the Psittacopasseres, that is, the Psittacopedidae
and Zygodactylidae, of which there are multiple specimens
in the Daniels collection (Figs. 2, 3; Mayr and Kitchener in
press). However, the distal end of the tarsometatarsus of the
new species exhibits some distinct differences to psittaco-
pedids and zygodactylids, whose distal tarsometatarsus re-
sembles that of the Psittaciformes. The most notable derived
feature associated with the tarsometatarsus morphology of
psittaciforms, psittacopedids, and zygodactylids is a large
accessory trochlea, which is delimited by a furrow from the
trochlea metatarsi IV proper (Fig. 3D,—E5). This furrow is
absent in Sororavis, in which the trochlea accessoria is less
developed and the trochlear rim of the trochlea metatarsi [V
more dorsoplantarly (in the distal view of the tarsometatar-
sus) oriented than in psittacopedids and zygodactylids. If the
Morsoravidae are nested within Psittacopasseres, the derived
morphology of the distal tarsometatarsus was either lost in
morsoravids, or it evolved convergently in psittaciforms,
psittacopedids, and zygodactylids.

However, we note that the position of morsoravids within
Psittacopasseres was not corroborated by the bootstrap anal-

yses and is mainly based on characters that show homo-
plasy or represent reversals into the plesiomorphic state.
Therefore, the higher-level affinities of these birds still have
to be firmly established, and the morphology of the distal
tarsometatarsus of Sororavis would actually be in better
agreement with a position of the new taxon, as well as other
morsoravids, outside the Psittacopasseres, which is defined
as the least inclusive clade containing the Psittaciformes and
the Passeriformes (Sangster et al. 2022).

According to current molecular phylogenies (e.g.,
Ericson et al. 2006; Prum et al. 2015; Kuhl et al. 2021),
Telluraves, the clade including arboreal landbirds, falls
into two sister taxa termed Australaves and Afroaves
(Ericson 2012; Sangster et al. 2022). Together with the
Cariamiformes and Falconiformes, the Psittacopasseres
are part of the Australaves, whereas the Afroaves include
(among others) the Accipitriformes, Coliiformes, Strigi-
formes, Coraciiformes, and Piciformes. Sororavis soli-
tarius resembles extant Coliiformes in the overall mor-
phology of some bones, which is particularly true for the
humerus (Fig. 6A;, B, C;) and the long and slender tar-
sometatarsus (Fig. 6A,, C,). Because the Psittacopasseres
and Coliiformes are widely separated in current phyloge-
nies, these similarities are notable, but various differences
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in detail between Sororavis and coliiform birds indicate
that they have evolved due to convergence. Concerning
the humerus, for example, the tuberculum supracondylare
ventrale and the condylus dorsalis of Sororavis are propor-
tionally smaller than in coliiform birds and the condylus
ventralis is less globose (Fig. 6A;, B, C;). As shown by the
skeletons of Pumiliornis tessellatus and the undescribed
Sororavis-like bird from the Green River Formation (see
above), the ulna of morsoravids exceeds the humerus in
length, whereas both bones are of subequal length in the
Coliiformes. The tarsometatarsus of Sororavis is distin-
guished from that of fossil and extant Coliiformes in that
the fossa metatarsi I is situated on its plantar face and
not on the medial one as in coliiform birds. Furthermore
unlike in coliiform birds, the proximal phalanges of the
fourth toe of Sororavis are not greatly abbreviated. A con-
vergent origin of the similar tarsometatarsus morphology
of Sororavis and crown group Coliiformes is also indi-
cated by the fact that the tarsometatarsi of Pumiliornis and
Morsoravis are more like those of the Psittacopedidae in
their proportions, and stem group Coliiformes, such as the
Sandcoleidae (Houde and Olson 1992; Mayr and Peters
1998; Mayr 2018), likewise have stouter tarsometatarsi
than extant mousebirds.

Ecomorphological aspects.—The taxon Morsoravidae is
characterised by a derived morphology of the tarsometatar-
sus, which exhibits a large, subcylindrical trochlea metatarsi
II with a pronounced trochlear furrow, a trochlea metatarsi
IV with a plantarly directed, wing-like flange and a large and
medially situated tuberositas musculi tibialis cranialis. The
laterally slanted distal margin of the trochlea metatarsi IV
of Sororavis solitarius suggests a splayed fourth toe, and the
wing-like plantar flange of this trochlea indicates a semi-zy-
godactyl foot, in which the fourth toe was at least partially
reversed. A semizygodactyl foot was also assumed to have
been present in Morsoravis and Pumiliornis (Mayr 2011).

The trochlea metatarsi Il of S. solitarius is much larger
than the corresponding tarsometatarsal trochlea of the
Psittacopedidae and Zygodactylidae. Its cylindrical shape
and the marked trochlear furrow (Figs. 1A,4, 3A4) suggest
that the articulation between this trochlea and the second toe
formed a hinge-like joint, with little freedom for rotationary
movements. Together with the semi-zygodactyl foot, this
trochlear morphology probably enhanced the grasping capa-
bilities of the foot. The very large tuberositas musculi tibia-
lis cranialis indicates a strongly developed musculus tibialis
cranialis inserting on it, which flexes the tarsometatarsus
and lifts the body if the tarsometatarsus is fixed.

We hypothesise that morsoravids had a specialised feed-
ing ecology, which was facilitated by this derived leg mor-
phology. Pollen grains in the gut contents of a Pumiliornis
tessellatus fossil indicate that this species visited flowers
and was probably at least facultatively nectarivorous (Mayr
and Wilde 2014). As noted above, S. solitarius shows a re-
semblance to coliiform birds with regard to tarsometatarsus
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morphology and the proportions of the long and slender
tibiotarsus are likewise similar. Therefore, like mousebirds,
the new species may have been capable of dangling from
branches in order to reach fruits and inflorescences, or food
items associated therewith (however, unlike in Sororavis,
the proximal phalanges of the toes of mousebirds are
strongly abbreviated, which indicates some functional dif-
ferences in detail).

Mousebirds have a fossil record that goes back into the
late Paleocene and by that time they had already evolved
their characteristic foot structure (Houde and Olson 1992;
Mayr 2018, 2022). Irrespective of the exact position of mor-
soravids within Australaves, the occurrence of a “mouse-
bird-like” tarsometatarsus in Sororavis represents a remark-
able case of parallelism and suggests that ecological niches
for avian arboreal acrobats were occupied by multiple, only
distantly related groups in the early Paleogene.

Conclusions

Sororavis solitarius gen. et sp. nov. forms a clade together
with Morsoravis sedilis from the Fur Formation in Denmark
and Pumiliornis tesselatus from Messel in Germany, and the
new fossil from the London Clay adds to a better understand-
ing of this distinctive group of early Eocene arboreal birds.
Judging from their disparate tarsometatarsus morphologies,
these three species appear to have occupied diverse ecolo-
gical niches, and at least Sororavis and Morsoravis are likely
to have been adapted to some level of direct or indirect plant-
bird interactions. Their position within Psittacopasseres, the
clade including the Psittaciformes and Passeriformes, may
challenge previous hypotheses concerning the ancestral
tarsometatarsus morphology of psittacopasserines, and the
new fossil underscores the significance of the Walton-on-
the-Naze site for a reconstruction of early Eocene European
avifaunas and ecosystems.
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