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Abstract: Here, we describe the first pterosaur remains from Angola, an assemblage of fourteen bones
from the Lower Maastrichtian marine deposits of Bentiaba, Namibe Province. One new species is
introduced, Epapatelo otyikokolo, gen. et sp. nov., which comprises an articulated partial left humerus
and ulna as well as an articulated left ulna and radius (from a second individual). Phylogenetic
analysis confirms a non-nyctosaurid pteranodontian attribution for this new taxon and supports a new
apomorphy-based clade, Aponyctosauria, which is here defined. Late Cretaceous pteranodontians
are rare in Sub-Saharan Africa and throughout the Southern Hemisphere. Preliminary histological
analysis also reveals a likely sub-adult age for one of the specimens. This fossil assemblage provides
a first glimpse of Angolan pterosaur paleobiodiversity providing further insight into the Gondwanan
ecosystems of the Upper Cretaceous.
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1. Introduction
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Pterosaurs were the first vertebrates to have evolved powered flight. They were a
highly successful and diverse group, with a global distribution throughout nearly their
entire temporal range, from the Late Triassic through the Cretaceous [1]. Here, we present
a morphological description and classification for fossil pterosaur material collected in
the present-day African country of Angola, increasing the recognized diversity of Late
Cretaceous Gondwanan communities.
Pterosaur discoveries in Africa have been relatively sparse, with main fossil concentrations on the continent occurring in northern countries, and disparate occurrences occurring
further south. This distribution is likely due to sparse field sampling and the potential
unavailability of Mesozoic exposures throughout sub-Saharan Africa. In addition, the
majority of what has been unearthed across Africa thus far are found as isolated bones [2].
Most localities are Cretaceous in age, with some Jurassic sites as well (Table S1). The
specimens described here were collected during several expeditions carried out by Projecto
PaleoAngola members, who collected fossils throughout multiple field seasons in various
localities, beginning in 2005 and continuing up until the present day [3]. These efforts
have been greatly successful in increasing known Late Cretaceous taxonomic diversity
(including new species) of dinosaurs, marine reptiles, turtles, fish, [3–13], and now here in
greater detail, pterosaurs.
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2. Materials and Methods
All pterosaur mechanical specimen preparation was completed at the laboratory of
the Museu da Lourinhã in Lourinhã, Portugal and at the Universidade Nova de Lisboa
in Lisbon, Portugal, using a PaleoTools ME-9100 for the bulk removal of the surrounding
matrix, a PaleoTools Micro Jack 6 for more precise matrix removal, and a variety of metal
manual tools and wooden dowels for precision work. Throughout this process, all bone
surfaces were consolidated with 5% Paraloid B-72 diluted in acetone, and any breaks
or deep fissures were glued and reinforced with 20% or 50% Paraloid B-72 as required.
Bones were then compound blue light scanned using an Artec Space Spider, and all scans
were processed using Artec Studio 14. All digital material is available in Morphobank
Project 3966 [14].
Phylogenetic analysis was conducted using TNT version 1.5 [15,16] using the matrix
by Longrich et al. 2018 [17], which added new characters to the Andres et al. 2014 [18]
matrix and also includes additional taxa from the Late Cretaceous. The matrix contains
continuous and discrete partitions. Four outgroups were used with Euparkeria capensis
Broom 1913 [19] as the primary outgroup. The matrix incorporates ordered and unordered
characters. It should be noted that TNT begins numbering characters and taxa from 0. All
characters were equally weighted, although the continuous characters were rescaled from
a minimum of 0.000 to a maximum of 1.000 so that their maximum change would equal the
maximum change along a branch of a binary character (i.e., one step). Ambiguous branch
support was not used, zero-length branches were automatically collapsed, and the resultant
trees were filtered for the best score. A basic traditional tree-search analysis was conducted
with 1000 random addition sequence replicates (an alternate analysis was run with the
ratchet, yielding identical results and so found to be unnecessary). Analytical protocols are
expanded upon in the supplementary material of Andres et al. 2014 [18]. No new characters
were added to the matrix here, although character 236 for Cretornis hlavaci Frič, 1881 [20]
was recoded to address the misidentification of the distal tuberculum by Averianov and
Ekrt [21]. Piksi barbarulna Varricchio 2002 [22] is not considered a pterosaur here and so
was omitted from the analysis. One new taxon was added and analyzed, represented
by combining characters from the holotype-articulated MGUAN-PA650 humerus and
MGUAN-PA650 ulna (material from the most complete individual and exhibiting the
most characters) and the paratype-articulated MGUAN-PA661 ulna and radius and was
named “Epapatelo_otyikokolo” (MGUAN-PA: Museu Geológico Universidade Agostinho
Neto—Projecto PaleoAngola).
Paleohistological sample preparation was conducted in the laboratory of the Rheinische Friedrich-Wilhelms-Universität Bonn in Bonn, Germany, to create thin sections by
slicing bone and embedding the sample in Araldite 2020/A clear adhesive epoxy catalyzed
with Araldite 2020/B epoxy resin to facilitate handling. A circular rotating diamond-tipped
disc saw blade on a Buehler Isomet precision sectioning saw was used to cut and section the
block and sample. The samples were wet-ground using a Jean Wirtz TF 250 metallographic
polishing machine fitted with abrasive paper. Using the method described by Lamm [23],
they were further wet-ground with silicon carbide grinding powder and water on glass
plates of decreasing coarseness levels, beginning with F220 grit and then stepping to F400
and F600 grit, prior to covering with a slide cover. For histological analysis, the thin sections
were analyzed with a Nikon Eclipse E400 POL petrographic microscope under normal
light, under crossed plane polarized light, and through a lambda filter at the Universidade
Nova de Lisboa.
The material described here is on temporary loan from the Geological Museum of
Universidade Agostinho Neto, Luanda, Angola, to the Museu da Lourinhã, Lourinhã,
Portugal. All necessary permits were obtained for the described study, which complied
with all relevant regulations.
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Figure 1. Location of the commune of Bentiaba with a geological map of Angola. Adapted from
Figure 1. Location of the commune of Bentiaba with a geological map of Angola. Adapted from
Strganac et al. 2014 [26] and Mateus et al. 2019 [3], according to the U. S. Geological Survey 2002
Strganac et al. 2014 [26] and Mateus et al. 2019 [3], according to the U. S. Geological Survey 2002
(scale:
1:30,000,000)
[27].
(scale:
1:30,000,000)
[27].

The fossiliferous Cretaceous coastline outcrops of the Namibe desert region are mainly
The fossiliferous Cretaceous coastline outcrops of the Namibe desert region are
composed of marine clastics. Marine reptile-bearing sandstones sit atop a basalt complex,
mainly composed of marine clastics. Marine reptile-bearing sandstones sit atop a basalt
the Ombe Volcanic Formation, dated at 84.6 Ma [28] (Figure 2). Above the Ombe Formation
complex, the Ombe Volcanic Formation, dated at 84.6 Ma [28] (Figure 2). Above the Ombe
are the Baba Formation followed by the Mocuio Formation, which encompass the Bentiaba
Formation are the Baba Formation followed by the Mocuio Formation, which encompass
locality (Figure 1). Based on vertebrate and invertebrate faunas [12] as well as on carbon
the Bentiaba locality (Figure 1). Based on vertebrate and invertebrate
faunas [12] as well
and oxygen isotope analyses, magnetostratigraphy, and 40 Ar/39 Ar dates
for the section at
as on carbon and oxygen isotope analyses, magnetostratigraphy, and 40Ar/39Ar dates for
Bentiaba [28], the age of this locality is dated to the early Maastrichtian, binned within the
the section at Bentiaba [28], the age of this locality is dated to the early Maastrichtian,
71.64–71.40 Ma interval [28].
binned within the 71.64–71.40 Ma interval [28].
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Figure 2. Stratigraphic section of the Bentiaba locality. Strata yielding pterosaur fossils are demarFigure 2. Stratigraphic section of the Bentiaba locality. Strata yielding pterosaur fossils are demarcated (modified from Strganac et al. 2014 [26]).
cated
(modified from Strganac et al. 2014 [26]).
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Based on the paleogeography of the Bentiaba region’s coastline, Bench 19 was deposited on a narrow, shallow marine shelf along the shoreline at approximately 24◦ S
paleolatitude in waters between 50 and 100 m in depth and with a paleotemperature of
18 ◦ C based on the δ18 O from the bivalve shells [26,28,29]. Based on the fossil assemblage,
this was a highly productive marine environment characterized by relatively low sedimentation rates compared to bone input [28]. The manner in which the fossils are interspersed
throughout the layer implies general taphonomic scattering over the sea floor because there
is very little erosion or signs of transport on the bone surfaces and the bones are in fairly
pristine condition [28]. Disarticulation of the skeletons may have been due to scavenging,
as is evidenced by the visible bite marks and scratches that are found on certain bones
retrieved from the locality [28], a premise which is supported by the abundant shed shark
and other predatory teeth that have been recovered from the surrounding matrix of the
same locality.
5. Description
The total number of pterosaur specimens collected consists of possibly 11 Individuals
including 14 elements, all of which were collected from the same stratigraphic layer (Table 1).
The hollowness and pneumatization of these particular bones, by elimination, points to the
fact that they are representative of either a member of the Theropoda (including Aves) or
Pterosauria [30–33]. Additionally, following the typical criteria for the Pterosauria [31], all
of the Angola specimens have very thin cortical bone, varying in thickness between 0.3 to
1.6 mm. All of the fossils preserve their three-dimensionality, although the cortical bone
surfaces are superficially fractured overall on all of the specimens, likely due to lithostatic
pressure. All of the following descriptions of wing elements are oriented as they would
be in flight, with the humerus and antebrachium are discussed as though the long axes of
their cross-sections are vertical, and the leg elements are oriented in a standing position.
All diagnostic material is fully described herein. See Supporting Information S3 for full
descriptions of additional fragmentary material that is only referrable to the Pterosauria or
the Pterodactyloidea.
Table 1. Bentiaba pterosaur elements and attributions.
Specimen Number
MGUAN-PA163
MGUAN-PA650
MGUAN-PA652
MGUAN-PA653
MGUAN-PA654
MGUAN-PA656
MGUAN-PA657
MGUAN-PA658
MGUAN-PA659
MGUAN-PA660
MGUAN-PA661

Material
Left Femur
Left Humerus fragment (distal) & Left
Ulna
Left Manual Digit IV Phalanx 3 fragment
(proximal)
Right Ulna fragment (distal)
Right Metacarpal IV fragment (distal) &
Right Manual Digit IV Phalanx 1
fragment (proximal)
Left Manual Digit IV Phalanx 2 fragment
(distal)
Left Manual Digit IV Phalanx 1 fragment
(proximal)
Shaft fragment
Left Manual Digit IV phalanx 1
Right Metacarpal IV fragment (proximal)
Left Ulna & Left Radius

Taxonomic Identification
Pteranodontia
Epapatelo otyikokolo, Gen. et sp. nov.
Pterosauria
Pterosauria
Pteranodontia
Pterosauria
Pterosauria
Pterosauria
Pterosauria
Pterodactyloidea
Epapatelo otyikokolo, Gen. et sp. nov.

5.1. Epapatelo otyikokolo, Gen. et sp. Nov
5.1.1. MGUAN-PA650 Humerus
MGUAN-PA650 (Figure 3) is a left humerus fragment comprising a partial shaft
through the distal end (found in situ articulated with an ulna). The humerus bone surface
is crushed inward for a section of the shaft on the posterior surface, although it retains its
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Figure 3. Holotype MGUAN-PA650 Epapatelo otyikokolo, gen. et sp. Nov. left humerus fragFigure 3. Holotype MGUAN-PA650 Epapatelo otyikokolo, gen. et sp. Nov. left humerus fragment.
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the ventral surface of the shaft proximal to the entepicondyle and are the origin for the
carpus and digit extensors [32] as well as on the dorsal surface of the shaft proximal to the
ectepicondyle, representing the origin of the lateral head of the triceps [32].
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MGUAN-PA650 Ulna
5.1.2. MGUAN-PA650
MGUAN-PA650 (Figure
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for a few sections of
humerus fragment MGUAN-PA650. It is
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Figure
Figure 4.
4. Holotype
Holotype MGUAN-PA650
MGUAN-PA650 Epapatelo
Epapatelo otyikokolo,
otyikokolo, gen.
gen. et
et sp.
sp.nov.
nov. left
leftulna.
ulna.(A)
(A)proximal,
proximal,
(B)
posterior,
(C)
distal,
(D)
dorsal,
(E)
anterior,
and
(F)
ventral
views.
Abbreviations:
(B) posterior, (C) distal, (D) dorsal, (E) anterior, and (F) ventral views. Abbreviations: AC,
AC, anterior
anterior
cotyle; B, bump; BT, biceps tubercle; F, fovea; FTG, flexor tendon groove; MS, muscle scar; OP, oleccotyle; B, bump; BT, biceps tubercle; F, fovea; FTG, flexor tendon groove; MS, muscle scar; OP, olecraranon process; PC, posterior cotyle; PF, pneumatic foramen; and UT, ulnar tubercle; IMS, interossenon process; PC, posterior cotyle; PF, pneumatic foramen; and UT, ulnar tubercle; IMS, interosseous
ous membrane scar; VP, ventral process.
membrane scar; VP, ventral process.

The ulna is elongated and straight. In the transverse plane, the proximal and distal
ends expand slightly outward from the shaft. The ulna measures 290.1 mm in total length,
and has a dorsoventral width of 44.1 mm at the widest point of the proximal end, 21.3 mm
at the narrowest point of the shaft (22.4 mm at the midpoint of the shaft), and 35.3 mm at
the widest point of the distal end. The cortical bone ranges from about 0.5 mm to 1.6 mm
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The ulna is elongated and straight. In the transverse plane, the proximal and distal ends
expand slightly outward from the shaft. The ulna measures 290.1 mm in total length, and
has a dorsoventral width of 44.1 mm at the widest point of the proximal end, 21.3 mm at the
narrowest point of the shaft (22.4 mm at the midpoint of the shaft), and 35.3 mm at the widest
point of the distal end. The cortical bone ranges from about 0.5 mm to 1.6 mm in thickness.
The shaft is anteroposteriorly flattened and elliptical in its cross-section. Anteroposteriorly,
the breadth of the shaft measures 11.8 mm at its narrowest point, 18.2 mm at the broadest
proximal end, and 14.1 mm at the broadest part of the distal end. The shaft’s anterior surface
exhibits a faintly raised longitudinal ridge, the interosseus membrane scar of Bennett [33],
which is dorsally offset at the proximal end and extends gradually towards the center of the
shaft for along most of the proximal half of the ulna. At the proximal end of the ulna, two
elliptical foramina are evident on the shaft’s anterior surface, distal to the overlap of dorsal
and ventral cotyles. The larger foramen measures 4.9 mm in proximodistal length and 2.8 mm
in dorsoventral width and lies dorsal to the smaller one, which measures 1.8 mm in length
and 1.2 mm in width. The biceps tubercle is ventrally offset, distal to the ventral cotyle, and
is a slightly anterodistally elongated rugose protuberance that is 9.7 mm in length. Dorsal
to the biceps tubercle and distal to the anterior cotyle lie two significantly smaller tubercles,
the anchor for the radioulnar ligament of Bennett [33]. The more proximal bump distally
borders a small rugose area on the shaft surface. The posterior surface of the ulnar shaft
is relatively featureless.
In the transverse plane, the proximal articular area of the ulna is asymmetrical. The
ventral expansion is oriented ventrally and slightly anteriorly away from the shaft and
is capped proximally by the ventral cotyle, whereas the dorsal side exhibits hardly any
expansion apart from a slight anterior curvature. The proximal end of the ulna is kidneyshaped in the cross-section, with concavity on the anterior side, whereas the shaft is elliptical
in the cross-section. The olecranon process is slightly eroded. A small intercotylar crest
divides the articular surfaces. The dorsal cotyle is saddle-shaped (concave anteroposteriorly
and convex dorsoventrally) with a gentle anteroproximal tilt. The dorsal cotyle is more
proximally placed than the ventral cotyle, forming a step between the articular surfaces.
The dorsal cotyle is anteroposteriorly concave.
On the distal end of the ulna, the beginning of the ventral expansion is preserved as a
slight process, forming a ridge 44.8 mm from the distal edge, although much of the distal
portion of the process has been eroded. In anterior view, the flexor tendon groove lies on
the dorsal side of the shaft, with an apparent nutrient foramen located dorsal to it. On the
ventral margin of the groove is a rugose ridge, which exhibits as a raised tubercle with a
muscle scar. On the posterior surface, a large pneumatic foramen measuring 9.3 mm in
length and 3.6 mm in width lies between and proximal to the distal articular surfaces.
On the distal surface, two distinct articular surfaces of the proximal syncarpal lie in a
row in a figure eight-shaped configuration, with the distal tuberculum slightly ventrally in
between. The surfaces are partially eroded to the point that trabecular bone is visible. What
remains of the rounded dorsal articular surface is anteroposteriorly expanded from the
shaft and oriented posterodistally, with the fovea located on its posterior side. The distal
tuberculum lies ventral to the dorsal articular surface, is projected dorsoventrally from the
center point of the distal end of the ulna, and is inclined proximoventrally.
5.1.3. MGUAN-PA661 Ulna and Radius
MGUAN-PA661 is a nearly complete left ulna and was found in articulation with
the radius (Figure 5). The ulna measures 341.0 mm in proximodistal length, 62.3 mm in
dorsoventral width at the widest part of the proximal end, 34.3 mm in dorsoventral width
at the midpoint of the shaft, 53.3 mm in dorsoventral width at the distal end, 9.3 mm in
anteroposterior breadth at the broken distal end of the shaft, and 19.7 mm in anteroposterior
breadth at the widest part of the proximal articular end. The bone ranges from 0.5 mm to
1.0 mm in cortical thickness. It is fairly well-preserved, with an intact three-dimensional
shape. The cortical bone shows no loss of bone surface, except for at the proximal and
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distal ends, with the distal ends being significantly eroded, making the features difficult
to discern. At the proximal end of the ulna, an elliptical foramen is barely visible on the
Diversity 2022, 14, x FOR PEER REVIEW
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shaft’s anterior surface, distal to the overlap of the dorsal and ventral cotyles. In distal view,
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ulna is elongated and straight, and the shaft exhibits a faintly raised longitudinal ridge, the
interosseus
membrane membrane
scar, whichscar,
appears
to appears
run parallel
to and
dorsally
offset
fromoffset
the
ridge, the interosseus
which
to run
parallel
to and
dorsally
midline of the shaft, gradually migrating more towards the midline distally for as long as it
from the midline of the shaft, gradually migrating more towards the midline distally for
can be distinguished.
as long as it can be distinguished.

Figure5.5. Paratype
nov.nov.
left ulna
radius.
Figure
Paratype MGUAN-PA661
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left and
ulnaleft
and
left
In
anterior
view.
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5.2. Pteranodontia Indet
MGUAN-PA163 Femur
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shape, it is highly eroded, particularly around the proximal and the distal articular surfaces,
making it difficult to distinguish features.
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5.2. Pteranodontia Indet
MGUAN-PA163 Femur
MGUAN-PA163 (Figure 6) is a relatively complete left femur [10] and is lacking the
MGUAN-PA163 (Figure 6) is a relatively complete left femur [10] and is lacking the
greater trochanter, the distal condyles, and a few sections of cortical bone at the distal end
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Figure 6.
6. MGUAN-PA163
Figure
MGUAN-PA163 left
left femur.
femur. (A)
(A) proximal,
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and (F) lateral views. Abbreviations: FT, fourth trochanter scar; IT, internal trochanter; MS,
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scar; PF, pneumatic foramina; POF, popliteal fossa.
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In the transverse plane, the shaft of the femur is bowed posterolaterally, exhibiting a
gradual curve. In the cross-section, the shaft is circular at the base of the trochanters and
expands distally, gradually becoming more subtriangular and twisting slightly as it approaches the distal end.
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In the transverse plane, the shaft of the femur is bowed posterolaterally, exhibiting
11 of 27
a gradual curve. In the cross-section, the shaft is circular at the base of the trochanters
and expands distally, gradually becoming more subtriangular and twisting slightly as it
approaches the distal end.
In posterior view, the internal trochanter is visible as a slightly raised ridge distal to
In posterior view, the internal trochanter is visible as a slightly raised ridge distal to
the proximal end and centered on the shaft. Distal to this scar, the fourth trochanter scar
the proximal end and centered on the shaft. Distal to this scar, the fourth trochanter scar
presents as a rugosity at the distal end of the adductor ridge, which is located centrally
presents as a rugosity at the distal end of the adductor ridge, which is located centrally and
and extends distally for approximately 60.5 mm down the length of the shaft, terminating
extends distally for approximately 60.5 mm down the length of the shaft, terminating at
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Figure
IVIV
fragment.
(A)(A)
proximal,
(B) posterior,
(C) distal,
(D)
Figure 7.7.MGUAN-PA654
MGUAN-PA654right
rightmetacarpal
metacarpal
fragment.
proximal,
(B) posterior,
(C) distal,
dorsal, (E) anterior, and (F) ventral views. Abbreviations: DC, dorsal condyle; F, fossa; IS, intercon(D) dorsal, (E) anterior, and (F) ventral views. Abbreviations: DC, dorsal condyle; F, fossa; IS,
dylar sulcus;PF, pneumatic foramen; PT, posterior tubercle; R, ridge; VC, ventral condyle.
intercondylar sulcus;PF, pneumatic foramen; PT, posterior tubercle; R, ridge; VC, ventral condyle.
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converge with the distal condyles. The condylar area forms a pulley-like shape, with the
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condylar sulcus expands distally, becoming the central concavity between the condyles.
Proximally, the dorsal and ventral borders of this depression manifest as slight ridges,
which converge with the distal condyles. The condylar area forms a pulley-like shape, with
the ventral condyle having a ventrodistal orientation and the dorsal condyle being oriented
dorsodistally to a lesser degree.
On the ventral surface, as the shaft approaches the condylar area, a slight ridge on
the posterior side buttresses the condyle and tapers to meet the triangular ventrodistally
oriented fossa. From this point of convergence, the condyle splays distally and posteriorly
into a fan-like, crescentic projection, terminating with a posterior tubercle. Unlike the
dorsal surface of the shaft, the ventral surface of the shaft remains straight until its abrupt
intersection with the lunate ventral condyle, which also projects distally and posteriorly.
In posterior view, a proximodistally oriented lenticular fossa is positioned proximal
to the pulley-shaped condylar area on the central shaft. Distal to this fossa and between
the bases of the condyles is a pneumatic foramen, although sediment infilling makes this
difficult to determine conclusively. The distal intercondylar sulcus is asymmetrical, with
the deepest part of the concavity occurring ventrally.
In distal view, the condylar area forms a vertically oriented hourglass shape, and as
the central constriction occurs slightly ventrally, the ventral condyle is slenderer than the
dorsal condyle.
5.3.2. MGUAN-PA654 Manual Digit IV Phalanx 1
MGUAN-PA654 (Figure 8) is a right manual digit IV phalanx 1 that consists of a
proximal articular end and shaft fragment. The fragment measures 215.1 mm in preserved
proximodistal length (including the extensor tendon process), 42.2 mm in anteroposterior
width at the widest part of the proximal end, and 18.4 mm in anteroposterior width at the
distal end of the shaft. It is 8.7 mm in dorsoventral height at the broken end of the shaft, and
16.1 mm in dorsoventral height at the deepest part of the articular end. The extensor tendon
process measures 11.4 mm in width at its base, and 15.5 mm in height. The cortical bone
ranges from 0.3 mm to 0.7 mm in thickness. It is relatively well-preserved, with an intact
three-dimensional shape. There is no significant loss of cortical bone surface. The extensor
tendon process is fully fused to the phalanx on its proximal end, which indicates skeletal
maturity [34]. The preserved shaft is broken and flexed dorsally and slightly anteriorly
at its preserved midpoint, which imparts a slightly V-shaped form, whereas undeformed,
it would have been straight. In distal view, the broken end of the shaft is elliptical in the
cross-section and is flattened dorsoventrally. In ventral view, the distal two-thirds of the
preserved bone has not been prepared from the surrounding matrix.
In the horizontal outline, the shaft expands posteriorly and slightly anteriorly as it
approaches the proximal end. In ventral view, the ventral cotyle manifests at the proximal
end of the phalanx as a concave crescent from the midline of the shaft to the tip of the
extensor tendon process, forming an articular facet. The extensor tendon process projects
proximally and is sub-rectangular in the horizontal outline, with a constriction at its base.
At this constriction, on its posterior surface and dorsal to the ventral cotyle lies a lenticular
foramen. On the anterior edge of the extensor tendon process, a convex protuberance rises
anterodorsally.
Dorsally, the posterior side of the articular end is delineated by the posterior tip of the
dorsal cotyle. Anterior to this cotyle, the phalanx shaft is bisected by the ventral cotyle,
the distal end of which projects posteroventrally from the central region of the shaft. From
there, the dorsal border of the ventral cotyle contacts with the ventral border of the dorsal
cotyle, merging upward into a ridge. The ventral border of the ventral cotyle also manifests
as a sharp longitudinal ridge extending down the shaft.
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Figure 8.
1 fragment.
(A)(A)
proximal,
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(C)
Figure
8. MGUAN-PA654
MGUAN-PA654right
rightmanual
manualdigit
digitIVIVphalanx
phalanx
1 fragment.
proximal,
(B) dorsal,
distal,
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posterior,
(E)
ventral,
and
(F)
anterior
views.
Abbreviations:
DC,
dorsal
cotyle;
ETP,
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7. Results
7.1. Systematic Paleontology
Pterosauria Owen, 1842 [35,36].
Pterodactyloidea Plieninger, 1901 [37,38].
Pteranodontia Marsh, 1876 [30] sensu Unwin [39].
Epapatelo otyikokolo gen. et sp. nov.
Etymology: The genus name “Epapatelo” is the translation of the word from the
Nhaneca dialect meaning “wing”, and the meaning of the species name “otyikokolo” is the
translation of “lizard” [40]. The Nhaneca (Nyaneka) are the indigenous nomadic group
who originate in Angola’s Namibe Province (the region of the fossils’ locality).
Holotype: The holotype is the distal half of a left humerus MGUAN-PA650 articulated
with a left ulna MGUAN-PA650 from a single individual.
Paratype: The paratype is an articulated left ulna and left radius MGUAN-PA661,
taken from a single individual.
Type locality: Region to the north of the Bentiaba River, near the commune of Bentiaba,
Moçâmedes Municipality, Namibe Province, Angola. Approximate coordinates are 14.2◦ S,
12.3◦ E. Paleolatitude during the Maastrichtian: near 24◦ S [26,41].
Type horizon: Upper portion of the Mucuio Formation (Figure 3). Lower Maastrichtian
(71.64–71.40 Ma), Upper Cretaceous.
Diagnosis: Pteranodontian with a flared bell-shaped distal expansion of the humerus;
humerus ectepicondyle with a prominent dorsal projection; sharp narrow lamina on the
dorsodistal margin of humerus and distal fossa that borders most of the distal face; step-like
distal position of the ventral cotyle from the dorsal cotyle on the proximal ulna; and a
ventrally positioned distal tuberculum on the ulna.
Aponyctosauria/Aponyctosauria New Clade
Definition: Most inclusive clade exhibiting a hatchet-shaped deltopectoral crest of the
humerus, synapomorphic with that in Nyctosaurus gracilis Marsh, 1876 [30].
Composition: The Nyctosauridae, Alcione elainus, Simurghia robusta, and Epapatelo
otyikokolo.
7.2. Phylogenetic Analysis
Phylogenetic analysis was conducted for the combined Epapatelo otyikokolo holotype
and paratype (MGUAN-PA650 and MGUAN-PA661) and other named Pterosauria. The
analysis resulted in four equally parsimonious trees (Figure 9). These trees are the result
of four phylogenetic positions for Volgadraco bogolubovi Averianov et al. 2008 [42] (a rogue
taxon in Longrich et al. 2018 [17]) with V. bogolubovi recovered in a trichotomy with
Alamodactylus byrdi Andres & Myers 2013 [43] and for all of the other pteranodontians that
are more closely related to Nyctosaurus; in a tetranomy with Simurghia robusta Longrich
et al. 2018 [17], Alcione elainus Longrich et al. 2018 [17], and the Angola specimens; in a
trichotomy with these taxa and the Nyctosauridae; and in a trichotomy with C. hlavaci
and all of the pteranodontians that are more closely related to Nyctosaurus than A. byrdi.
The phylogenetic placement of V. bogolubovi has no specific bearing on the relationships
of the Angola specimen, so it can be safely deactivated (i.e., with the taxcode command)
to highlight the relationships of E. otyikokolo. When V. bogolubovi is excluded, there is
one tree that is more parsimonious than the rest. Epapatelo otyikokolo is recovered in a
trichotomy with S. robusta and A. elainus in the Pteranodontia. The Nyctosauridae was
phylogenetically defined as the least inclusive group, including Muzquizopteryx coahuilensis
Frey et al. 2006 [44] and Nyctosaurus gracilis Marsh, 1876 [30] by Andres et al. 2014 [18], and
under this definition, the clade that includes E. otyikokolo, S. robusta and A. elainus is a sister
group to the Nyctosauridae. Epapatelo otyikokolo is a non-nyctosaurid pteranodontian.
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7.3. Wingspan Calculation
7.3. Wingspan Calculation
The size estimation technique used to calculate the total wingspan of E. otyikokolo
relies on the phylogenetic reconstruction method of Andres et al. 2014 [18] and was
performed with the phylogenetic analysis presented here. The continuous data partition
code ratios of all major wing element lengths are such that if an element is missing in a taxon,
the ratio of it to other elements can be estimated on the cladogram for that taxon using
ancestral state reconstruction. It should be noted that the tree(s) from the analysis should
be saved and loaded without rescaling any of the characters (i.e., without the ‘nstates stand’
command). With the ratios of all major limb elements estimated, it just requires a single
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complete bone length to calculate the total wingspan. In this case, the complete ulna length
of MPUAN-PA650 can be used to calculate the humerus length using character 30, the
resultant humerus estimate can be used to estimate the length of the wing metacarpal using
character 33 and the length of the first wing phalanx using character 36, and the resultant
first wing phalanx estimate can then be used to calculate the length of the second through
fourth wing phalanges using characters 37–39. The total wingspan estimate is calculated
using the method of Bennett [45], wherein the humerus, ulna, wing metacarpal, and wing
phalanges are summed. The omission of orientation and the flexures of the bones is meant
to compensate for not including the trunk and carpus of pterosaurs. Each wing is found
to measure just over 2.4 m, giving E. otyikokolo approximately a 4.8 m wingspan (Table 2).
In order to determine an overall body size of the specimens, the lengths of the incomplete
wing elements were calculated based on the length of the complete ulna, MGUAN-PA650.
This produces an average estimate for the MGUAN-PA650 humerus at 213.5 mm, plausibly
indicating that just over half of the humerus is preserved in MGUAN-PA650.
Table 2. Epapatelo otyikokolo, gen. et sp. nov. MGUAN-PA650-calculated humerus length and
known MGUAN-PA650 ulna length measurements, with estimated additional individual wing
element lengths.
Element
Humerus
Ulna
Metacarpal IV
Digit IV Phalanx I
Digit IV Phalanx II
Digit IV Phalanx III
Digit IV Phalanx IV
Estimated Individual Wing Length = 2.4 m
Total Estimated Wingspan = 4.8 m

Length
213.5 mm (estimated)
290.1 mm
459.8 mm (estimated)
518.3 mm (estimated)
421.9 mm (estimated)
307.4 mm (estimated)
153.9 mm (estimated)

These dimensional proportions can then also be scaled up and down and used to
produce size estimates of other individuals of the same species with complete bones, giving
the articulated MGUAN-PA661 ulna and radius a 5.6 m wingspan. However, the existence
of other further size-variable individuals in the fossil assemblage, namely the much larger
MGUAN-PA653 ulna (and an extraordinarily large unnumbered specimen referred to
earlier in this work), indicate that there was an even wider size variability in the group
than we find here. This overall variability exceeds the fluctuating size variation and could
be reasonably attributed to sexual dimorphism (as observed in known reptiles [46]), or
even just to intraspecific or ontogenetic variation, and therefore, it is most likely that the
assemblage represents several different species, which, in the current absence of more
concrete diagnostic material, could henceforth only be definitively clarified by conducting
further field sampling.
7.4. Bone Histology
Interpreting the ontogenetic stage of a fossil taxon is traditionally reliant on the degree
of fusion of the bones or degree of ossification of the cartilage (both in the epiphyseal regions
and between elements), the extent of ossification, surface textures, and histology [34,47].
No traces of sutures were found on the distal end of humerus MGUAN-PA650, fusion of the
extensor tendon process on all first wing phalanges present in the assemblage appears to be
fully completed, and no immature grain on the limb bone shafts was observed. Therefore,
in order to further explore the ontogenetic variability in the Angolan fossil assemblage,
histology was relied upon to infer the ontogenetic stage and growth rate based on growth
rings, vascularization patterns, and the organization of the collagen fibers [48,49]. In
pterosaurs, identifying histological features is complex compared to in other tetrapods
because they have the thinnest cortical bone walls [48], which retain a sparse record of
their growth dynamics. Considering that pterosaur bone tissue is quickly reabsorbed by
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Figure 10. Thin section of MGUAN-PA653 ulna fragment under normal light (left) and cross-polarFigure 10. Thin section of MGUAN-PA653 ulna fragment under normal light (left) and crossized light (right). Abbreviations: CL, circumferential lamella; EL, endosteal layer; PL, periosteal
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The periosteum comprises a sparse array of vascular canals and primary osteons
until the poorly visible inner endosteal limit is reached. The endosteal region shows great
irregularity, where bone has been previously remodeled and eroded away. There is a dense,
organized network of osteocytes throughout the bone sample, visible as small simple
lacunae and oriented longitudinally and circularly, which may also indicate secondary
remodeling [49]. It has also been suggested that these lacunae may potentially be a detection system for bone strain and damage [54]. The tissue is moderately vascularized in a
circumferential or longitudinal pattern, which is again a sign of maturity because juvenile
bone is usually greatly vascularized in a reticular to laminar pattern [49]. Approaching
the innermost and outermost surfaces of the bone, this vascularization lessens, and the
bone becomes denser, which is a feature of mature animals that are no longer undergoing
rapid growth [49,55]. Primary osteons are oriented longitudinally and are internally ringed
with lamellar bone, which is visible under rotation with a lambda filter (Figure 11), and
are also sometimes connected by irregular and oblique anastomoses. Secondary osteons,
commonly seen in adult animals, are not visible in the sample, which could be an indication
of a sub-adult age [49].
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Figure 11. Thin section of MGUAN-PA653 ulna fragment under crossed polarized light and rotated
Figure 11. Thin section of MGUAN-PA653 ulna fragment under crossed polarized light and rotated
under a lambda filter. Abbreviations: OL, osteocyte lacuna; PO, primary osteon.
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The periosteum comprises a sparse array of vascular canals and primary osteons unIn this sample, no trabeculae are visible due to this being a mid-shaft sample, which
til the poorly visible inner endosteal limit is reached. The endosteal region shows great
would have been especially subject to secondary reworking [56], erasing earlier records
irregularity,
where
has been
and erodedinaway.
There is a
of
growth. No
LAGsbone
are visible
andpreviously
are indeed remodeled
generally uncommon
pterodactyloids,
dense,
organized
network
of
osteocytes
throughout
the
bone
sample,
visible
as
small
simalthough LAG do occur in some species, including in Pteranodon [50,57,58]. It is also worth
ple
lacunae
and
oriented
longitudinally
and
circularly,
which
may
also
indicate
secondary
noting that annual growth marks do not visibly appear in vertebrates that achieve full
remodeling
[49].
It has
that these
lacunae
mayrates
potentially
be a detecgrowth
in less
than
onealso
yearbeen
[57].suggested
In the absence
of LAGs,
growth
can be inferred
by
tion
system
for
bone
strain
and
damage
[54].
The
tissue
is
moderately
vascularized
in
analyzing other aspects of bone type and the degree of vascularity [59]. Additionally, thea
circumferential
or longitudinal
pattern,
which to
is be
again
a sign
of maturity
because
juvenile
presence
of endosteal
lamellae has
been shown
a sign
of maturity
in certain
pterosaurs
bone
is
usually
greatly
vascularized
in
a
reticular
to
laminar
pattern
[49].
Approaching
because it is a correlate for the cessation of medullary expansion [48–50,57], but although
theappears
innermost
of the
bone,
vascularization
lessens,
and
the
it
thatand
this outermost
final layersurfaces
deposition
may
havethis
begun
in certain areas
of the
bone
bone
becomes
denser,
which
is
a
feature
of
mature
animals
that
are
no
longer
undergoing
(Figure 10), any completed lamellae ringing the bone are not yet visible here either. There
rapid
[49,55].
Primary
osteons are
oriented
longitudinally
and canals
are internally
is
also growth
no sign of
an external
fundamental
system,
although
a few vascular
are seen
ringed
bone, which
is visible
under rotation
a lambda
filter
to
openwith
ontolamellar
the periosteal
surface,
which implies
that thewith
animal
had not
yet (Figure
reached11),
its
and are
also
sometimes
connected
by irregular
oblique cortex
anastomoses.
ostefinal
body
size.
In fact, the
lack of this
avascularand
outermost
impliesSecondary
that the animal
ons, still
commonly
adult
animals,
are not
visible for
in the
sample, age.
which could be an
was
growingseen
and in
is the
most
compelling
evidence
a sub-adult
indication
of
a
sub-adult
age
[49].
These histological observations indicate that MGUAN-PA653 was subadult in age,
In this
sample,
no trabeculae
are visible due
to this
a mid-shaft
sample,
not yet
having
reached
its final determinate
body
size.being
Although
histology
can which
be an
would haveforay
been into
especially
subjectoftoansecondary
records
informative
the maturity
individualreworking
animal, its[56],
real erasing
strengthearlier
lies in relative
of growth.
No when
LAGsseveral
are visible
and can
are be
indeed
uncommon
in pterodactyloids,
age,
especially
samples
takengenerally
from entire
populations.
Therefore, more
although LAG
do occur
in some
species,
Pteranodonwould
[50,57,58].
is alsoaworth
extensive
sampling
of other
bones
in theincluding
Angolan in
assemblage
yieldItmuch
more
informative
picture growth
of the population
that
time. appear in vertebrates that achieve full
noting that annual
marks doatnot
visibly
growth in less than one year [57]. In the absence of LAGs, growth rates can be inferred by
7.5.
Comparison
Discussion
analyzing
otherand
aspects
of bone type and the degree of vascularity [59]. Additionally, the
Epapatelo
otyikokolo
from Bentiaba
defined
holotype-articulated
humerus
presence
of endosteal
lamellae
has beenisshown
to by
be athe
sign
of maturity in certain
pteroand
(MGUAN-PA650)
a topotypicexpansion
articulated
ulna andbut
radius
saursulna
because
it is a correlateand
for is
thesupported
cessation by
of medullary
[48–50,57],
alt(MGUAN-PA661).
While
thefinal
humerus
is incomplete,
justofover
hough it appears that
this
layer (MGUAN-PA650)
deposition may have
begun in preserving
certain areas
the
half
the
original
length,
it
shares
a
straight
humeral
shaft
with
Tethydraco
regalis,
Alcione
bone (Figure 10), any completed lamellae ringing the bone are not yet visible here either.
elainus,
[17] (Figure
12). Additionally,
the mid-shaft
shape canals
of the
There isand
alsoSimurghia
no sign ofrobusta
an external
fundamental
system, although
a few vascular
humerus
expands
outward
as it approaches
thewhich
distal implies
end. Therefore,
isometric
scaling
are seen to
open onto
the periosteal
surface,
that thethe
animal
had not
yet
of
the humeri
discussed
byInLongrich
al. of
2018
whichoutermost
differentiated
A.implies
elainus and
reached
its final
body size.
fact, the et
lack
this[17],
avascular
cortex
that
S.
separate
species,and
alsoisapplies
here
in differentiating
otyikokolo
therobusta
animalaswas
still growing
the most
compelling
evidenceEpapatelo
for a sub-adult
age.as a
new species
as
well.
These histological observations indicate that MGUAN-PA653 was subadult in age,
not yet having reached its final determinate body size. Although histology can be an informative foray into the maturity of an individual animal, its real strength lies in relative
age, especially when several samples can be taken from entire populations. Therefore,
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(MGUAN-PA661). While the humerus (MGUAN-PA650) is incomplete, preserving just
over half the original length, it shares a straight humeral shaft with Tethydraco regalis, Alcione elainus, and Simurghia robusta [17] (Figure 12). Additionally, the mid-shaft shape of
the humerus expands outward as it approaches the distal end. Therefore, the isometric
scaling of the humeri discussed by Longrich et al. 2018 [17], which differentiated A. elainus
19 of 27
and S. robusta as separate species, also applies here in differentiating Epapatelo otyikokolo
as a new species as well.

Figure 12.
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The Epapatelo otyikokolo (MGUAN-PA650) humerus displays an entepicondyle that is
wider than the ectepicondyle in dorsoventral width, with the ectepicondyle of the humerus
projecting anteriorly (a pteranodontid feature) [17,33]. The entepicondyle projects distally,
a feature shared with nyctosaur A. elainus [17] and azhdarchoid CMN 50814 [60] (CMN:
Canadian Museum of Nature, Ottawa, Canada). This gives the humerus a strong distal
expansion that is also similar to Pteranodon sp., T. regalis, and A. elainus, a derived feature
of non-Nyctosaurus pteranodontoids, but different from azhdarchoids that only have an
expansion of the distal one-third of the humerus [17]. In fact, the distal width of MGUANPA650 is more than twice the width of the narrowest part of the preserved shaft, which is a
proportional feature shared with T. regalis [17]. MGUAN-PA650 also shares, in the distal
aspect, the trapezoidal humerus shape with a relatively straight dorsal surface, which is
a feature shared by pteranodontians and not azhdarchoids, which have convex posterior
margins or ornithocheiromorphs that have triangular posterior margins [17,58,61]. An
unusually large supracondylar process was considered an autapomorphy of S. robusta [17],
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and although the E. otyikokolo humerus is too eroded to definitively assert that it shares
such a feature, the edges of the process form a distinct ridge, indicating a notable expansion.
In A. elainus and also in the E. otyikokolo humerus, the supracondylar process is shifted
more proximally, which is a feature of these taxa and nyctosaurids. In MGUAN-PA650,
distal to the supracondylar process is the hypertrophied distoventral projection from the
entepicondyle, which is only shared between the E. otyikokolo humerus, CMN 50814, and A.
elainus. This process shows significant muscle scarring on the dorsal surface that attaches
the carpus and digit extensors [32], which may indicate a difference in function from other
closely related taxa.
Appendicular pneumatic foramina are absent in basal pterosaurs. However, they
are present in the Angola specimens and in gnathosaurines and are widespread in ornithocheiroids sensu Bennett [62], including Pteranodon [61]. These pterosaurs exhibited
postcranial pneumatization by pulmonary air sacs, which gave them the lightweight and
high-efficiency ventilation capabilities necessary for the strenuous active flapping [63]. The position and extent of these foramina are useful in distinguishing clades [33]. Epapatelo otyikokolo
(MGUAN-PA650) exhibits a large ovoid pneumatic foramen ventrally and proximal to the
condyles of the humerus, similar to A. elainus, S. robusta [17], and Pteranodon sp. [33].
With respect to the ulnae (Figure 13), the better preserved MGUAN-PA650, when
compared to MGUAN-PA661, is identical in morphology, save for scaling and the fact
that the MGUAN-PA650 ulna exhibits a distal tuberculum on the ventral part of the distal
end, which is too eroded to be distinguished in MGUAN-PA661. The position of the distal
tubercle, although more similar to azhdarchoids than pteranodontians in its placement, did
not change its phylogenetic position. The proximal anterior of the surface of both ulnae
are flat, similar to in other known pteranodontians, such as FSAC-OB 4, NMP Ob 10-14
(NMP: National Museum Prague, Prague, Czech Republic), and YPM 2499 and YPM 2497
(YPM: Yale Peabody Museum, New Haven, CT, USA). The distal expansions on the shafts
of both known ulnae of Epapatelo otyikokolo are gradual, with no clear distinction between
the shafts and the distal ends, similar to cf. Tethydraco regalis specimens FSAC-OB 199 and
200 (FSAC: Faculté des Sciences Aïn Chock, Casablanca, Morocco).
Other Angolan pterosaur fossils are less determinate. The MGUAN-PA163 femur
(Figure 14) was preliminarily assigned to the “Ornithocheiroidea” sensu Unwin [10,39],
which corresponds to the Pteranodontoidea in this analysis, based on the femoral neck-shaft
angle of >145◦ [39]. The neck-shaft angle in the Angola femur (MGUAN-PA163) is 146◦
and lies close to the threshold, making the character difficult to code in this specimen.
However, coding for this character in the matrix did not change the phylogenetic results.
The MGUAN-PA163 femur also exhibits the following characteristics: a pneumatic foramen
on the proximal end (found in the Ornithocheiroidea) and a constricted femoral neck shape
(found in the Novialoidea). Femur shape was also difficult to code because “strongly
bowed” and “slight curvature” are qualitative and difficult to distinguish from each other.
However, neither character designation did not change their phylogenetic position. The
Angola specimen was deemed to have a slight sigmoidal curvature in two planes, both
anteroposteriorly and mediolaterally. This medial curvature is a shared trait with the
Pteranodontidae and the Nyctosauridae [17]. The shaft gradually expands in diameter
but steadily from the midpoint of the shaft, which is a feature of the Nyctosauridae [64].
However, since the femur was found in isolation, it cannot yet be known if it is also
representative of Epapatelo otyikokolo, and therefore, the femur is more conservatively
attributed here to the Pteranodontia.
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been interpreted for Pteranodon and Nyctosaurus [58,65,66], spending time flying above
open-water environments and diving to feed.
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Pterosaurs, as volant animals (and based on the scattered distribution and semi-articulated
remains), almost certainly entered the sea as complete animals and were then predated
and subsequently scavenged. All that remained to fossilize were the less palatable limb
elements. We hypothesize that these pterosaurs entered the marine realm while feeding,
much in the same way as modern seabirds such as gannets and brown pelicans (species
that forage through plunge-diving [67–70]). In addition to taphonomic evidence and the
abundance of top consumers, the distribution of pterosaurs remains is consistent with the
interpretation of Bentiaba as representing a rich upwelling area that supported a diverse
community along the Cretaceous African coast, including plunge-diving pterosaurs in their
foraging areas.
The relative abundance of pterosaur material from the Mucuio Formation locality
of Bentiaba is part of what makes this locality exceptional. The fourteen remarkably
well-preserved pterosaur bones from this assemblage allow attributions to the Pterodactyloidea, the Pteranodontia, with one new genus and species, Epapatelo otyikokolo, and the
recognition of a new apomorphy-based clade, the Aponyctosauria. Further fieldwork and
sampling from this abundant locality would certainly yield much more insight into the
paleobiodiversity of the Lower Maastrichtian, both globally and for Africa in particular.
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