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Abstract: The Solnhofen pterosaurs Pterodactylus antiquus, Aerodactylus

scolopaciceps, Diopecephalus kochi, Germanodactylus cristatus and Germanodactylus rhamphastinus
all have complicated taxonomic histories. Species originally placed in the genus Pterodactylus, such
as Aerodactylus scolopaciceps, Ardeadactylus longicollum, Cycnorhamphus suevicus and
Germanodactylus cristatus possess apomorphies not observed in the type species of Pterodactylus,
and consequently have been placed in new genera. The affinities of another Solnhofen pterosaur
previously placed in Pterodactylus, Diopecephalus kochi, are less clear. It has been proposed that D.
kochi is a juvenile specimen of Pterodactylus antiquus, or perhaps “Germanodactylus
rhamphastinus” specimens are mature examples of D. kochi. Furthermore, studies have suggested
that “Germanodactylus rhamphastinus” is not congeneric with the type species of Germanodactylus.
Geometric morphometric analysis of prepubes and a cladistic analysis of the Pterosauria elucidate
plesiomorphic and apomorphic conditions for basal Jurassic pterodactyloids. Germanodactylus is
found to be a monotypic genus and Pterodactylus, Diopecephalus, and “G. rhamphastinus” are found
as distinct taxa belonging in individual genera, diagnosable using a combination of characters. Thus,
Diopecephalus kochi is not demonstrated to be congeneric with Germanodactylus or Pterodactylus
and is maintained as a valid taxon. “G. rhamphastinus” is readily distinguishable from other

Solnhofen pterosaur taxa, and a new genus is erected for its reception.

Keywords: Solnhofen, Pterodactylus, Germanodactylus, Phylogeny, Taxonomy, Cladistic analysis,

Geometric morphometrics
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The Late Jurassic Franconia laminated limestone lagerstatten, typified by the Solnhofen Limestone,
Bavaria yield exceptionally well preserved vertebrate fossils, including pterosaurs. The pterosaurs
found in these laminated limestones are often fully articulated, with three-dimensional bones on
two-dimensional slabs, and sometimes preserve soft-tissues (e.g. Frey and Martill 2003). Presently,
there are eleven valid pterosaur genera, representing both monofenestratans and non-
monofenestratans. However, the biodiversity of the Late Jurassic Franconia laminated limestones

may be higher than previously thought, should those genera prove to be paraphyletic.

Until relatively recently, the genus Pterodactylus Cuvier, 1809 had been a wastebasket taxon that
has included many diverse pterosaurs, including some that are now recognized as basal non-
pterodactyloids. Throughout the 19", 20" and 21" centuries, specimens were split from the type
species Pterodactylus antiquus (S6mmerring 1812) (BSP AS | 739) and placed in different genera and
families. Most recently, the wastebasket species Pterodactylus kochi (Wagner 1837) (BSP AS XIX 3
and SMF R 404) (Fig. 1) was reviewed and the majority of specimens assigned to the taxon were
reallocated to the species “Pterodactylus scolopaciceps” Meyer, 1860, for which the replacement
genus name Aerodactylus was erected (see Vidovic and Martill 2014). The remaining three
specimens under the name Pterodactylus kochi require a review, to establish if they comprise a
unique species in the genus, or if they are juveniles of Pterodactylus antiquus, or indeed, a juvenile
of any other Tithonian pterosaur. Vidovic and Martill (2014) hypothesised that “P. kochi” was a
juvenile of “Germanodactylus rhamphastinus” (Wagner 1851) (BSP AS | 745 a and b) (Fig. 2) and that
both might belong to the genus Diopecephalus Seeley, 1871, for which Diopecephalus kochi is the
type species. Indeed, the placement of “G. rhamphastinus” in the genus Germanodactylus Young,
1964 has been called into question in the past (Maisch et al. 2004; Wang et al. 2008), but no
appropriate taxonomic action was taken. Here, a taxonomic review of “Pterodactylus kochi” and
“Germanodactylus rhamphastinus” is presented. The specimens are placed in geological context,
compared anatomically, a geometric morphometric analysis is used to test the validity of
morphological observations, and a cladistic analysis is performed to test the monophyly of the

genera Pterodactylus and Germanodactylus.
Institutional abbreviations

BMMS, Museum Solnhofen (formerly: Blirgermeister Miller Museum, Solnhofen); BSP, Bayerische
Staatssamlung fiir Paldontologie Munich; JME, Jura Museum, Eichstatt; NHMUK, Natural History
Museum, London; NMING, National Museum of Ireland, Dublin; OUMNH, Oxford University Museum

of Natural History; PTH, Philosophisch-Theologische Hochschule, Eichstatt (Jura Museum); SMF,
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Senckenberg Museum, Frankfurt; SMNK, Staatliches Museum fiir Naturkunde Karlsruhe; SMNS,

Staatliches Museum fiir Naturkunde Stuttgart.

Taxonomic review

On “P. kochi”: Diopecephalus and Aerodactylus

Using multiple lines of evidence, Vidovic and Martill (2014) demonstrated that “P. kochi” (sensu
Wellnhofer 1968, 1970; Jouve 2004; Bennett 2013a) was a wastebasket taxon. Historically, sub-adult
specimens were included in the taxon due to size criteria and convergent morphology in early
ontogeny (Vidovic and Martill 2014). A subset of specimens referred to “P. kochi” shared common
cranial, vertebral and pteroid characters that were distinct from the holotype of the species. The
specimens belonging to this distinct morphotype consistently plot separately from specimens more
similar to the holotype of “P. kochi” in morphometric bivariate plots (Vidovic and Martill 2014:
Supporting Information S2.1). One specimen (BSP AS V 29 a/b) plotting as the distinct morphotype is
a species name bearer with date priority, a new genus was erected for its reception (Vidovic and
Martill 2014), producing the new combination Aerodactylus scolopaciceps (Meyer 1860). The
detection of Aerodactylus specimens referred to “P. kochi” does not mean that the latter taxon is
not a junior subjective synonym of P. antiquus (sensu Jouve 2004; Bennett 2013a). However, the two
Pterodactylus species were demonstrated to be morphometrically distinct (Vidovic and Martill 2014:
Supporting Information S2.1) and were found to be paraphyletic in cladistic analyses of the
Pterodactyloidea (Howse 1986; Li and Ji 2006; Li et al. 2006; LG 2009; Vidovic and Martill 2014).
From this point forward, for clarity and to promote taxonomic stability, the full binomial

Diopecephalus kochi is used rather than “Pterodactylus kochi”, except in historical context.

Diopecephalus: type species

The holotype of “Pterodactylus kochi” was considered to belong to a distinct genus by Seeley (1871),
which he unambiguously named Diopecephalus Seeley, 1871. Seeley (1871) also included
“Pterodactylus longicollum” Meyer, 1854 and “Pterodactylus rhamphastinus” (Wagner, 1851) in the
genus Diopecephalus. Bennett (2006, 2013a) discussed this at length, but perhaps due to a small
grammatical error on Seeley’s part, argued that Seeley did not designate a type species for
Diopecephalus until 20 years later (Seeley 1901). However, Seeley (1871) did put the other two
“Pterodactylus spp.” ‘under the name P. kochi’ in the genus Diopecephalus, thus erecting a polytypic

Diopecephalus:

‘Another unnamed generic type is typified by Pterodactylus longicollum, P. rhamphastinus, and the
two species’ ... are... ‘included under the name P. kochi. In this genus the middle hole of the skull is

entirely wanting. For it | suggest the name Diopecephalus.’ Seeley 1871: p.35
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On “P. longicollum”

It is noteworthy that Seeley (1871, 1901) was referring to the holotype of “P. longicollum”, which he
would have seen a cast of in the Natural History Museum, London (NHMUK R 37990), not the
original material that was later destroyed during WWII. Wellnhofer (1970) elected a neotype (SMNS
56603) for “P. longicollum” using a specimen originally described by Plieninger (1907) from a slightly
older formation and different locality compared to the original. Finding SMNS 56603 to be distinct
from Pterodactylus, Bennett (2013a) erected the new genus Ardeadactylus for its reception, an
action with which we are in full agreement. Although we do not necessarily agree that SMNS 56603
is conspecific with Meyer's (1854) “Pterodactylus longicollum”. The ulnae and radii were not
preserved in the holotype, thus it is impossible to interpret wing proportions and it may represent
any aurorazhdarchian with the exception of Cycnorhamphus Seeley, 1870 which has unambiguous

cranial autapomorphies.

On “G. rhamphastinus”

The remaining taxon within Seeley’s (1871) Diopecephalus hypodigm is “Germanodactylus
rhamphastinus” (Fig. 2). There are currently three specimens identified as “G. rhamphastinus”
(Wellnhofer 1968; Bennett 2002; Rodrigues et al. 2010). Each specimen possesses a straight rostrum
terminating in a point. The skull is relatively deep when compared to other Jurassic pterodactyloids
and the cervical vertebrae are shorter. “Germanodactylus rhamphastinus” has a complex taxonomic
history which has been examined on several occasions recently (Bennett 1996, 2002, 2006; Maisch

et al. 2004; Wang et al. 2008; Rodrigues et al. 2010; Vidovic and Martill 2014).

Many phylogenetic studies demonstrate that the two species of Germanodactylus nest together
(Kellner 2003; Unwin 2003; Andres and Ji 2008; Li et al. 2009; Wang et al. 2009; Andres et al. 2014)
in a monophyletic clade, but a more focussed analysis by Maisch et al. (2004) demonstrates the
genus to be paraphyletic. Maisch et al. (2004) created the nomen nudum Daitingopterus, intended
for the reception of “G. rhamphastinus” by placing the name in a table with no specific reference to
a specimen. Subsequently, Wang et al. (2008) noted that the tooth morphology of “G.
rhamphastinus” (Fig. 2) differs from that of Germanodactylus cristatus (Wiman 1925) (BSP 1892 IV 1
and NMING F15005) (Fig. 3) and suggested that the former may be placed in a new genus, but still
closely related to Germanodactylus. Rodrigues et al. (2010) reiterated that “G. rhamphastinus”
might be generically distinct from G. cristatus. In a more comprehensive cladistic analysis of
pterodactyloids Vidovic and Martill (2014) found Archaeopterodactyloidea of Kellner (2003) and
Dsungaripteroidea of Unwin (2003) to be polyphyletic. Vidovic and Martill (2014) recovered

Germanodactylus cristatus as a basal tapejaroid, while “G. rhamphastinus” was recovered as a basal
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“transitional” taxon close to Aurorazhdarchidae. Furthermore, when the data of the Li et al. (2009)
analysis is re-run using TNT with Noripterus Young, 1973 included (as it was in the published matrix),
a significantly shorter tree than the published tree (lacking Noripterus) also finds Germanodactylus

to be paraphyletic.

The taxonomy of Germanodactylus and its present constituent species has most recently been
reviewed in detail by Bennett (2006). The type specimen, G. cristatus (BSP 1892 IV 1) was originally
described by Plieninger (1901) and identified as an example of “P. kochi”. But Wiman (1925)
considered BSP 1892 IV 1 distinct from “P. kochi” on account of its edentulous jaw tips and
prominent sagittal crest, thus he named it Pterodactylus cristatus Wiman, 1925 (Fig. 3). Young (1964)
considered BSP 1892 IV 1 to be generically distinct from Pterodactylus and erected the genus
Germanodactylus, making the combination “G. kochi” (Wagner 1837). As Bennett (2006) noted,
Young (1964) seemed unaware that this specimen had been renamed “P. cristatus” by Wiman
(1925). Wellnhofer (1968), aware of Wiman’s work, corrected Young’s lapsus, creating the binomial
Germanodactylus cristatus (Wiman 1925). Later, Bennett (2006) referred two specimens that had
previously been referred to “P. kochi” (JME SoS 4593) and “Pterodactylus micronyx” Meyer, 1856
(JME SoS 4006) to Germanodactylus cristatus, considering them to represent juveniles of that taxon.
In addition to these referrals, Bennett (2006) emended the diagnosis of Germanodactylus to
accommodate perceived ontogenetic changes and maintained “G. rhamphastinus” within the genus

contrary to Maisch et al. (2004).

Bennett’s (2006) revised diagnosis of Germanodactylus lacks autapomorphies and distinguishes
Germanodactylus from other pterosaurs by a combination of characters which are also possessed by
more basal and derived taxa. However, Germanodactylus cristatus (Fig. 3), the type species of
Germanodactylus, possesses autapomorphies not found in “G. rhamphastinus” (Fig. 2) such as
edentulous jaw tips. Thus, Germanodactylus is rendered a metataxon. Here, “metataxon” is not used
in the strict phylogenetic sense (Archibald 1994) because its use is not in reference to a cladogram,
but because the taxon diagnosis cannot provide positive evidence of monophyly or paraphyly.
Consequently, here the diagnosis of Germanodactylus is emended, and “G. rhamphastinus” is

excluded from the genus.

Such an action, however, requires a reappraisal of the relationships of “G. rhamphastinus”. It is
difficult to distinguish “G. rhamphastinus” (Fig. 2) from the holotype of Diopecephalus kochi (Fig. 1)
other than by using size related criteria. While it is difficult to distinguish sub-mature specimens
from mature specimens, the only cladistic analyses known to include the holotype of Diopecephalus

kochi (Howse 1986; Vidovic and Martill 2014) (i.e. not Aerodactylus specimens) find Pterodactylus



161  spp. (including D. kochi) and Germanodactylus spp. paraphyletic. Here, a rigorous and
162  comprehensive cladistic analysis tests the relationship between “G. rhamphastinus”, D. kochi, P.
163 antiquus and G. cristatus. Appropriate taxonomic action is taken as a consequence of the outcome

164  of the analysis.

165  Stratigraphic review

166  The traditional subdivisions of the Franconia laminated limestones represent short periods of

167  geological time (<4 mya total duration: Late Kimmeridgian—Early Tithonian). Monofenestratan

168 pterosaurs are known from Malm Zeta 1-3 (Kimmeridgian—Tithonian) (Table 1.) from quarries near
169 Nusplingen, Solnhofen, Eichstatt, Schernfeld, Mérnsheim, Daiting, Schamhaupten, Painten, Kelheim
170  and Zandt in southern Germany. With the exception of Pterodactylus and possibly Cycnorhamphus

171  and Ardeadactylus, the vast majority of pterosaurs are restricted to single sub-divisions of the

172 Franconia laminated limestones, even when they are represented by many specimens.

173 Specimens of Pterodactylus antiquus are known from the Lower Tithonian, Malm Zeta 2 and 3

174  (Bennett, 2013a). The taxon may also be present in the earliest Tithonian (Malm Zeta 1) cropping out
175  at Zandt, Germany (SMF R 4072). Diopecephalus kochi and “G. rhamphastinus” are known only from
176 Malm Zeta 3, Lower Tithonian of Kelheim and Daiting respectively according to Wellnhofer (1970).
177 Exposures at Daiting are in the Moernsheimensis Horizon and Subzone of the Hybonotum Zone,

178 making it the youngest pterosaur-bearing strata in the Franconia limestones (Schweigert 2007).

179 Kelheim is reportedly in the Rueppelliansus Subzone of the Hybonotum Zone (Schweigert 2007),
180 making it equivalent to Malm Zeta 2. The Diopecephalus locality is ~1 km North of Kelheim

181 (Wellnhofer 1970), close to Painten (~6 km) which is Malm Zeta 1. Therefore, the age of

182  Diopecephalus according to Wellnhofer (1970) (Malm Zeta 3) is in some doubt. Although the

183 “Papiershiefer” has been considered contemporary with Mérnsheim Limestone (Meyer 1977),

184  crushed Gravesia gigas (riedlingensis subzone) ammonites were misidentified as G. gravesiana

185 resulting in a younger date being determined (Schweigert 2007). Germanodactylus cristatus is

186 known from two juvenile and two mature specimens, of which the holotype (BSP 1892 IV 1 and

187 NMING F15005) is from Eichstdtt, Malm Zeta 2, Lower Tithonian.

188  The Painten pro-pterodactyloid (Tischlinger and Frey 2013) is from the Upper Kimmeridgian. The
189  specimen seemingly represents a late surviving transitional morphology between wukongopterids
190 and pterodactyloids. Cycnorhamphus suevicus (Quenstedt 1855) ranges from the Upper

191 Kimmeridgian to Lower Tithonian. A specimen referred to Cycnorhamphus, the now lost

192 “Pterodactylus eurychirus” Wagner, 1858 (Wellnhofer 1970) from Malm Zeta 2 is undiagnostic and
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while it could represent Cycnorhamphus in Eichstatt, it could also represent an example of
Ardeadactylus or Aurorazhdarcho. However, Cycnorhamphus is known from the Lower Tithonian of
South-East France (Fabre 1976). The neotype of Ardeadactylus longicollum (Wellnhofer 1970) is from
Malm Zeta 1, Upper Kimmeridgian. The lost holotype is from the Lower Tithonian, Malm Zeta 2, but
as noted above it may not be conspecific with the neotype. Wellnhofer (1970) also referred other
lost specimens to this species, but they also lack diagnostic features. Notably, a specimen referred to
Ardeadactylus, “Pterodactylus vulturinus” Wagner, 1858 (Wellnhofer 1970) is an undiagnostic

isolated wing-metacarpal from Malm Zeta 3.

Gnathosaurus subulatus Meyer, 1834 and its sister taxon Ctenochasma elegans (Wagner 1861a) are
only known from Malm Zeta 2, Lower Tithonian. Aurorazhdarcho micronyx (Meyer 1856) is known
from juvenile specimens and an adult missing its skull (Frey et al. 2011) which are all from Malm Zeta
2. Aerodactylus scolopaciceps (Meyer 1860) is also known only from Malm Zeta 2 of Solnhofen and
Eichstatt, where the species is represented mostly by juvenile specimens. Additionally, a large wing
of an adult Aerodactylus with ~2.5 meter wingspan (figured by Wellnhofer 1970: Exemplar Nr 78)
(PTH 1963. 1 a) was found in Schernfeld, near Eichstatt (Malm Zeta 2).

Stratigraphy of putative Diopecephalus kochi specimens

A specimen referred to “Pterodactylus kochi” in the Oxford University Museum of Natural History
(OUMNH JZ 1609) and its counterpart in the Natural History Museum, London (NHM) (NHM UK PV R
3949) are labeled as coming from Solnhofen, Kimmeridgian. However, it is likely that precise locality
information was lost before the specimens were purchased for the museums (see supplementary

material 5.3.1.1.).

Another specimen referred to “Pterodactylus kochi” (Wellnhofer, 1970: Exemplar Nr. 12) (SMF R
4072) by von Huene (1951) is noted to be from Zandt, Germany. This locality is lesser known for its
pterosaurs and is east of Kelheim and Painten, close to the Czech Republic. Stratigraphically, the
Zandt lagerstatte is from the lower Hybonotum Zone, contemporaneous with the youngest
lithographic limestone cropping out at Painten (Malm Zeta 1: earliest Tithonian) (Schweigert 2007).
The specimen’s juvenile state makes it difficult to refer it to any one of the Jurassic German
pterosaurs that have a dentition extending from the jaw tips to a point under the nasoantorbital
fenestra (Vidovic and Martill 2014, fig. 3). However, what is visible of the prepubis is elongate and
narrow compared to Diopecephalus and “G. rhamphastinus”. Additionally, the pedal and manual
unguals of this specimen are more robust than those of Diopecephalus kochi and “Germanodactylus

rhamphastinus”, but similar to those of Pterodactylus.
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Finally, An undescribed, privately owned specimen from Painten (Malm Zeta 1, Upper Kimmeridgian-
—Lower Tithonian) on display in the Museum Solnhofen is identified as “Pterodactylus c.f. kochi”
(Arratia et al. 2015: p.468). The morphology of this specimen most closely matches Diopecephalus

kochi and we agree with this assignation.
Materials and methods

Cladistic analysis and appraisal

A cladistic analysis of the Pterosauria, including all the taxa discussed here was performed. The
analysis included 104 operational taxonomic units (OTUs) comprising 99 pterosaurs and 5
archosauriforms as an outgroup. The taxa were coded for 320 characters, of which 44 have
continuous states and 276 have discrete states. Many of the characters are similar to those
previously published, but 249 of the characters in this analysis were developed independent of the
literature for an as of yet unpublished “distinct” analysis devised to test cladistic methods and clade
recovery in the Pterosauria. The additional 71 characters were taken or modified from the literature.
Great care was taken to avoid compound characters (Brazeau 2011) or combining multiple states

into one. Martill et al. (2016) have demonstrated the benefits of this practice.

The analysis was performed in TNT using a “new technology search” (NT) (Goloboff et al. 2008a) and
a “traditional search” was run, swapping from the saved NT trees, to find the maximum number of
most parsimonious trees (MPTs). In the Vidovic and Martill (2014) analysis, four of the continuous
characters required rescaling with the equation i = tan"a/b, where i is the index number analysed
and a/b is the quotient value of the elements being studied. Mongiardino Koch et al. (2015)
subsequently suggested logarithmically transforming the quotient values for continuous states, to
avoid the problems of researchers deciding to use either “top heavy” or “bottom heave”
dividend/divisor relationships. However, both of these methods produce a continuum of weighted
states that are an exponential function of the morphometric data. In this analysis, the characters
were simply transformed using “top heavy” quotients. Where converse data was present in a
character’s coding, the equation was inverted to make it “top heavy” and made negative to
differentiate it from those states that were not the product of an inverted equation. To ensure that
the continuum of data was evenly spaced according to the morphological variation, the negative
numbers had 1 added to them and positive numbers had 1 subtracted. A normalization equation
was then used to transform negative numbers into positive numbers and place the data range
between 0 and 3. Performing this data transformation rather than the trigonometric one (Vidovic

and Martill 2014), or the logarithmic one (Mongiardino Koch et al. 2015), results in a continuum of
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weighted states that are a direct function of the morphometric data, while resolving the problem of
converse data and researcher decision. A manuscript detailing the advantages of this method of
continuous data transformation over the previous one used by these authors (Vidovic and Martill
2014) is in preparation. Three (3.000) was chosen as the number of continuous states, rather than
1.000, as in Andres et al. (2014) and Vidovic and Martill (2014) or 2.000 as employed by (Pereyra and
Mound 2009). The reason for choosing 3.000 states for continuous characters is that during trial and
error experiments it produces a similar distribution of character reversals (plotted in a frequency
histogram) compared to the discrete state characters, showing that the analysis was not biased

towards any one type of character.

Implied weights were used during the analysis to weight against homoplasy (Goloboff et al. 2008b;
Goloboff 2014). Using implied weighting means the researcher makes the least assumptions out of
any weighting method — even using equal weights assumes that all characters are equally
informative. However, the implied weighting method requires a concavity constant (K) and no
consensus for which number should be used has been reached in the literature. It is possible to
reverse the equation (W=[[-K]+[K+es]]/[K+es], where W is the weight and es is the extra steps) in
order to calculate the K value required to transform a character with a designated fit into a
predetermined weight. However, this method requires a researcher to decide a priori what
character fit is excessively homoplastic and the weight this homoplastic character should receive.
Experimentation with different K values, plotting fit against the implied weight demonstrates that
the higher the number, the more linear the relationship becomes, whereas lower K values produce
exponential curves. The TNT default K value of 3 approximates a logarithmic curve, meaning that
poorer fitting characters are increasingly weighted against. Because of this “smooth” curvilinear

relationship between fit and weight, 3 is selected as the optimal K value for this analysis.

The outgroup (Erythrosuchus, Euparkeria, Scleromochlus, Lagerpeton, and Marasuchus) is distinct
among pterosaur analyses, but similar to the outgroups of some dinosaur analyses (Nesbitt et al.
2009). There were multiple reasons for altering the outgroup; 1) the combination of multiple taxa
into a single hypothetical outgroup (Unwin 2003) is not a sound basis for polarizing characters or
testing the ingroup’s monophyly; 2) the use of derived pseudosuchians and dinosaurs increased the
opportunity for homoplasy, especially in the ankle (Bennett 2013b); 3) different authors use
different outgroups, possibly polarizing characters differently. Polarizing characters biased towards
the method of a single authorship could result in similar results due to shared methodology.
Alternatively, multiple rooting methods could have been used, but it is difficult to estimate the

composite outgroup of Unwin (2003) based on an almost entirely distinct character list.
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The resulting tree was plotted on a geological time scale using the statistics program R and the

packages phytools (Revell 2012) and strap (Bell and Lloyd 2014). The online Paleobiology Database
(http://fossilworks.org) was used to place the taxa stratigraphically. Using the chronostratigraphic
tree it is possible to calculate the gap excess ratio (GER) (Wills 1999) to correlate the phylogenetic

results with the fossil record.

To compare the cladogram to key analyses (Maisch et al. 2004; LU et al. 2009; Wang et al. 2009;
Andres et al. 2014) the taxon lists were reduced to common taxa only, using CompPhy (Fiorini et al.
2014). The SPR distances (Goloboff 2008) and Robinson-Foulds distances (R-F) (Robinson and Foulds
1981) were calculated using TNT and CompPhy. A new index termed the clade retention index (CRI)
was calculated using the Phytools package in R. An R script was written to implement the equation
given below, and it is available in the supplementary material. Like the consistency fork index (CFl)
(Colless 1980) the CRI uses a consensus of two trees to calculate tree similarity. Unlike the CFl, the
CRI considers the polytomous taxa (not clades in polytomies) in the strict consensus, indicating how

many monophyletic clades are shared between cladograms.

The CRl is calculated using the equation below, where nodes (N) on the consensus tree are
indicators of agreement and individual taxa in polytomies (P) are an indicator of disagreement. To
put the information about clade retention into context, the maximum possible agreement is
calculated using the number of common taxa (T) minus one. The maximum index number (i)
recoverable is 1 and the minimum is -1, so the result can be range scaled (normalized) to give a CRI

between naught and one (X = 1), see equations below.

_ P-N
TTTo1
~ CRI = X
- " (Rmax — Rmin) x (i — Rmin)
~ CRI = !
- - P—N
a——ox (-7

'CRI—OSx( P_N)+1
~ CRI = 0. o

The reason for using three different tree comparison metrics is that no one metric represents all the

information available. Additionally, tree comparison metrics can be confounded and should be used
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in tandem. For example, the CRI will produce deflated similarity values if the trees being compared
already have polytomies. Also, the SPR metric can assign two different sets of trees with different

levels of agreement the same score.

Tanglegrams can be helpful for interpreting the results of tree comparison metrics. Dendextend
(Galili 2015) in R was used to produce tanglegrams of the reduced taxon trees produced by
CompPhy. In order to perform the analysis that produces a tanglegram in Dendextend, the
polytomies had to be randomly resolved. To provide as much information about tree similarity as
possible solid lines are used to represent branches that are agreed upon, dashed lines represent
unique branches, and the lines between the tree tips tangle to represent the disagreement after the

branches are rotated for maximum fit.

Geometric morphometrics

The prepubis of Germanodactylus cristatus is morphologically distinct from that of G.
rhamphastinus, which has a morphology more similar to that of Diopecephalus and Darwinopterus.
Descriptions and discussions of the prepubis morphology are lacking in the literature. Here, the
hypothesis that the morphology and proportions of this often overlooked bone are taxonomically
informative is tested using geometric morphometrics. Furthermore, it is hypothesised that D. kochi,

D. modularis, and “G. rhamphastinus” are more similar than any one is to P. antiquus.

The geometric morphometric analysis is compared with the phylogeny to establish if their
morphology can be used for taxonomic purposes. The analysis was performed on standardised
bitmap outline drawings of prepubes. The outlines were drawn from referred specimens of
Dorygnathus Wagner, 1860 (Wyoming Dinosaur Center specimen); Scaphognathus Wagner, 1861b
(SMNS 59395); Darwinopterus Li et al., 2009 (41HI11-0309A); Aerodactylus Vidovic and Martill, 2014
(BSP 1883 XVI 1); Ctenochasma Meyer, 1852 (BSP 1935 | 24) and “G. rhamphastinus” (JME Moe 12 &
BSP 1977 XIX 1), and the holotypes of Pterodactylus antiquus; Diopecephalus kochi;
Germanodactylus cristatus and Cycnorhamphus suevicus. In some cases, it was necessary to use the
part and counterpart or moulds of the bone in the limestone to reconstruct the entire prepubis
morphology. In Pterodactylus a portion of the distal expansion is overlaid by the femur, so a
conservative estimate was made of the outline. The shapes were digitized by selecting a net of 100
landmarks in TSPdig 2 (Rohlf 2010). The TPS file was analysed in R using the package Geomorph
(Adams and Otarola-Castillo 2013). A generalized Procrustes analysis was performed, projecting the

landmark data into linear tangent space. The x-axis of the resulting principal component analysis was
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converted into hierarchical clusters which were then plotted as a radial dendrogram (note the y-axis

produces the same results).

Results

Cladistics

The cladogram presented here is a strict consensus of 2 most parsimonious trees (Fig. 4), which is
highly congruent with the geological record (GER = 0.902). The cladogram demonstrates a
paraphyletic “rhamphorhynchoidea” with a sister group of Preondactylus Wild, 1983 and
Austriadactylus Dalla Vecchia et al., 2002 as the most basal branch of Pterosauria. This result is in
broad agreement with Unwin (2003), Dalla Vecchia (2009), Li et al. (2009) and Andres et al. (2014).
Those Triassic pterosaurs possessing laterally compressed lanceolate or triangular teeth with coronal
serrations are recovered in a monophyletic clade, distinct from those with multiple cusps. Multi-
cusped taxa share a common ancestor with all remaining taxa with single-cusped teeth. Only the
taxa with single-cusped teeth, lacking serrations survived the end-Triassic extinction. Although
Dorygnathus and Campylognathoides are not found until the Toarcian, their shared common

ancestor with Dimorphodon Owen, 1859 must have been a Triassic pterosaur.

Scaphognathidae contains an assortment of taxa with well-spaced, simple conical teeth, a convex
dorsal margin to the skull, a slender dorsal process of the makxilla, a large round orbit, a low angle of
the jaw symphysis to the ramus, a robust bowed pteroid bone, a reduced ventral crest of the wing
metacarpal and distal phalanx of pedal digit 4 that is longer than the preceding phalanges. These
uniting characters place anurognathids (reclassified here to Anurognathinae) in Scaphognathidae.
Their deeply nested placement within Scaphognathidae is likely to be due to a lack of transitional-
morphs combined with their paedomorphism. Thus, it is possible that anurognathines are far more
basal members of Scaphognathidae and the analysis was confounded by their aberrant morphology.
The paedomorphic characters exhibited by anurognathines (e.g. reduced rostrum length, large orbit,
deep skull, shorter caudal vertebrae) might be the reason some researchers (e.g. Kellner 2003; Wang

et al. 2009) find them as the most basal taxa in Pterosauria.

Parapsicephalus Arthaber, 1919 is closely related to scaphognathids, but it maintains some
plesiomorphic characteristics which in the past have led to it being likened to Dorygnathus
(Carpenter et al. 2003; Unwin 2003) and Dimorphodon (Andres et al. 2014). In this analysis, however,

Parapsicephalus is the sister taxon to Monofenestrata (LG et al. 2009).

Monofenestrata comprises two non-pterodactyloid clades and Pterodactyloidea. Wukongopteridae

contains Wukongopterus Wang et al., 2009, Darwinopterus spp., and Changchengopterus LU, 2009. It
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may be that many wukongopterids comprise a single genus for which Changchengopterus has
priority. The results of this analysis demonstrate that wukongopterids are in desperate need of a
taxonomic review less than a decade after their discovery, in agreement with Sullivan et al. (2014).
The next taxon stepwise is the as yet un-named German monofenestratan dubbed the Painten pro-
pterodactyloid (Tischlinger and Frey 2013). The specimen exhibits a long 5" toe and a shortened tail
with elongate chevrons, otherwise, it is Pterodactylus-like. Eosipterus and Pterodactylus are found to
be the most basal members of Pterodactyloidea due to the extreme reduction of the 5" toe and
reduced tail lacking elongate chevrons. Similar to Vidovic and Martill (2014), this analysis finds
Pterodactylus to be a very basal member of Pterodactyloidea excluded from the monophyletic clade
containing Ctenochasma and Cycnorhamphus where it has been found by many analyses (Kellner
2003; Unwin 2003; Andres et al. 2014). Despite the lack of consensus on the placement of
Pterodactylus, its placement here is consistent with recent discoveries of non-pterodactyloid
monofenestratans. Likewise, the paraphyly of Archaeopterodactyloidea and Germanodactylus is
consistent with the discovery of the wukongopterids and Hamipterus Wang et al., 2014, meaning
characters that were previously thought to be synapomorphies for these clades are in fact
symplesiomorphies, and synapomorphies of Monofenestrata. The basal position of Pterodactylus
excludes it from Lophocratia, which is divided into Euctenochasmatia and Eupterodactyloidea. The
most recent definition of Eupterodactyloidea (Andres et al. 2014) does not define a clade similar to
the one proposed by Bennett (1994) on this tree, so it is redefined here as the most inclusive clade
containing Nyctosaurus Marsh, 1876a, Pteranodon Marsh, 1876b, Dsungaripterus Young, 1964 and
Azhdarcho Nesov, 1984 (after Bennett 1994), but not Pterodaustro Bonaparte, 1970.

Diopecephalus is the most basal member of a monophyletic clade containing Pterodaustro and
Cycnorhamphus, thus Euctenochasmatia contains Ctenochasmatoidea (Unwin 2003).
Ctenochasmatoidea further contains Ctenochasmatidae and Aurorazhdarchia. Here,
Aurorazhdarchidae is redefined as pterosaurs closer to Aurorazhdarcho than they are to
Cycnorhamphus. The name Aurorazhdarchia is used as the unranked replacement name for the
clade originally defined as Aurorazhdarchidae (Vidovic and Martill 2014), and it comprises

Aerodactylus, Aurorazhdarchidae, and Gallodactylidae.

“Germanodactylus rhamphastinus” is found to be the most basal branch of Eupterodactyloidea,
followed stepwise by Germanodactylus cristatus and Elanodactylus Andres and Ji, 2008.
Elanodactylus is the sister taxon to Dsungaripteroidea sensu Kellner (2003), but Young (1964)
considered Dsungaripteroidea to be defined as pterosaurs with a notarium, in which case

Germanodactylus cristatus is the most basal dsungaripteroid. Indeed, in addition to other



409  synapomorphies, the presence of a notarium defines the clade (Dsungaripteroidea) comprising

410 Germanodactylus, Quetzalcoatlus Lawson, 1975 and Nyctosaurus.

411  The subjects of this study represent the most basal members of Pterodactyloidea and Lophocratia,
412  excluded from the derived monophyletic clade Ctenochasmatoidea. Diopecephalus, a basal most
413 member of Lophocratia is found to possess characters placing it in the monophyletic clade

414 Euctenochasmatia, while “G. rhamphastinus” and G. cristatus are found to possess characters of

415 Eupterodactyloidea. whereas, Pterodactylus is found more basal than any of the other Franconia

416 laminated limestone pterodactyloids. Given that the holotype of the type and only species is a

417 mature subadult and nearly complete, it is not expected to have suffered “rootward slippage” during

418  the analysis.

419  The taphonomic state of Diopecephalus may have caused “cladeward slippage” or “rootward

420  slippage”, as modular evolution in pterosaurs has been demonstrated to cause both (Lu et al. 2009)
421  due to derived or plesiomorphic states being present in distinct morphological units which can be
422 lost during fossilisation. Two of the discrete state characters that place Diopecephalus in

423 Euctenochasmatia (characters 104 and 248) are difficult to code due to its small size and variable
424 state of preservation across the slabs. To test for “cladeward slippage” the two characters were
425 made inactive and the analysis was re-run. This analysis did result in Diopecephalus slipping

426 rootward by one branch, out of the monophyletic Euctenochasmatia, but it was still not found in a

427 monophyletic clade with Pterodactylus or “G. rhamphastinus”.

428  The comparison metrics (Fig. 5-7) demonstrate good agreement between the three phylogenies

429  with a paraphyletic Germanodactylus (Maisch et al. 2004; L et al. 2009). Although the tanglegrams
430  (Fig. 8) demonstrate that similarity metrics (Fig. 5-7) are not independent of matrix dimensions.

431  Smaller trees have less opportunity to be incongruent, but fewer unique relationships are required
432  to lower the congruence metric significantly. To clarify the relationships of “Germanodactylus” spp.
433  the phylogeny presented here and the phylogeny of Lu et al. (2009) (Fig. 8 cii) were pruned to their
434  taxa common with Maisch et al. (2004) (Fig. 8 ci). The pruned trees compare favourably despite the

435 lack of topological congruence in the rest of the tree.

436  The CRI (Fig. 5) produces comparable results to the R-F distance metric (Fig. 6), demonstrating its
437 utility. However, the CRI has been affected by the polytomies already present in the source trees.
438 Most noticeably, values from the comparisons of the Li et al. (2009) phylogeny are lowered by

439 polytomies that are already present in the source tree. By comparison, the SPR distances (Fig. 7)
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provide a broad indication of similarity, but lack the resolution required to make fine-scale

judgements.

Geometric morphometrics

The results of the geometric morphometric analysis (Fig. 9) compared to the result of the cladistic
analysis demonstrate that a short and broad distal expansion of the prepubis is an apomorphy of
Monofenestrata, shared by “G. rhamphastinus”, Diopecephalus and Darwinopterus.
Germanodactylus, a more derived eupterodactyloid has a deeper distal expansion, whereas the
ctenochasmatoids and Pterodactylus have a more elongate/gracile diaphysis, but a plesiomorphic
shape to the distal expansion. The basal non-monofenestratans Dorygnathus and Scaphognathus
have a prominent bi-lobed distal expansion which distinguishes them from the monofenestratans.
The separation of non-monofenestratans from the monofenestratans supports the hypothesis that
the prepubis has a taxonomic utility, which has been overlooked in most previous analyses and

descriptions.

Comparative anatomy

Pterodactylus and Diopecephalus

The genera Pterodactylus and Diopecephalus are remarkably similar. However, the only cladistic
analyses to study both holotypes (Howse 1986; Vidovic and Martill 2014) find the two specimens in
distinct monophyletic clades or in a paraphyletic genus respectively. Furthermore, some — but not all
— morphometric bivariate plots (Vidovic and Martill 2014) demonstrate Pterodactylus to be more
closely associated with Aerodactylus than Diopecephalus, while Aerodactylus is distinguishable from

both species by its dentition, skull morphology and pteroid length.

Currently, there are just a few juvenile pterosaur specimens tentatively referred to Diopecephalus
(three including the holotype and a possible specimen figured by Arratia et al. [2015]) (Vidovic and
Martill 2014), rendering taxonomic work on a population impossible. However, using a typological
approach, the holotype of Diopecephalus does differ from Pterodactylus in that the cervical
vertebrae have a prominent spinous cranial hypapophysis (Howse 1986) and robust prominent
zygapophyses. Additionally, the manual unguals are less robust in Diopecephalus compared to
Pterodactylus, the diaphysis of the prepubis is more robust in Diopecephalus and the distal
expansion is broader than in Pterodactylus (Fig. 9). It was noted that Diopecephalus and
“Pterodactylus elegans” both lacked fusion of the atlas and axis and that the mid-cervical vertebrae
were approximately the same size, which was considered a plesiomorphic condition for the

Pterodactloidea by Howse (1986). However, due to their heterochrony, lack of fusion between



472  elements and those proportions of the mid-cervical vertebrae are common to juvenile

473  pterodactyloids (pers. obs.) (e.g. BSP 1967 |1 276; BSP 1971 |1 17; BSP 1936 | 50).

474  Diopecephalus and “G. rhamphastinus”

475 No conditions have been identified that Diopecephalus shares with Pterodactylus that it does not
476  also share with “G. rhamphastinus”. Despite their similarity, the relationship of Diopecephalus and
477 “G. rhamphastinus” has received little attention (Seeley 1871, 1901; Vidovic and Martill 2014). “G.
478  rhamphastinus” has been considered congeneric with D. kochi (Seeley 1871, 1901) and the type
479  species of Germanodactylus was originally referred to “P. kochi” (Plieninger 1901), but subsequent
480  tothe separation of D. kochi and Germanodactylus spp. (Wiman 1925; Young 1964; Wellnhofer

481 1968, 1970) the species have been considered distinct without further discussion.

482 “G. rhamphastinus” and Diopecephalus share yet more conditions, including a prepubis with a

483 robust diaphysis and broad distal expansion, a more caudal extension of the dorsal process of the
484 premaxilla and less robust manual unguals than Pterodactylus. Other possible uniting characters are
485  tentative because they may be affected by ontogeny. For example, “G. rhamphastinus” has shorter
486  cervical vertebrae with more robust zygapophyses than Pterodactylus, similar to the condition in

487  Diopecephalus (Howse 1986).

488 “G. rhamphastinus” and Pterodactylus

489 “G. rhamphastinus” and Pterodactylus share conditions plesiomorphic to Monofenestrata and

490 Pterodactyloidea as discussed above. They differ in that “G. rhamphastinus” has a straighter slope to
491  the dorsal margin of the skull, pointed jaw tips, a steeper quadrate, fewer teeth in adult specimens,
492  a piriform orbit and a prepubis more similar to that of Diopecephalus. Notably, the Pterodactylus
493  specimen BMMS 7 was reconstructed using information available from Aerodactylus specimens

494  (Bennett 2013a), resulting in an overestimate of rostrum length and tooth number. It is likely that
495  the rostrum terminated shortly after the break in the rock and there were only 18 to 20 teeth in the

496 mature specimen’s jaws.

497  Although Bennett (1996) once suggested that the Germanodactylus spp. might represent more
498 mature specimens of Pterodactylus he subsequently changed his view (Bennett 2002 p.45). We
499  agree that some of the differences could be ontogenetically variable and perhaps vary between
500 sexes, soin 1996 it seemed possible that the two species could be at least congeneric. However,
501  more recent research has revealed more information on the ontogeny and phylogeny of

502 pterodactyloids (Jouve 2004; Bennett 2006, 2013g; LU et al. 2009) and common opinion is that the

503 two are distinct genera.
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Germanodactylus cristatus and “Germanodactylus rhamphastinus”

Germanodactylus cristatus differs from “G. rhamphastinus” and all other pterosaurs in that the
dentition is absent from the rostrum tip, but still present in the premaxilla. Wang et al. (2008) also
noted that the gestalt of the teeth differed between the two species. Also, the prepubis distal
expansion is cranioventrally long, making it approach a reuleaux triangle in outline. Additionally,
Germanodactylus cristatus has at least three fused dorsal vertebrae, which differs from the
condition in similarly sized “G. rhamphastinus”. These differences do not necessarily distinguish the
two species at the generic level. Indeed, Bennett (2006) considered the differences observed
between the two Germanodactylus species to diagnose the species within the genus. The two
species are seemingly united by a similar skull shape and an extreme caudal extension of the
premaxilla dorsal process, as well as some skeletal proportions (Bennett 2006 p.876). However,
these similarities are also observed in more basal and derived branches of Pterodactyloidea,
substantiating the claims that the genus is paraphyletic (Maisch et al. 2004; Vidovic and Martill 2014)

which is supported by the phylogeny presented here.

Systematic palaeontology

DIOPECEPHALUS Seeley, 1871

Fig. 1

Type species: Diopecephalus kochi (Wagner 1837)

Synonymy:

*1837 Ornithocephalus kochii Wagner 1837, p.164, pl.1.

1860 Pterodactylus kochi Wagler bei A. Wagner, 1837; Meyer 1860, p.35.

1871 Diopecephalus kochi (no author attributed); Seeley 1871, p.35.

1888 Pterodactylus kochi Wagner, 1837; Lydekker 1888, p.6.

1901 Diopecephalus kochi (no author attributed); Seeley 1901, p.168.

1882 Pterodactylus kochi (Wagler); Zittel 1882, p.18, pl.13, fig. 1.

1967 Pterodactylus kochi (Wagler); Kuhn 1967, p.16.

1968 Pterodactylus kochi (Wagner, 1837); Wellnhofer 1968, p.99.
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1970 Pterodactylus kochi (Wagner, 1837); Wellnhofer 1970, p.22.

2004 Pterodactylus antiquus (Soemmerring, 1812); Jouve 2004, p.549.

Jouve considered “P. kochi” synonymous with P. antiquus.

2013 Pterodactylus antiquus (SOmmerring, 1812); Bennett 2013a, p.283.

2014 Pterodactylus kochi (Wagner, 1837); Vidovic and Martill 2014 p.1.

2014 Diopecephalus kochi (Wagner, 1837); Vidovic and Martill 2014 p.15.

Holotype: Part and counterpart, BSP AS XIX 3 and SMF R 404 (Fig. 1). A nearly complete skeleton on

a slab of limestone.

Referred material: An immature specimen represented by part and counterpart, NHM UK PV R 3949
and OUMNH JZ 1609. A privately owned specimen (Arratia et al. 2015: p.468, fig. 900) exhibited in

Museum Solnhofen.

Locality and horizon: Kelheim, Germany, Malm Zeta 3 (Wellnhofer 1970), or Malm Zeta 2
(Schweigert 2007), Lower Tithonian.

Genus and species diagnosis: (None of the following are autapomorphic, but are a unique
combination of characters) (1) A pterodactyloid pterosaur with an evenly sloping rostrum, leading
caudally into a rounded parietal region of the skull, with the dorsal process of the premaxilla
extending to the caudal region of a sub-rounded orbit. (2) Labiolingually compressed triangular teeth
are present from the jaw tip continuing caudally beneath the nasoantorbital fenestra. (3) The
longest cervical vertebra is 50% or less than the maximum skull depth, and no cervical vertebrae
exceed a length/depth quotient of 2.5. The cervical vertebrae have robust zygapophyses and an
enlarged spinous hypapophysis. (4) The prepubis flares abruptly to a broad distal expansion and its

maximum length is approximately equal to its maximum width.

Note: Combination 1 differs from G. cristatus and “G. rhamphastinus” in the parietal region of the
skull, and it differs from the condition in Pterodactylus in the caudal extent of the premaxilla.
Combination 2 differs from “G. rhamphastinus” and Pterodactylus in the tooth morphology, and it
also differs from G. cristatus in the distribution of that dentition. Combination 3 differs from
Pterodactylus but is similar to the conditions seen in G. cristatus and “G. rhamphastinus”. Condition
4 is different to the morphologies observed in G. cristatus and Pterodactylus, but similar to that of

“G. rhamphastinus”.
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Remarks: Numerous examples of pterosaurs from the Solnhofen Limestone Formation have been
referred to “P. kochi” (e.g. Wellnhofer 1984; Tischlinger 1993; Frey and Martill 1998). In a recent
comparison of these examples and the holotype of Diopecephalus, they were excluded from the
taxon (Vidovic and Martill 2014). A perception may have arisen that Diopecephalus kochi occurs

frequently in the Tithonian limestones of Bavaria, Germany, but here it is regarded as a rare taxon.

Although technically the name “Ornithocephalus kochii” should be attributed to Wagner (1837),
many subsequent authors attribute it to Wagler in Wagner (1837) (Wellnhofer 1968). In fact,
although the name was devised by Wagler, and Wagner provided a reason to attribute it to Wagler

when he stated:

‘Wagler wollte dem neu aufgefudenen Exemplare, das der Gegenstand vorliegender Abhandlung ist,
den Namen Ornithocephalus Kochii beilegen; ich behalte diese Benennung um so lieber bei, da mir
hiedurch Gelegenheit gegeben ist, dem wiirdigen Manne, der mit zuvorkommender Giite mir das
Original zur Publikation zukommen liess, ein geringes Denkmal meiner grossen Achtung und

Anerkennung zu setzen’

‘[Wagler wanted the newly found specimens, which are the subject of this treatise, to be given the
name Ornithocephalus kochii. | keep this designation all the more gladly, because by doing so | am
given the opportunity to honor the worthy man, who courteously allowed the publication of the

original [material], a small monument of my great respect and recognition]’

... there is no reason to credit the published name to Wagler (Wellnhofer 1968).

ALTMUEHLOPTERUS gen. nov.

LSID: urn:lIsid:zoobank.org:act:81B99AC3-0475-4FB2-A879-DE3D6D540465

Derivation of name: “Altmuehl” refers to the Altmuhl river that flows through Solnhofen (close to
MBrnsheim), Eichstatt and joins the river Danube at Kelheim. “Pterus” is a common suffix in
pterosaur names referring to the wing. This name is presented as an alternative to the

geographically significant name Daitingopterus (Maisch et al. 2004) which is a nomen nudum.

Type species: Altmuehlopterus rhamphastinus (Wagner 1851)

Fig. 2

Synonymy:

*1851 Ornithocephalus ramphastinus Wagner 1851, p.132, pl.1.



589
590

591

592

593

594

595

596

597

598
599

600

601

602

603

604

605

606
607

608

609

610

611
612

613

Note, here ramphastinus is spelled without the first letter ‘h’, named for its similarity to the

toucan Ramphastos (Bennett 2006).

1860 Pterodactylus rhamphastinus (Wagner, 1851); Meyer 1860, p.54.

Here Meyer makes the mistake of using an additional ‘h” in the species name.

1861b Pterodactylus rhamphastinus no attribution; Wagner 1861b, p.531.

Wagner uses the emended spelling, seemingly accepting Meyer’s lapsus.

1871 Diopecephalus rhamphastinus (Wagner, 1851); Seeley 1871, p.35.

1888 Pterodactylus rhamphastinus (Wagner); Lydekker 1888, p.8.

1927 Pterodactylus rhamphatilus (Wagner, 1851); Weigelt 1927, p.227, 28 Abb., Taf.37.

Lapsus. The 1989 English translation of Weigelt miscorrects this to Germanodactylus

cristatus.

1941 Rhamphorhynchus kokeni Plieninger, 1907; Edinger 1941, pp.671, 678.

1970 Germanodactylus rhamphastinus (Wagner, 1851); Wellnhofer 1970, p. 66.

1991 Germanodactylus rhamphastinus (Wagner, 1851); Wellnhofer 1991, p. 95.

1994 Germanodactylus ramphastinus (Wagner, 1851); Frickhinger 1994, p. 269.

Frickhinger returns to the original spelling of ramphastinus.

2004 Daitingopterus rhamphastinus no attribution; Maisch et al. 2004, p.631, table 1.

This name is a nomen nudum because the authors did not refer to a type specimen or state

that it was a new genus.

2006 Germanodactylus rhamphastinus (Wagner, 1851); Bennett 2006, p.877.

Bennett provides a detailed discussion of the synonymy.

2010 Germanodactylus ramphastinus (Wagner, 1851); Rodrigues et al. 2010, p.57.

These authors return to the original spelling of ramphastinus, but the emended spelling has

priority due to popular use.

Holotype: BSP AS | 745 a and counterpart BSP AS | 745 b (Fig. 2).
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Referred material: MCZ 1886 adult specimen with dorsal soft tissue headcrest (Bennett 2002), JME
Moe 12 and counterpart BSP 1977 XIX 1 (Rodrigues et al. 2010).

Horizon and locality: Mérnsheim Limestone Formation, Malm Zeta 3, Daiting, possibly Solnhofen

Formation, Solnhofen (see Bennett 2002).

Genus and species diagnosis: (None of the following are autapomorphic, but together comprise a
unique combination of characters) The dorsal process of the premaxilla supports a low, long crest,
which extends back level with the caudal margin of a tall orbit. The premaxilla forms an
approximately straight dorsal margin to the rostrum which terminates with a pointed rostrum tip.
Simple cone teeth (taller and thinner than in Germanodactylus and Diopecephalus) present at the
rostrum tip and below the nasoantorbital fenestra. There are ~16 widely spaced teeth in each jaw

that grade up in size and back down mesiodistally.

Remarks: The emended spelling of the name rhamphastinus (with the ‘h’) is used, as it has priority

through popular use (ICZN 33.3.1.). This seemed acceptable to Wagner (1861b).

The species is split from the genus Germanodactylus due to it only sharing conditions observed in
both more basal and more derived pterosaurs. The similarities observed between Germanodactylus
cristatus and Altmuehlopterus rhamphastinus are not considered to support their monophyly as a
single genus. This is supported by the results of a cladistic analysis and a geometric morphometric
analysis which indicate the condition of the prepubis in Germanodactylus is taxonomically

significant.

GERMANODACTYLUS (Young 1964)

Fig. 3

Type species: Germanodactylus cristatus (Wiman 1925)

Synonymy:

1901 Pterodactylus kochi Wagler; Plieninger 1901, p.65.

*1925 Pterodactylus cristatus Wiman 1925, p.17.

1964 Germanodactylus kochi (Wagler); Young 1964, p.251.

1967 Diopecephalus kochi (Wagler); Kuhn 1967, p.34.
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1970 Germanodactylus cristatus (Wiman, 1925); Wellnhofer 1970, p.64.

1991 Germanodactylus cristatus (Wiman, 1925); Wellnhofer 1991, p.96.

2006 Germanodactylus cristatus (Wiman, 1925); Bennett 2006, p.873, figs 1-2.

2010 Germanodactylus cristatus (Wiman, 1925); Hone 2010, p.263, fig. 3.

Holotype: BSP 1892 IV 1: disarticulated, but near complete skeleton on a slab of Solnhofen
Limestone; Counterpart NMING F15005.

Referred material: JME SoS 4593, JIME SoS 4006 (see Bennett 2006) and an undescribed specimen in
Karlsruhe (SMNK PAL 6529).

Horizon and locality: Solnhofen Limestone, Malm Zeta 2, Solnhofen, Germany.

Genus and species diagnosis: (Those characters marked with * are unique autapomorphies)
Pterodactyloid pterosaur with edentulous jaw tips but with short, triangular teeth present in the

remaining premaxilla. Prepubis with a reuleaux triangle shaped distal expansion* (Fig. 3 & 9).

Description: See (Wellnhofer 1970).

Remarks: The holotype of Germanodactylus cristatus can also be distinguished from other
pterosaurs by a unique suite of plesiomorphic and apomorphic characters including: approximately
50% of prenarial rostrum ventral surface is comprised of the premaxilla; teeth are short, robust with
triangular outline in lateral view; tooth row extends beneath nasoantorbital fenestra; low, striated
bony crest present on adult individuals (this may be sexually dimorphic [see Bennett 1992; Ll et al.
2011; Wang et al. 2014] as a large specimen (SMNK PAL 6529) lacks such a crest); straight and
vertical orbit rostral margin; the wing-metacarpal is shorter than the ulna (Fig. 3); centra of dorsal

vertebrae 1-3 fused forming a small notarium.

Discussion

The dendrogram demonstrating the morphospace of pterosaur prepubes (Fig. 9) is in general
agreement with the phylogeny, suggesting that the prepubis morphology is of taxonomic value.
Conversely, the prepubis of Pterodactylus is in disagreement with the phylogeny, appearing more
similar to the ctenochasmatoid Cycnorhamphus, which is consistent with the results of other
cladistic analyses (LU et al. 2009; Wang et al. 2009; Andres et al. 2014). However, in the geometric
morphometric analysis, the prepubis is only one anatomical unit expressing several characters across

10 specimens, compared to the 320 characters (including characters of the prepubis) and 99 OTUs of



671
672
673
674
675

676
677
678
679
680
681
682
683
684
685
686

687
688
689
690
691
692
693
694
695
696
697
698
699
700

701
702
703

the cladistic analysis. Furthermore, the dendrogram (Fig. 9) is constructed using hierarchical clusters,
akin to phenetics and is susceptible to the effects of homoplasy and reversibility (Camin and Sokal
1965). This methodology is far from a replacement for cladistic methods, but it does demonstrate
that the broad morphology of the prepubis can be used to understand the phylogenetic affinities of

pterosaurs (Fig. 9 and 10).

The cladistic analysis yields a strict consensus that places all four taxa with which this study is
concerned as basal pterodactyloid “transitional” taxa. Pterodactylus is the most basal branch of
these “transitional” taxa and the remaining three taxa are placed in Lophocratia (Pterodaustro +
Quetzalcoatlus). Diopecephalus is found in the monophyletic clade Euctenochasmatia
(Diopecephalus + Pterodaustro), while Altmuehlopterus and Germanodactylus are found as basal
members of the Eupterodactyloidea (closer to Pteranodon than Pterodaustro). Altmuehlopterus
occupies a more basal position than Germanodactylus, which is to be expected given the number of
plesiomorphic conditions it possesses by comparison. Some derived conditions of Germanodactylus
(i.e. presence of a notarium) are shared with other dsungaripteroids, including ornithocheiroids and
azhdarchoids. However, the restricted dentition absent from the rostrum tip is seemingly an

autapomorphy of Germanodactylus, and convergent with dsungaripterines.

Many similarities observed between Solnhofen pterosaur specimens are a product of their early
ontogeny, lacking peramorphic conditions (Vidovic and Martill 2014) and the presence of their
shared plesiomorphic conditions. Pterodactylus, Diopecephalus, Germanodactylus and
Altmuehlopterus all share characters in common with the Painten pro-pterodactyloid (Tischlinger
and Frey 2013) and wukongopterids. These characters include an approximately triangular, laterally
compressed skull with a dentition extending under the nasoantorbital fenestra (Fig. 10). In some
cases the plesiomorphic low, long, striated bony headcrest is present (e.g. Darwinopterus,
Germanodactylus and Altmuehlopterus). The headcrest is a confounding structure, given that it is
sexually dimorphic and might not develop until sexual maturity is achieved, although juvenile
pterosaurs with small crests have been identified (Dalla Vecchia 2009; Vidovic and Martill 2014).
Pterodactylus and Diopecephalus are most similar to the Painten pro-pterodactyloid and this is
reflected in their position in the phylogeny (Fig. 4). Likewise, Altmuehlopterus has a remarkably
similar skull to Darwinopterus and Cuspicephalus (Martill and Etches 2012), but the skull of

Altmuehlopterus can be distinguished as pterodactyloid (Witton et al. 2015).

Despite being maintained as a Pterodactylus species for over a century, Diopecephalus kochi shares a
similar list of common characters with Altmuehlopterus rhamphastinus. Disregarding Diopecephalus,

the taxa Pterodactylus, Altmuehlopterus, and Germanodactylus are distinct and readily diagnosable.
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Thus, Diopecephalus is the most problematic of these taxa. Diopecephalus could potentially
represent the juvenile condition of any of the other three genera discussed above, yet it is
phylogenetically placed as the most basal branch of the Euctenochasmatia (Unwin 2003) which
excludes these taxa. Vidovic and Martill (2014) demonstrated that Pterodactylus was more similar to
Aerodactylus than Diopecephalus in its skull, nasoantorbital fenestra and cervical vertebra
proportions. However, Pterodactylus is more similar to Diopecephalus in its dental distribution and
PCRW proportions to the skull. Likewise, Altmuehlopterus has the same plesiomorphic prepubis
condition and dental distribution as Diopecephalus, and both have a more caudal extension of the
premaxilla dorsal process than Pterodactylus. There are subtle differences between the
morphologies of Altmuehlopterus and Diopecephalus too. Diopecephalus has a more rounded
parietal region of the skull and teeth similar to those of Germanodactylus (labiolingually compressed
broad triangles) which differs from Altmuehlopterus (Wang et al. 2008). The mosaic of characters
that each taxon has in common demonstrates a complex evolutionary and ontogenetic relationship.
A privately owned specimen (Arratia et al. 2015) displayed in Museum Solnhofen demonstrates the
prepubis morphology and short cervical vertebrae with robust zygapophyses that distinguishes the
holotype of Diopecephalus kochi from Pterodactylus in a more mature individual. The specimen is
approximately the same size as the holotype of Pterodactylus antiquus, thus, the morphological
differences are unlikely to be ontogenetic in this specimen at least. Indeed, new examples may
provide further support for the taxon’s validity. This situation raises the debate of species and taxon
concept, and how to deal with “transitional” taxa that demonstrate a mosaic of characters shared

amongst multiple taxa.

The genera, Pterodactylus, Diopecephalus, Altmuehlopterus and Germanodactylus have been
demonstrated to be valid monophyletic, monotypic taxa, despite their close similarities and mix of
characters. However, when examples of D. kochi are included in Pterodactylus and A. rhamphastinus
is included in Germanodactylus as has been asserted (Wellnhofer 1968, 1970; Jouve 2004; Bennett
2006, 2013a) (note, even taxonomic reviews that used empirical evidence [Jouve, 2004; Bennett
2013a] arguably suffered from the Texas sharpshooter fallacy and numerous explanations for the
same data could be given) these two genera are paraphyletic. That is to say, the common ancestor
of P. antiquus and D. kochi is also the common ancestor of higher taxa, including Ctenochasmatoidea
and Eupterodactyloidea. Likewise, the common ancestor of A. rhamphastinus and G. cristatus is
shared with the higher taxon Dsungaripteroidea. A monophyletic genus should comprise a natural
group of species that share a most recent common ancestor that is not shared with any other higher
taxa (Ebach and Williams 2010). Some proponents of Linnaean classification argue that it is a

theoretical impossibility to not have paraphyletic taxa (Brummitt 1997; Hérandl and Stuessy 2010).
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At an impossibly fine resolution, one taxon does evolve from a subset of the population of another
taxon, rendering the progenitor taxon paraphyletic. However, to argue that one cannot artificially
scrutinize between one population and another because they are part of an evolutionary continuum
renders the use of both classification and cladification unsuitable. Indeed, if paraphyletic taxa were
permissible in a cladistic model and only monophyletic, polytypic taxa were regarded as valid, the
discovery of new fossil specimens would result in a continual reassessment of the taxonomy. This
problematic situation is observed in the higher clades of Pterosauria in the absence of a formalized
set of rules — for this purpose the PhyloCode has been proposed (Cantino and de Queiroz 2010).
Therefore, to provide phyletic and nomenclatural (Queiroz 2006) stability to the four species with
which this study is concerned they must occupy four distinct genera based on positive evidence of

monophyly, not an assertion or negative evidence — recency of the common ancestor, not similarity.

Despite a taxonomic resolution the case remains that the four taxa with which this study is
concerned are “transitional” monotypic taxa, which has proven especially problematic in the case of
Pterodactylus, Diopecephalus, and Altmuehlopterus. Taxon concepts are based on a “snapshot” of
organisms during a point in their evolution, either in the present day or in the fossil record. Thus,
there is a general misconception that taxa are biologically distinct entities. We are fortunate that the
Franconia laminated limestones provide a series of successive “snapshots” through a geologically
short period (Fig. 10). This situation provides an unparalleled understanding of pterosaur evolution

and ecological niche partitioning, but it also exposes the blurred lines of the taxon concept.

In the Franconia laminated limestones there is a succession of monofenestratan pterosaurs present,
from the Painten pro-pterodactyloid (Tischlinger and Frey 2013) through to Germanodactylus.
Pterosaurs from the Hybonotum Zone are numerous, by contrast with the Beckeri Zone. Clearly, by
the start of the Tithonian, most of the non-dsungaripteroid pterosaur diversity had appeared.
Further exploration of the laminated limestones in the Beckeri Zone could provide much more

evidence for early pterodactyloid evolution and development.
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Table 1. monofenestratans from Franconia laminated limestone localities

Malm Zeta 1 Malm Zeta 2 Malm Zeta 3
Upper Kimmeridgian Lower Tithonian Lower Tithonian
Cycnorhamphus suevicus Pterodactylus antiquus Diopecephalus kochi (Wagner

(Quenstedt 1855) (holotype) (Sommerring 1812) (holotype) 1837)?

Ardeadactylus longicollum Gnathosaurus subulatus Meyer  “Germanodactylus
(Meyer 1854) (neotype) 1834 rhamphastinus” (Wagner 1851)
Painten pro-pterodactyloid Aurorazhdarcho micronyx Pterodactylus antiquus
(sensu Tischlinger and Frey (Meyer 1856) (S6mmerring 1812) (Bennett
2013) Aerodactylus scolopaciceps 2013a) (BMMS 7)
Pterodactylus c.f. antiquus (Meyer 1860)
(SMF R 4072) Ctenochasma elegans (Wagner

1861a)

Germanodactylus cristatus
(Wiman 1925)
Ardeadactylus longicollum

(Meyer 1854) (lost holotype)*

*Note that the lost holotype of "Pterodactylus longicollum" may represent another

aurorazhdarchian

Fig. 1. Diopecephalus kochi - photographs and interpretative drawings of the slabs (a) SMF R 404 and
(b) BSP AS XIX 3. Abbreviations: a, articular; co, coracoid; cv, cervical vertebra; d, dentary; dv, dorsal
vertebra; f, femur; fr, frontal; h, humerus; ip, ischiopubic plate; j, jugal; |, lacrimal; mt, metatarsal;
mu, manual unguals; mx, maxilla; n, nasal; naof, nasoantorbital fenestra; o, orbit; p, parietal; pa,
preacetabular process; pd, pedal digit; pd5, pedal digit 5; pmx, premaxilla; po, post-orbital; poa,
postacetabular process; pp, prepubis; pt, pteroid; pu, pedal unguals; q, quadrate; qj, quadratojugal;
ra, radius; ri, ribs; sc, scapula; sq, squamosal; sv, sacral vertebra; ti, tibia; u, ulna; wmc, wing

metacarpal; wph1-4, wing phalanx 1-4.
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Fig. 2. “Germanodactylus rhamphastinus” - photographs and interpretative drawings of the slabs (a)

BSP AS | 745 b and (b) BSP AS | 745 a. Abbreviations: pc, premaxillary crest; st, sternum.

Fig. 3. Germanodactylus cristatus - (a) a photograph of most of the skeleton on the slab and (b) a line

drawing of the skull of the holotype BSP 1892 IV 1.

Fig. 4. Strict consensus cladogram of two trees found using a “new technology” search in TNT,
analysing 104 taxa and 320 characters. The tree is plotted stratigraphically using Phytools and Strap,
and the GER (Wills, 1999) is given on the top right. The four taxa with which this study is concerned

are given in bold.

Fig. 5. Results of the CRI between the taxon reduced trees of Maisch et al. (2004), Li et al. (2010),
Wang et al. (2009), Andres et al. (2014) and the tree presented here. CRI values are reported on the
upper right. Analyses with polytomies in their source trees are indicated by an asterisk. On the lower
left there are pie charts indicating tree similarity (corresponding to diagonally symmetrical values);

dark slices represent agreement; lighter slices represent disagreement.

Fig. 6. Robinson-Foulds (R-F) distances between the taxon reduced trees of Maisch et al. (2004), Lii
et al. (2010), Wang et al. (2009), Andres et al. (2014) and the tree presented here. On the upper right
the R-F distances from TNT are reported first, the colon is followed by the “proper” R-F distance
calculated in CompPhy. On the lower left there are pie charts indicating tree similarity
(corresponding to diagonally symmetrical values); dark slices represent agreement; lighter slices

represent disagreement.

Fig. 7. SPR distances (Goloboff 2008) between the taxon reduced trees of Maisch et al. (2004), Li et
al. (2010), Wang et al. (2009), Andres et al. (2014) and the tree presented here. SPR distances are
reported on the upper right. On the lower left are pie charts indicating the similarity (corresponding
to diagonally symmetrical values); dark slices represent agreement; lighter slices represent

disagreement.

Fig. 8. Tanglegrams of three cladograms that demonstrate a paraphyletic Germanodactylus, each
recovered in a distinct cladistic analysis. (a) The cladogram of Maisch et al. (2004) and the cladogram

presented here. It is possible that Maisch et al. (2004) coded a specimen of Aerodactylus previously
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referred to “P. kochi”. (b) The cladograms of Maisch et al. (2004) and LU et al. (2010). Note that the
LU et al. (2010) cladogram is the most parsimonious tree from the matrix, not the suboptimal tree
presented in the original publication. (c) The cladogram of Lii et al. (2010) in comparison to the
cladogram presented in this paper. The analyses share 53 common taxa (cii), but have many unique
branches. The trees are further pruned to only the taxa in common with Maisch et al. (2004) (ci), this

subtree demonstrates complete agreement.

Fig. 9. Geometric morphometric dendrogram produced from a GPA of the prepubes figured. Note
that a sister taxon relationship on the dendrogram means that those two species are closer to each
other in prepubis morphospace than any other taxon, not that they are phyletically linked.
Additionally, sister taxa in one phenetic group might be more or less morphometrically similar to
each other than sister taxa in another clade. Despite the loss of information by extracting
hierarchical clusters from a PCA this method is used to limit the subjectivity in interpreting the
relationships observed in the PCA (see Supplementary Material). The phenetic group highlighted in
dark grey consists of bi-lobed prepubes belonging to the basal-most taxa. The phenetic group

Ill

highlighted in mid-grey is made up of a continuum of “transitional” taxa between the basal
monofenestratans and Germanodactylus, typified by a robust diaphysis and broad distal expansion.
The phenetic group highlighted in light grey contains the ctenochasmatoids and Pterodactylus,

typified by a more gracile diaphysis and distal expansion.

Fig. 10. Cranial characters and prepubes of Franconia laminated limestone pterosaurs plotted onto a
pruned tree. The tree is plotted against the “fine scale” dating criteria of the Franconia laminated
limestones (Schweigert, 2007). The prepubes plotted on the branches demonstrate the apomorphic
and plesiomorphic conditions of the respective taxa (Fig. 9) according to the topology recovered
from the cladistics analysis. The red, light blue and dark blue colours filling the prepubes indicate the
phenetic groups that were found in the geometric morphometric analysis. The skulls of each taxon
have arrows pointing their ventral surfaces indicating the extent of the tooth row, and arrows
pointing to their dorsal surfaces indicating the extent of the premaxilla. The dashed lines represent
the uncertainty of the origin of the most recent common ancestor. The red line specifies the
plesiomorphic condition of the prepubis and tooth row. The yellow line specifies the gracile prepubis
morphology. The blue line specifies the gracile prepubis and a dentition restricted anteriorly. The

black line specifies a deep prepubis distal expansion and an edentulous jaw tip.
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