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Plasticity in the morphology of the fused frontals of Albanerpetontidae 

(Lissamphibia; Allocaudata)

Albanerpetontidae form an enigmatic extinct group of lissamphibians, ranging from the 

early Bathonian to the early Pleistocene. The Upper Jurassic outcrops of Portugal yield 

a large collection of material, suitable for addressing the intraspecific variation in and 

diagnostic potential of the characteristic fused frontals. We revise 58 specimens from 

the Guimarota beds in of the Kimmeridgian Alcobaça Formation and describe 64 new 

frontal bones from the Kimmeridgian – Tithonian Lourinhã Formation. Smaller 

specimens exhibit a vermicular dorsal ornamentation, while it is polygonal in larger 

specimens and other albanerpetontids. Compared to small specimens, larger specimens 

display: (1) larger ventrolateral crests extending posteriorly after the parietal margin; (2) 

an relatively shorter internasal process relatively shorter; (3) a frontal width across 

posterior edges relatively smaller; and (4) a ventromedian crest less pronounced. 

Morphometric analyses suggest a single species with different ontogenetic stages. 

Specimens are attributed to aff. Celtedens sp., based on a bell-shaped outline with a 

curved orbital margin (although variable in Portuguese specimens), and a flabellate, 

bulbous-shaped internasal process. They areThe species is more similar to C. 

megacephalus than C. ibericus, but its phylogenetic position remains comprises an 

unresolved trichotomy. Our results show that intraspecific variation and homoplasy 

render the fused frontal non-diagnostic below the generic level.

Key words – Celtedens, Guimarota beds, intraspecific variation, Lourinhã Formation, 

morphometry, phylogeny.

Introduction

The Albanerpetontidae Fox and Naylor, 1982  form an extinct group of highly derived 

small amphibians characterized by: (1) fused frontals with polygonal dorsal ornamentation; 

(2) a ‘mortise and tenon’ interdentary joint; (3) distinctive non-pedicellate teeth with chisel-

shaped, tricuspid crowns; and (4) two modified cervical vertebrae forming a tripartite facet 

similar to the atlas-axis complex in mammals (Gardner 2001; Gardner and Böhme 2008; 

Sweetman and Gardner 2013; Matsumoto and Evans 2018; Daza et al. 2020). Although they 

are considered as a distinct lineage (Fox and Naylor 1982; Gardner 2001),  their position 
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within crown Lissamphibia is still debated (Anderson 2008; Maddin et al. 2013; Matsumoto 

and Evans 2018; Marjanović and Laurin 2019; Daza et al. 2020). The albanerpetontid fossil 

record extends from the early Bathonian of France (Seiffert 1969), England (Evans and 

Milner 1994), and Morocco (Haddoumi et al. 2016), to the early Pleistocene of Italy (Villa et 

al. 2018). They were predominant in Laurasia (Gardner and Böhme 2008), although the 

material is scarce in Asia (Skutschas 2007; Matsumoto and Evans 2018; Daza et al. 2020), 

and specimens from Morocco are the only Gondwanian occurrences (Gardner et al. 2003; 

Haddoumi et al. 2016; Lasseron et al. 2020). The family Albanerpetontidae currently 

comprises six genera: the type genus Albanerpeton Estes and Hoffstetter, 1976 (Early 

Cretaceous — Pleistocene; Central Asia, Europe and North America); Anoualerpeton Gardner 

et al., 2003 (Bathonian — Berriasian; England and Morocco); Celtedens McGowan and 

Evans, 1995 (Kimmeridgian — Albian; Europe); Shirerpeton Matsumoto and Evans, 2018 

(Barremian; Japan); Wesserpeton Sweetman and Gardner, 2013 (Barremian; England); and 

Yaksha Daza  et al., 2020 (Cenomanian, Myanmar). However, the genus Albanerpeton as 

currently defined has been shown to be paraphyletic, although the authors did not review its 

taxonomy accordingly (Matsumoto and Evans 2018; Daza et al. 2020). Nevertheless, only 

Cenozoic species are now regarded as Albanerpeton sensu stricto (Daza et al. 2020).

The albanerpetontids are small animals and their fossil record is fragmentary and 

scarce, most are generally recovered as isolated bones by sieving sediments, with few 

exceptions. Articulated specimens with soft tissues preserved have been recovered from the 

Barremian  Lagerstätte of Las Hoyas, in Spain (McGowan and Evans 1995; McGowan 2002; 

Evans 2016), the Albian of Pietraroia bone bed in Italy (McGowan 2002), and from the early 

Cenomanian amber deposits of Myanmar, in which a complete articulated skull, a partial 

articulated post-cranial skeleton, and one juvenile specimen have been recovered recorded 

(Daza et al. 2020). A handful of three-dimensional skulls in association have also been 
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reported, from the Barremian of Japan (Matsumoto and Evans 2018) and the Pliocene of 

Hungary (Maddin et al. 2013).

Therefore, albanerpetontid taxonomy is mostly based on isolated but highly diagnostic 

bones (Gardner 2000a; Gardner 2001; Gardner et al. 2003; Gardner and Böhme 2008; 

Sweetman and Gardner 2013), among which fused frontals yield a relatively large set of 

diagnostic characters. The frontal bones have been thus considered to be key to both 

identifying and diagnosing taxa at the generic and specific level (McGowan 1998; Gardner 

2000a). Most of the characters currently considered to be diagnostic for Albanerpetontidae are 

confined to the skull, and the post-cranial skeleton is still poorly documented (Maddin et al. 

2013). Previous phylogenetic analyses used seven characters relating to the frontal bones, of 

which: (1) an approximately triangular dorsal or ventral outline of the fused frontal has been 

considered as a synapomorphy of the clade (Wesserpeton + Yaksha + Shirerpeton + 

Albanerpeton sensu latos.l.); (2) a moderate ratio of midline length of fused frontals vs. width 

across posterior edge of bone, between lateral edges of ventrolateral crests, in large specimens 

has been considered as a synapomorphy of the clade Albanerpeton s.s.; (3) a bulbous dorsal or 

ventral outline of internasal process on frontals has been considered as a synapomorphy of 

Celtedens; (4) a long internasal process on fused frontals has been considered as a 

synapomorphy of the ‘robust-snouted’ clade (Albanerpeton nexuosum Estes 1981 + 

Albanerpeton s.s.), but is also recovered as an autapomorphy in Anoualerpeton priscum 

Gardner et al. 2003; (5) narrow and triangular ventrolateral crests on large, fused frontals in 

transverse view, with ventral face flat to shallowly concave was independently acquired in An. 

priscum, Albanerpeton galaktion Fox and Naylor 1982, and A. nexuosum; (6) wide and 

triangular ventrolateral crests on large, fused frontals in transverse view, with ventral face 

deeply concave has been independently acquired in Albanerpeton inexpectatum Estes and 

Hoffstetter 1976, and Albanerpeton pannonicum Venczel and Gardner 2005; and (7) the 
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presence of  a flattened ventromedial keel extending along posterior two thirds of fused 

frontals has been independently acquired in A. pannonicum and Shirerpeton isajii Matsumoto 

and Evans 2018 (Gardner 2002; Gardner et al. 2003; Venczel and Gardner 2005; Sweetman 

and Gardner 2013; Matsumoto and Evans 2018; Daza et al. 2020).

The Portuguese albanerpetontid record in the Upper Jurassic is mainly known and 

represented by the Guimarota beds assemblage, from the Kimmeridgian Alcobaça Formation 

(Schudack 2000a). Thousands of specimens were recovered, making albanerpetontids as one 

of the commonest elements of the faunaassemblage. Among these, which more than 40 

frontals were counted and attributed to a single new species of the genus Celtedens 

(Wiechmann 2000; Wiechmann 2003). Furthermore, the Lourinhã Formation, dated of late 

Kimmeridgian-Tithonian in age (Mateus et al. 2017), also yields two localities: Porto 

Dinheiro (often misspelled Porto Pinheiro or Portinheiro), where hundreds of specimens were 

reported, including 16 frontals attributed to the same Alcobaça Fm Fm. Celtedens species 

(Wiechmann 2003); and Porto das Barcas, where scarce material was referred to an 

undetermined albanerpetontid taxon, the lack of frontals and premaxillae precluding 

determination of its conspecificity or otherwise with other Portuguese material (Wiechmann 

2003). 

The Guimarota beds and the Lourinhã Fm Fm. have important similarities concerning 

their faunal associations (Hahn and Hahn 2001; Martin 2001; Guillaume et al. 2020). 

Nevertheless, there is both a geographical (70 km) and, more important, temporal gap (up to 5 

million years) between both ecosystems. Furthermore, paleoenvironmental reconstructions of 

the Guimarota beds suggest a mangrove-like environment (Gloy 2000; Martin 2000), whereas 

the Lourinhã Fm Fm. has been interpreted as a fluvial environment with marked seasonality 

(Martinius and Gowland 2011; Taylor et al. 2014; Gowland et al. 2017; Mateus et al. 2017). 

Thus, the presence of two different species, either successive species of a single lineage, or 
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two contemporary species but niche-segregated, needs to be considered; especially when 

different but coeval species of albanerpetontids have been collected in different ages from the 

same localities in different ages (Gardner 2000b), or, in contrary contrast, one a single species 

occurred through a long period of time (Gardner et al. 2021). Being a priori diagnostic and 

one of the most abundant identifiable cranial elements found in Lourinhã and Guimarota 

collections, fused frontal bones are the potentially optimal specimens to test for the presence 

or absence of multiple taxa.

We here provide the description of new frontal material, although no specimen is 

complete. Intraspecific variation was examined to characterize the plasticity in the frontal 

bones, using linear morphometric analysis together with anatomical comparison. We are 

proposing an extended list of characters coded for all species and relevant specimens 

published.

Abbreviations

Institutional: FCT/UNL, Faculdade de Ciências e Tecnologia – Universidade Nova de Lisboa; 

IPFUB, Institute of Geological Sciences, Freie Universität Berlin; MG, Museu Geológico 

(Lisboa); ML, Museu da Lourinhã; PDL, Parque dos Dinossauros de Lourinhã.

Anatomical: Ap, anterolateral process; Ca, canal; Fo, foramen; Ip, internasal process; Lif, 

lateroventral internasal facet; Mpf, midlle part of the frontal; Naf, nasal facet; Om, orbital 

margin; Pf, parietal facet; Pff, prefrontal facet; Vc, ventrolateral crest; Vr, ventral roof; Vs, 

ventromedian suture.

Measurements: CPE, curvature at the posterior part of the edge (in degrees); FIW, frontal 

inner width between ventrolateral crests, across posterior edges of the frontal ventral roof; FL, 

total length of the frontal; FML, frontal length at the midline; FW, frontal width across 

posterior edges; INL, internasal length at the midline; INW, internasal width at the base; 

IVCW, interventrolateral crests width;  OML, Orbital orbital margin length; SW, slot width 
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between the posterior slots for the prefrontal; VCAW, ventrolateral crest anterior width, 

behind prefrontal facets; VCC, ventrolateral crest curvature (in degrees); VCPW, 

ventrolateral crest posterior width, before parietal facets.

Geological setting

The vertebrate microfossil assemblages (later referred as VMA) localities were sampled in at 

the outcrops at the top of cliffs in the municipality of Lourinhã, namely from South to North: 

Valmitão VMA, Zimbral VMA, and Porto das Barcas VMA (Figure 1) [Figure 1 near here]. 

They are locatedoccur within the Lourinhã Formation in the Lusitanian Basin, the largest 

sedimentary basin in Portugal (Wilson et al. 1989; Alves et al. 2003).  The Lourinhã Fm Fm. 

ranges from late Kimmeridgian to late Tithonian in age and lies between the Consolação unit 

and the Porto da Calada Formation (Taylor et al. 2014; Mateus et al. 2017). Its dominant 

continental deposits consist of sandy channel-fills and muddy floodplain deposits (Martinius 

and Gowland 2011; Taylor et al. 2014; Gowland et al. 2017), and it is comprised of three 

members: (1) the Kimmeridgian Porto Novo/Praia da Amoreira unit; (2) the late 

Kimmeridgian to early Tithonian Praia Azul member; and (3) the early Tithonian Santa Rita 

member (Taylor et al. 2014; Mateus et al. 2017).

The Valmitão VMA is located in the upper half of the Porto Novo/Praia da Amoreira 

unit and is distributed within a three meter thick mudstone layer with occasional intercalations 

of sandstones. Porto das Barcas, Porto Dinheiro, and Zimbral VMAs all belong to the Praia 

Azul member, the latter being younger and located on top of the Porto Dinheiro sequence 

previously sampled by the expedition of Institute of Geological Sciences, Freie Universität 

Berlin (IPFUB) in the 1970s. The outcrops are respectively distributed within a metric greyish 

mudstone layer, between the first and second sandy bioclastic limestones characterizing the 

member. Although IPFUB sampled a locality also named ‘Porto das Barcas’, which provided 
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some vertebrate microfossils (Hahn and Hahn 2001; Wiechmann 2003), no data nor 

coordinates could be found to help to locate it (T. Martin, pers. comm., 2021). Considering 

the extent of the Praia de Porto das Barcas (almost 2 km), and the extent of Jurassic exposures 

in the area, we cannot confirm we have sampled the same locality as the previous team. 

Therefore, we consider that the locality sampled by our team and referred as Porto das Barcas 

is not the same as the one sampled by IPFUB. Peralta VMA is located in the Praia Azul 

member, between the second and the third sandy bioclastic limestones, and so is younger than 

Zimbral and Porto das Barcas.

The exact age of the Guimarota beds had long been a matter of debate (Schudack 

2000a), although they have been consistently been considered as part of the Alcobaça 

Formation, which has been dated to the middle Kimmeridgian (Ribeiro et al. 1979; Mateus et 

al. 2017). Based on ammonites, charophytes, ostracods, pollens, and lithostratigraphic 

correlation, the age of the Guimarota beds is now restricted to the Kimmeridgian (Ribeiro et 

al. 1979; Leinfelder and Wilson 1989; Schudack et al. 1998; Schudack 2000a). Through the 

mining, around 20m of the beds have been exposed (Helmdach 1971; Schudack 2000b). The 

outcrop consists of two coal seams of similar structure, with intercalation of lignitic marls 

occasionally rich in bivalve shells, separated by a single layer of limestone, around 5 m thick 

(Schudack 2000b).

Due to the mining conditions in Guimarota, the stratigraphic position of the specimens 

is uncertain, limiting the precise identification of the sedimentary environment where fossils 

were found. (Gloy 2000; Krebs 2000). Based on its similarity to other brown coal deposits 

and its geological setting, Guimarota has been regarded as a terrestrial to lagoonal 

environment similar to modern mangroves, with occasional freshwater influx and salt water 

flooding (Gloy 2000; Martin 2000).
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Material and Methods

This study is based on a 700 kg sample of matrix collected in from Valmitão, Zimbral, and 

Porto das Barcas (Lourinhã municipality, Portugal) during field campaigns between 2016 and 

2019. One of us (CN) independently collected matrix on a regular basis over a period of 

several years, using bags of 5kg each time to an estimated total of between 100 and 150kg, in 

from two other localities: Porto Dinheiro and Peralta. The matrix was dried, then 

disaggregated in water with hydrogen peroxide (H2O2, final solution at 0.5%). The samples 

were screen-washed through a sieving table comprised of three levels of mesh (2 mm, 1 mm 

and 0.5 mm). The residues were, then picked under stereomicroscopes. No significant 

differences in the degree of fracturing and preservation were observed between both 

samplings.

In total, around 20,000 microfossils from the three VMA were recovered. Most of 

them consist of invertebrate remains, such as ostracods, gastropods, bivalve shells fragments, 

and charophyte thali. However, the vertebrate microfossils include ray-finned fish scales and 

teeth, chondrichthyan teeth, fragmentary material from lepidosaurs, amphibians and 

unidentified archosauriforms, crocodylomorph teeth and osteoderms, dinosaur and pterosaur 

teeth, tetrapod vertebral arches and long bone fragments, and eggshell fragments. 285 fossils 

are attributed to Albanerpetontidae, although cataloguing is still an ongoing process. The 

present study focuses on 34 frontals, none of which is complete, recovered from the 1 mm and 

0.5 mm residue fractions (see Figure 2 for a composite reconstruction of the frontals based on 

ML2738) [Figure 2 near here]. The specimens are housed in the Museu da Lourinhã 

(ML2738 to ML2749 and ML2751 to ML2772). Twenty-eight additional frontals (among 419 

albanerpetontid fossil remains) from the private collection of one of us (CN) are now 

accessioned at the NOVA School of Science and Technology (FCT/UNL-CN00016 to 
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FCT/UNL-CN00029, FCT/UNL-CN00100 to FCT/UNL-CN00108, and FCT/UNL-CN00398 

to FCT/UNL-CN00402). 

Fifty-eight additional specimens from the Alcobaça Fm Fm. have been included. They 

all come from the excavations of the Guimarota beds by IPFUB. They were previously 

studied and presented (Wiechmann 2000), and resulted in an unpublished PhD thesis where 

they were informally assigned to a new species, ‘Celtedens guimarotae’ (Wiechmann 2003). 

However, these specimens are here formally published for the first time. The specimen 

numbers attributed by IPFUB during the excavations were changed when the specimens were 

returned to the Museu Geológico of Lisbon, where they are now housed, following the 

agreements signed at the time of the excavations. Therefore, they are here published with their 

final accession numbers. Some of these specimens were already coated in gold (MG28502, 

MG28532, and MG28694) and MG28520 had fragments glued with Bostik Blu Tack™ by the 

previous authors. In some cases, the specimen numbers from MG may refer to several 

fragments, hence a total number of 58 frontals. Two specimens —MG28426, MG28427— 

were assembled from multiple fragments of the same individual for the imaginge and 

measurements.

Specimens from the Lourinhã Fm Fm. were photographed using a Canon Model RP 

reflex camera with a Canon 75-300mm objective. The objective was coupled with a Nikon 

Microscope objective APOx10, mounted with an adapter ring. The specimens were laid on a 

vertical mounting setup with a MJKZZ stacking rail. The set up was remotely controlled with 

Stackrail 1.7, which allows automated capture for stacking (at least 70 steps for each 

specimen, 40µm/slice). The RAW image files were converted in to TIFF and homogenised 

using Digital Photo Professional 4. The stacking process was performed with Zerene Stacker 

1.4. The resulting images were then fine-tuned, cleaned, and processed for final rendering. 

The specimens from the Alcobaça Fm Fm. were photographed using a DinoLite 
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AM7013MZT, using Dino software. The best-preserved specimens were measured with 

ImageJ (Rasband 2003) (see Table 1 and Figure 3). [Figure 3 near here] Methods for 

morphometric and cladistic analysis are described in their corresponding sections.

Morphometric analysis

Measurements from 17 specimens (5 from the Lourinhã Fm, 12 from the Alcobaça Fm) 

presented in Table 1[Table 1 near here] were used to perform linear morphometrics, with 

association of principal component analysis (PCA) and linear discriminant analysis (LDA). A 

first PCA was performed with all variables. However, this model appeared slightly 

underfitted, based on the broken stick model (Jackson 1993), as the second axis explains less 

variation than expected. This may represent a sampling bias: not only may there be too few 

specimens (17) relative to the number of variables (13) but may also be due to the fact that 

several specimens are highly fragmented. Indeed, only six specimens could provide 

measurements for at least 70% of the variables; and only seven variables could be measured 

in at least 70% of the specimens. Therefore, a second PCA was performed using only the 

seven variables in which at least 70% of the specimens could be measured: INL, INW, SW, 

IVCW, VCAW, VCPW, and VCC (see Figure 3 for the measurements abbreviations and 

definitions). This model appears more robust, as the second axis eigenvalue is above the 

broken stick model, and is the one described and discussed below.

Both the LDA and PCA were run using Past 4.03 (Hammer et al. 2001). All specimens 

were used and grouped according to their provenance (Lourinhã or Guimarota beds). As the 

measures used different units and can had have different scales, the analyses were performed 

using a correlation matrix. Missing values were treated with the iterative imputation option, as 

recommended by the authors (Hammer et al. 2001). The PC (principal components) scores 

from the second PCA were used to perform the LDA, to determine if the specimens could be 
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distinguished in different groups. In order to determine the best optimal partitioning, K-means 

partition comparison was performed using R4.0.3, with the vegan 2.5-7 package (Oksanen et 

al. 2020). Firstly, K-means partitions comparison was performed to find the most optimal 

grouping of our specimens. Based on the Simple Structure Index (SSI), 3 groups appear to be 

the most optimal partitioning (SSI = 0.59), which was applied for the LDA. The highest SSI 

value is regarded as a good indicator of the best partition, as it multiplicatively combines 

several elements which influence the interpretability of a partitioning solution (Borcard et al. 

2018; Oksanen et al. 2020). The comparison was set with number of groups of the cascade 

between 2 and 5, considering the sample size. However, as recommended by the author of the 

package, higher numbers of groups have beenwere explored, up to 10. The confusion matrix 

of the LDA was corrected using Jackknifed resampling (leave-one-out cross-validation 

procedure; Hammer et al. 2001). Multivariate aAnNalysis oOf vVaAriance (MANOVA) was 

performed on the PCA scores using Pillai trace test to determine if there was a significant 

difference between the groups, coupled with a Pairwise post-hoc test using Bonferroni-

corrected p values to determine which groups were significantly different to the others 

(Hammer et al. 2001).

The relationships between (1) the frontal inner width between ventrolateral crests, 

across posterior edges of the frontal ventral roof (FIW) and ventrolateral crest anterior width, 

behind prefrontal facets (VCAW); (2) the frontal length at the midline (FML) and the 

internasal length at the midline (INL); and (3) the slot width, between the posterior slots for 

the prefrontal (SW), and the frontal width across posterior edges (FW) were analysed with 

linear regressions for sign of allometry, with respectively 11, 7, and 11 specimens due to the 

overall preservation in the sample. Measurements were log-transformed using the log function 

from PAST 4.03 before using them to run the linear model with R4.0.3, using the 

implemented R stats package and the package ggplot2 for visualization and validating the 
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model (Wickham et al. 2021). See Supplementary files 1 and 2 for R script and additional 

morphometric data used.

Phylogenetic analysis

Phylogenetic analyses were performed using TNT 1.5 (Goloboff and Catalano 2016). Both 

NEXUS files for the matrix were created with Mesquite 3.61 (Maddison and Maddison 2019) 

and exported as a .tnt file that was modified in a text editor to add the needed necessary 

settings and commands  (see Supplementary files 3 and 4 for the TNT files).

The dataset used is based on the latest iteration of the Gardner (2002) dataset, 

published by Daza et al. (2020). Two additional characters were added based on new 

observations concerning the frontal bones of the different species (see Supplementary files 5 

for the character list). The most recent iteration from Carrano et al. (2022) was not used as it 

was published late during the review process. The still uncertain position of 

Albanerpetontidae withing Lissamphibia results inreflects the lack of proper a satisfactory 

outgroup. Previous studies have relied in a hypothetical –all 0– outgroup, assuming 0 was the 

ancestral condition for each character without further phylogenetic evidence. We followed 

Matsumoto & Evans (2018) and Daza et al. (2020) in choosing Anoualerpeton priscum as our 

outgroup, because the genus Anoualerpeton has been consistently recovered as the basal-most 

Albanerpetontidae (Gardner et al. 2003; Venczel and Gardner 2005; Sweetman and Gardner 

2013; Matsumoto and Evans 2018; Daza et al. 2020).

All Most of the previous iterations of the dataset employed Celtedens only at a generic 

level, based mainly on the description of Celtedens ibericus McGowan & Evans 1995, 

because specimen LH 6020 from Las Hoyas is one of the few complete, articulated 

albanerpetontids fossils known. In the present analysis, as in the one of Carrano et al. (2022), 
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Celtedens was incorporated as the two described species, C. ibericus McGowan and Evans 

1995 and C. megacephalus (Costa 1864). 

The Portuguese specimens were coded as two terminal taxa, according to their 

geographic provenance (Guimarota or Lourinhã). All elements in both collections were scored 

for the purpose of the analyses, although this study focuses only on the frontals. Scoring for 

Lourinhã Fm Fm. elements is based on the microfossils from our picking. Scoring for 

Alcobaça Fm Fm. elements is based on previous work by Wiechmann (2003) and 

observations during the revision of the material. Scoring for other Celtedens taxa is based on 

the coding  provided in the unpublished PhD thesis of Wiechmann (2003), complemented by 

descriptions and images available in the literature (McGowan 2002; Maddin et al. 2013). Two 

analyses were performed: one considering specimens from the Alcobaça Fm Fm. and the 

Lourinhã Fm Fm. as two different species; and the second considering only one species, with 

polymorphic characters when required. In tThe final dataset, 22 terminal taxa were selected 

for the first analysis, and 21 for the second coded for 38 unordered characters. For the same 

reason that the data set was not used, the new species described by Carrano et al. (2022) was 

not included. We used the species name following the emendation proposed by Marjanović 

and Laurin (2008). TNT requires the definition of a single outgroup, which would result in an 

artificial placement of Anoualerpeton unicum Gardner et al. 2003 as more related to all other 

Albanerpetontidae than to Anoualerpeton priscum contra all previous analysis. To work 

around this problem, a taxonomic outgroup was defined for the genus Anoualerpeton, and all 

MPTs recovered in the different analysis were re-rooted to the taxonomic outgroup after the 

searchers.

Two analyses were run in TNT, a first analysis using all equally weighted characters, 

and a second analysis using implied weights, to reduce the effect of homoplasy. Different K 

values were tested–with lower values causing more drastic downweighing of the homoplasy 

Page 14 of 86

URL: http://mc.manuscriptcentral.com/ghbi

Historical Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

- 15 -

than higher values (Goloboff et al. 2008)–, but the results where the same for every K larger 

than 5. All results shown are using K=12. The analyses were performed with a traditional 

search using 1000 replications of Wagner trees followed by tree bisection reconnection (TBR) 

saving 10 trees saved by replication); and an additional round of TBR was performed on the 

resulting most parsimonious trees (MPT) to further explore the tree space.

A strict consensus tree was generated from all the MPTs recovered by each analysis. 

Branch support was calculated using bootstrap standard resampling with 1000 replicates. 

Consistency and retention indexes were calculated for each MPT and each individual 

character using the script allstats.run by Peterson Lopes (Universidade do Sau Paulo, Brasil).

Systematic paleontology

AMPHIBIA Amphibia Linnaeus 1758

Lissamphibia Haeckel, 1866

ALLOCAUDATA Fox and Naylor, 1982

Albanerpetontidae Fox and Naylor, 1982

Genus Celtedens McGowan and Evans, 1995

aff. Celtedens sp. (Figure 4 & 5)

[Figure 4 near here] [Figure 5 near here]

Referred material

62 frontals from the Lourinhã Formation: ML2738 to ML2749; ML2751 to ML2772; 

FCT/UNL-CN00016 to FCT/UNL-CN00029; FCT/UNL-CN00100 to FCT/UNL-CN00108; 

and FCT/UNL-CN00398 to FCT/UNL-CN00402.

Fifty-eight frontals from the Alcobaça Formation: MG28426; MG28427; MG28444; 

MG28451 (two fragments); MG28459; MG28473; MG28488 (three fragments); MG28491; 
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MG28500; MG28502; MG28516; MG28520; MG28521; MG28524; MG28527 (two 

fragments); MG28531; MG28532; MG28533; MG28536 (three fragments); MG28539; 

MG28541; MG28542; MG28543; MG28559; MG28562; MG28564 (four fragments); 

MG28569; MG28570; MG28571; MG28572; MG28639; MG28648; MG28667; MG25672; 

MG28673; MG28691; MG28692; MG28694; MG28707; MG28710; MG28713 (three 

fragments); MG28714; MG28717; MG28721; MG28732; MG28733.

Localities and age of the specimens.

All 122 specimens studied come from the Upper Jurassic outcrops of the Lusitanian basin, in 

Portugal, distributed between 5 different localities: 24 specimens from late Kimmeridgian 

Valmitão VMA (Lourinhã Municipality, Portugal) in the Porto Novo/Praia da Amoreira 

Member of the Lourinhã Formation. 1 specimen from late Kimmeridgian Porto das Barcas 

VMA (Lourinhã Municipality, Portugal), in the Praia Azul member of the Lourinhã 

Formation. 6 specimens from late Kimmeridgian Porto Dinheiro VMA (Lourinhã 

Municipality, Portugal), in the Praia Azul member of the Lourinhã Formation. 25 specimens 

from late Kimmeridgian Zimbral VMA (Lourinhã Municipality, Portugal) in the Praia Azul 

Member of the Lourinhã Formation. 6 specimens from early Tithonian Peralta VMA 

(Lourinhã Municipality, Portugal) in the Praia Azul Member of the Lourinhã Formation. 58 

specimens from the Guimarota beds (Leiria Municipality, Portugal) in the Kimmeridgian 

Alcobaça Formation.

Description

None of the Lourinhã Fm Fm. specimens is complete, most of them preserve only a 

fragmented ventrolateral crest or the anterior part of the middle part of the frontal (see Figure 

2 for a composite reconstruction based on specimen ML2738, and for anatomical 

terminologies). Specimens from the Alcobaça Fm Fm. display various states of preservations 
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(see Figure 5), from ventrolateral crest fragments to almost complete specimens. 

Measurements and the abbreviations applying them throughout the descriptions that follow 

can be found in Figure 3 and Table 1. See supplementary file 6 for more details on the 

preservation of specimens.

The frontals exhibit bell-shaped ventral and dorsal outlines: after the anterolateral 

process, the edge expands posteriorly, parallel to the midline. However posteriorly, it is 

arched laterally. The FL/FW proportion (see Figure 3) is 1.27 in ML2738, the only specimen 

in which it could be measured in Lourinhã Fm, but varies from 1.21 to 1.76 in Alcobaça Fm 

Fm. specimens (see Figure 3 and Table 1). The orbital margin curvature at the posterior part 

of the edge (see Figure 3) is more marked in some specimens (ML2738, MG28692, 

MG28426) than others (ML2739, MG28473, MG28733), varying from 11.8° to 23° in the 

Lourinhã Fm Fm. specimens, and from 11.7° to 21.9° in the Alcobaça Fm Fm. specimens (see 

Table 1). The Lourinhã Fm Fm. specimens display different degrees of dorsal surfaces 

ornamentation. Some, e.g. ML2738, exhibit a sculpture tiny grooves sculpture expressed as 

wiggly lines randomly arranged (now referred to as vermicular ornamentation, Figure 4A). In 

other specimens, e.g. ML2739, ML2740, or ML2742 (not figured), the ornamentation may 

still present a vermicular pattern, but may also start to display polygonal pits typical of many 

albanerpetontids (Figure 4B and C). A third stage of ornamentation, as illustrated by ML2741, 

FCT/UNL-CN00016, and FCT/UNL-CN00018, is characterized by deep, polygonal pits with 

irregular honeycomb ornamentation (Figure 4D). None of the Alcobaça Fm Fm. specimens 

seem to display vermicular dorsal ornamentation. When preserved and not eroded, their dorsal 

surfaces exhibit one of the two others degrees of ornamentation, with polygonal concave pits 

of various shapes (irregular polygonal to honeycomb).

The internasal process is spatulate to flabellate, with a bulbous broad shape more or 

less pronounced from one specimen to another, in ventral and dorsal views (Figure 4A, D, E, 
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and F; and Figure 5B, D, F, G, and O), with a INW/INL proportion of 0.84 to 1.38 in 

Lourinhã specimens, and of 0.94 to 1.87 in the Alcobaça Fm Fm. specimens (see Figure 3 and 

Table 1). Each edge bears a deep, longitudinal anterior slot for the nasal facet (Figure 4A and 

D).

When preserved, the anterolateral processes are distinct from the middle part of the 

frontal and can be seen in dorsal view (Figure 4A, C, and E; and Figure 5C, D, F, M, and O). 

The process displays an acuminate apex and extends anterolaterally, and yields a deep, lateral 

slot-facet expanding posteriorly towards the orbital margin comprising the prefrontal facet 

(Figure 2 and Figure 4D). When preserved, the process is short in most specimens, although 

its expansion varies from one specimen to another, and it can be distinct from the middle part 

of the frontal, e.g. ML2740  (Figure 4C), MG28444, MG28491, and MG28639 (not figured)..

The ventral surface of the nasal facet does not broaden laterally, and the facet cannot 

be seen in dorsal view, except in ML2741, although this could represent an artifact of 

preservation. The ventral surface of the internasal process and the middle part of the frontal is 

flat to weakly concave in the longitudinal axis. Medially to the anterior-most part of the 

anterolateral processes,  the ventral surface of the internasal process bears a faint, triangular 

facet (Figure 4A and C), which would articulates with the nasal and/or the lachrymal. 

Ventrally, the anterolateral process expands posteriorly and medially into a thin ridge 

following the edge where it meets the ventrolateral crest. A foramen, connected to the canals 

of the ventrolateral crests, is present at the anterior-most part of the ventrolateral crests, where 

the anterolateral process ridges and the lateroventral internasal facets end (Figure 4A, B, and 

E; and Figure 5F, K, and P). The slot width between the posterior slots for the prefrontal is 

smaller than the frontal width across the posterior edges (see Figure 3), with a SW/FW 

proportion between 0.39 and 0.5 in the Lourinhã Fm Fm. specimens, and between 0.39 and 

0.66 in the Alcobaça Fm Fm. specimens (see Table 1).
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The ventrolateral crests are broadest anteriorly, with a VCAW/VCPW proportion from 

1.31 to 1.78 in Lourinhã specimens, and from 1.06 to 2.04 in the Alcobaça Fm Fm. specimens 

(see Table 1). However, they do not meet medially in any specimen in which both sides are 

preserved (Figure 4A, B, D, E, and F; and Figure 5A, B, F, G, H, I, K, L, M, P). The 

ventrolateral crests are convex ventrally and are ridge-like in transverse profile. The more 

lateral part along the orbital margin is bevelled and faces ventrolaterally. The ventrolateral 

crests exhibit a shallow groove, forming a canal that extends anteroposteriorly from the 

prefrontal facet to the parietal facet (Figure 4A, B, and D), or faint fades into a rugose surface 

at the middle of the crest in ML2738 and ML2741. In the Alcobaça Fm Fm. specimens, this 

groove can be eroded or not visible, but extends as far as the parietal facet in MG28473 

(Figure 5C). When the frontal ventral roof is preserved, a weak ventromedian suture extends 

anteriorly towards the middle part of the frontals (Figure 4A, B, D, and F).

Remarks

Frontal bones from the Lourinhã Fm Fm. and the Alcobaça Fm Fm. are generally similar. 

They shared: (1) the same general bell-shaped outline; (2) a flabellate, bulbous-shaped 

internasal process; (3) small acute anterolateral processes; (4) ventrolateral crests convex 

ventrally and ridge−like in transverse profile, with the orbital margin bevelled and facing 

ventrolaterally; and (5) a weak ventromedian suture extending anteriorly towards the middle 

part of the frontals. Differences can be noted between the Portuguese specimens, especially in 

the curvature of the orbital margin, the extension of the ventrolateral crest canal, and the 

dorsal ornamentation. However, these differences occur not only between the Lourinhã Fm 

Fm. and the Alcobaça Fm Fm. specimens, but also among specimens from both. These 

differences may result from ontogenetic or environmental factors leading to ecophenotypic 

and intraspecific variations (McGowan 1998; Wiechmann 2003). See Intraspecific 
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intraspecific and ontogenetic variation in the discussion that follows for more details on this 

aspect. Thus, based on their frontal bones, all Portuguese albanerpetontid specimens are 

conservatively attributed to aff. Celtedens sp. However, more research on other skeletal 

elements is required to determine with certainty if specimens from the Lourinhã Fm Fm. and 

the Alcobaça Fm Fm. are congeneric and conspecific.

Aff. Celtedens sp. differs from Albanerpeton sensu lato (Albanerpeton s.l.), 

Shirerpeton, Wesserpeton, the Uña specimen, and Yaksha by having a bell-shaped outline, a 

bulbous flabellate internasal process flabellate with a bulbous and broad shape (Sweetman 

and Gardner 2013; Matsumoto and Evans 2018; Daza et al. 2020). It differs from Shirerpeton, 

Yaksha, and the specimen from Uña by lacking an anterior contact between the ventrolateral 

crests, from Albanerpeton s.l. and Shirerpeton by having short anterolateral processes rather 

than long (Matsumoto and Evans 2018), from Albanerpeton s.l. and Yaksha by being rather 

more elongated than wide (Daza et al. 2020). It resembles from Wesserpeton by in displaying 

short anterolateral processes (Sweetman and Gardner 2013). The bell-shaped outline, the flat 

ventral surface of the internasal process and short acute anterolateral process constitute 

features found in Anoualerpeton. However, aff. Celtedens sp. contrasts with this genus by 

having a flabellate internasal process with bulbous and broad shape and, in some specimens, 

in not having a polygonal pits ornamentation on the dorsal surface (Gardner et al. 2003).

Aff. Celtedens sp. shares the morphology of the frontal recognized in Celtedens, 

especially the general outline (bell-shaped to hourglass in Celtedens) and the flabellate, 

bulbous-shaped internasal process. The orbital margin appears laterally curved in aff. 

Celtedens sp. of Portugal, as it is observed in C. megacephalus (Estes 1981; McGowan 1998; 

McGowan 2002). Although the orbital margin curvature is posteriorly less pronounced in 

some specimens (ML2739, MG28473, MG28733) or appears less pronounced as an artifact of 

the preservation (ML2741, FCT/UNL-CN00016, FCT/UNL-CN00018, MG28521, MG28543, 
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MG28594), it does not exhibit the hourglass shape observed in C. ibericus (McGowan and 

Evans 1995; McGowan 2002) either. Also, based on what could be observed in published 

figures of C. megacephalus and C. ibericus, aff Celtedens sp. shares with C. megacephalus a 

narrower anterior inter-lacrimal width to posterior parietal margin width (Figure 3) than C. 

ibericus, with a proportion ranging between 0.39 and 0.66 in both localities (Table 1). 

Unfortunately, the anterior part of C. megacephalus frontal from Pietraroia remains unknown 

(McGowan 2002), and therefore cannot be compared with Spanish specimens from Uña 

attributed to that species (Wiechmann 2003) or with Portuguese specimens, although ML2738 

might be similar. Moreover, Pietraroia is dated from the early Aptian of Benevento Province 

in Italy, and the Spanish Uña referred but unconfirmed specimen is from the late Barremian. 

Thus, based on the anatomy of their frontal bones and their geographical and time separation, 

it can be concluded than even though they share affinities, Portuguese specimens of aff. 

Celtedens sp. are not conspecific with either C. megacephalus or C. ibericus.

Results

Morphometric analysis

Linear morphometric analysis

The three first axes of the PCA account for 95.6% of the variation. For the PC1-PC2 graph in 

scaling 1 (Figure 6; A), the larger specimens are grouped together in positive values in PC1 

and PC2, except MG28520 that has a negative value in PC2; while the others are grouped 

together in the negative values in PC1 and spread in positive and negative values in PC2. 

However, ML2739 presents a higher value in PC2 than the others. For the PC3-PC2 graph in 

scaling 1, most of the specimens are grouped together toward the centre of the graph, with a 

negative value for PC3, to a lesser extent for ML2739 and the duo MG28539-MG28532. 

However, MG28521 presents high positive values in PC3 and is associated with higher values 
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of IVCW and VCC. All PCA scores are presented in Supplementary file 2.  [Figure 6 near 

here]

For the PC1-PC2 graph in scaling 2 (Figure 6; B), all variables are positively 

correlated to PC1. Meanwhile, VCPW, VCAW, SW, and IVCW are positively correlated to 

PC2; and INW, INL, and VCC are negatively correlated to PC2. For the PC3-PC2 graph in 

scaling 2, SW, VCAW, and VCPW are negatively correlated to PC3. INL is almost not 

correlated to PC3. INW is weakly positively correlated to PC3, while IVCW and VCC are 

both highly positively correlated to PC3. All PCA loadings (coefficient and correlation) are 

presented in Supplementary file 2. Additional description of the results from the PCA are 

presented in Supplementary file 6. 

All the variation is explained by the two main axis of the LDA (see Figure 7) [Figure 

7 near here]. Group 1 is composed of only 5 specimens from the Alcobaça Fm; group 2 is 

composed of only 4 specimens, including one from the Lourinhã Fm; group 3 is composed of 

8 specimens, including 4 from the Lourinhã Fm. The confusion matrix corrected by 

Jackknifed resampling correctly classified 88.24% of the specimens. The MANOVA 

performed on the scores from the PCA confirms there is a significant difference between the 

groups (Pillai trace test; F=5.025; df1=14 and df2=18; p-value = 0,0009048), and the post-hoc 

test that group 1 and group 3 are significantly different (p-value = 0,021737), but group 2 is 

not significantly different with either group 1 or group 3.

Linear regression

The first linear regression is set to compare the relationship between ventrolateral crest 

anterior width, behind the prefrontal facets, and the frontal inner width between the 

ventrolateral crests (Figure 8; A). Considering those parts of the bone are among the most 

commonly preserved, 11 specimens could be used. The slope equation (1) is higher than 1. 
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The adjusted R² is 0.3617, the p-value lower than 0.05 supports the conclusion that the results 

are significant, and the residuals behave normally and respect the homoscedasticity 

(homogeneity of the variance between all values of the residuals; see Supplementary file 1).

(1)𝐿𝑜𝑔𝑉𝐶𝐴𝑊 = 1.10968 × 𝐿𝑜𝑔𝐹𝐼𝑊 ―0.36888

[Figure 8 near here] The second linear regression is set to compare the relationship 

between the internasal process length and the frontal medial length (Figure 8; B). Only 7 

specimens could be used. The slope equation (2) is lower than 1. The adjusted R² is 0.4665, 

but the p-value is 0.05453, and therefore the results are non-significant. The normality and the 

homoscedasticity of the residuals could not be certified, but they seem to respect those 

hypotheses (see Supplementary file 1).

 (2)𝐿𝑜𝑔𝐼𝑁𝐿 = 0.7910 × 𝐿𝑜𝑔𝐹𝑀𝐿 ―0.5920

The third linear regression is set to compare the relationship between the slot width, 

between the posterior slots for the prefrontals, and the frontal width across posterior edges 

(Figure 8; C). For this one, 11 specimens could be used. The slope equation (3) is lower than 

1. The adjusted R² is 0.7778, and the p-value lower than 0.05 supports the conclusion that the 

results are significant. The residuals behave normally and respect the homoscedasticity (see 

Supplementary file 1).

 (3)𝐿𝑜𝑔𝑆𝑊 = 0.82805 × 𝐿𝑜𝑔𝐹𝑊 ―0.22509

Phylogenetic analysis

In the first analysis considering two different Portuguese species, 10 MPTs were 

recovered during the analysis, with a fit of 2.07857 and 73 steps (see Figure 9) [Figure 9 near 

here]. The consistency index (CI) is 0.603 and the retention index (RI) is 0.724. The inclusion 
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of Celtedens specimens collapsed the genus and produced a basal polytomy with the a clade 

comprised of all other albanerpetontids. This latter clade includes a basal trichotomy, between 

Wesserpeton evansae Sweetman and Gardner 2013, the Uña specimen – which has been 

described as Wesserpeton sp. (Sweetman and Gardner 2013) – and another monophyletic 

clade comprised of all other albanerpetontids, previously described as Albanerpeton sensu 

lato (Albanerpeton s.l. ; (Daza et al. 2020). As already pointed out in most recent studies, the 

genus Albanerpeton is recovered as a paraphyletic taxon (Matsumoto and Evans 2018; Daza 

et al. 2020), with the two most recently described albanerpetontid species, Yaksha perettii 

Daza et al. 2020 and Shirerpeton isajii, nesting within Albanerpeton s.l., and forming a clade  

sister to the informally named ‘robust-snouted clade’ (Gardner and Böhme 2008). A 

trichotomy is also recovered between Albanerpeton galaktion, Albanerpeton gracile Gardner 

2000b, and the clade compriseding of more nested Albanerpetontidae. In this topology, the 

Cenozoic specimens species still form the most derived clade, referred to as Albanerpeton 

sensu stricto (Albanerpeton s. s.). Note the general low supports of theise clades, with few 

values over 50, and only the clade Albanerpeton s.s. and clades within show a bootstrap value 

over 65.

However, the results from the linear morphometric analyses were inconclusive 

concerning the question of whether specimens from the Alcobaça Fm Fm. and the Lourinhã 

Fm Fm. form two distinct species, or if they are conspecific. Therefore, a second analysis was 

performed, using only one species with two polymorphic characters (char. 6 and char. 26) to 

represent all its variability. Only one MPT was recovered in this analysis (Figure 10), with a 

fit 1.99066, and 72 steps (one step shorter than the first tree). The CI is 0.611 and the RI is 

0.714, which are also similar to the first analysis [Figure 10 near here].

The global topology is similar To the previous analysis, with similarly low branch 

support, but this analysis resolves the basal polytomy, recovering  Celtedens as a 
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monophyletic genus sister to all other non-Anoualerpeton Albanerpetontidae. W. evansae is 

here recovered basal to the Uña specimen.  Within Albanerpeton s.l., the only difference with 

the previous analysis is the resolution of the trichotomy within this clade, with Albanerpeton 

arthridion Fox and Naylor 1982, A. galaktion and A. gracile being recovered as successive 

sister clades of all other Albanerpeton s.l. Because In view of the taxonomic uncertainty 

regarding the Portuguese specimens, this analysis will be used for discussion.

Based on the character set used herein, ,Albanerpeton s.l. is characterized by two 

unambiguous synapomorphies: ‘moderate’ ratio of midline length of fused frontals versus 

width across posterior edge of bone (char. 22: 1); and anterior end of orbital margin in line 

with or behind the anteroposterior midpoint of frontals (char. 28: 1). The ‘robust-snouted 

clade’ is characterized by six unambiguous synapomorphies: inter-premaxillary contact fused 

medially (char. 3: 1), premaxillary pars dorsalis minimally overlaps and strongly sutured with 

anterior end of nasal (char. 4: 1), outline of suprapalatal pit oval (char. 11: 0), short 

premaxillary lateral process on maxilla relative to height of process at base (char. 15: 1), 

medial emargination of the prefrontal facet, making a notch visible dorsally and ventrally (the 

lacrimal sits lateral to the frontal) (char. 37: 2), and edge of ventrolateral crests medial to the 

orbital margin creating a ventral step, or parapet (char. 38: 1). Albanerpeton s.s. is 

characterized by four unambiguous synapomorphies: anterior end of maxillary tooth row 

approximately in line with the point of maximum indentation along leading edge of nasal 

process (char. 20: 1); ‘short’ (equal to or less than about 1.0) ratio of midline length of fused 

frontals versus width across posterior edge of bone, between lateral edges of ventrolateral 

crests, in large specimens (char. 22: 2); wide and triangular ventrolateral crest on large, fused 

frontals in transverse view, with ventral face deeply concave (char. 24: 2); and suprapalatal pit 

divided in about one−third or more of specimens (char. 30: 1).
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Celtedens is recovered as a monophyletic group characterized by a single 

unambiguous synapomorphy: bulbous dorsal or ventral outline of internasal process on 

frontals (char. 29: 1). C. megacephalus is coded for 9 characters, and all are shared with both 

C. ibericus and aff. Celtedens sp. The only differences relate to an ambiguity in C. 

megacephalus (coded ‘?’). On Of these 9 characters , only one  does not relate to the frontal 

bones (labial or lingual of occlusal margin of maxilla and dentary essentially straight, char. 

18: 0). Likewise, aff. Celtedens sp. and C. ibericus share 23 characters in total, but none of 

them are exclusive as they are either ambiguous or also shared in C. megacephalus. Aff. 

Celtedens sp. from Portugal differs from C. ibericus in two characters: low ratio (less than 

about 1.55) of height of premaxillary pars dorsalis versus width across suprapalatal pit (char. 

2: 1), and presence of flattened ventromedian keel extending along posterior two thirds of 

fused frontals (char. 30: 1). However, both are also ambiguous in C. megacephalus. Eight 

more characters were recovered in aff. Celtedens sp. but are ambiguous in both C. ibericus 

and C. megacephalus. Likewise, three characters were recovered in C. ibericus but are 

ambiguous in both C. megacephalus and aff. Celtedens sp. from Portugal. Finally, two 

characters were ambiguous in all Celtedens species (char. 7: distribution of labial ornament on 

large premaxillae; char. 27: path followed by canal through pars palatinum in premaxilla, 

between dorsal and ventral openings of palatal foramen).

Due to the high number of character state transformations observed in the characters 

relatinged to the fused frontal bones, we calculated individual consistency, and retention 

indices for each character (Table 2). Five characters (21, 22, 28, 29, and 37) show consistency 

indexes over the global consistency index of the matrix, whereas 4 of them (23, 24, 32 and 

38) show a lower consistency index, implying these characters have more homoplasy than the 

average for the most parsimonious tree. In addition, these four characters, together with 
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character 37, show a lower retention index than the MPT, implying they have less homology 

than the average. [Table 2 near here]

Discussion

Intraspecific and ontogenetic variation

Morphometrics

As expected, PC1 suggests a strong component linked to size, as shown by the positive 

correlation of all variables and the dispersion pattern of the specimens, with smaller ones 

toward the left and larger ones toward the right (Figure 6). However, the variation explained 

by PC2 and PC3 does not seem to have a specific dispersion pattern, preventing to draw any 

clear biological variable being drawn from them. Only MG28521 (Figure 5F) appears distinct 

from the others, although this could be due to a preservational bias of the specimen. The LDA 

succeeded in correctly classifying most of the specimens in a most-optimal grouping of 3. 

Group 1 and Group 3 are significantly different, but not from Group 2, which could indicate a 

continuity in the sample, with specimens from different ontogenetic stages. Indeed, all large 

specimens from the Alcobaça Fm Fm. that were already near each other in the PCA are 

present in Group 1, except for MG28520 (Figure 5E), classified in Group 2. The same can be 

said with Group 3 which contains, among others, the smallest specimens. The high confidence 

interval observed for Group 2 could be due to the low number of specimens classified in it.

Furthermore, the pattern of the SSI criterion for inferring the most optimal group 

partitioning suggests a continuity in the sample. Partitions of 3 to 9 groups tend to have SSI 

values oscillating irregularly between 0.46 and 0.87 (see Figure 11) [Figure 11 near here]. 

However, the values of SSI increase drastically with between 10 and 15 different groups rise 

drastically, before forming a plateau between 1.35 and 1.48. Another rise increase occurs with 

16 groups (SSI = 2.80), which is the maximum possible considering the sample size. That 
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would indicate specimens are more optimally partitioned when they are alone than when 

grouped with other specimens, which is against the aim of grouping specimens together to 

find a pattern. This is interpreted as a sign of the continuity of the sample, rather than a true 

categorization.

Anatomical features

Intraspecific anatomical variations in the frontals of Albanerpetontidae have previously been 

reported and some attributed to ontogeny. One of the most common is variation in dorsal 

ornamentation: while the adults present the diagnostic characteristic deep, polygonal 

ornamentation, with irregular to honeycomb pits; the juveniles present a shallow polygonal 

ornamentation (Gardner 1999a; Gardner 1999b; Gardner 2000a; Gardner 2000b; Gardner et 

al. 2003; Wiechmann 2003). This variation can be seen in the Portuguese specimens, but here 

a third stage is also observed. Some specimens (e. g. ML2738, Figure 4A) exhibit a 

vermicular ornamentation where the diagnostic characteristic pattern is absent. The 

ventrolateral crest is also wider and extends posteriorly after the parietal margin in specimens 

representing adults. This is well illustrated by the difference between ML2738, where the 

unbroken ventrolateral crests end right before the parietal margin,; while in MG28502 (Figure 

5D), they appear relatively larger and extend beyond it. It has also been proposed that the 

ventromedian suture could be a sign of ontogeny, as it is less marked in adults (Gardner 

1999b; Gardner et al. 2003; Wiechmann 2003; Venczel and Gardner 2005). The Portuguese 

specimens seem to present the same pattern, although for those from the Alcobaça Fm Fm. it 

is difficult to assess where whether this may represents a taphonomic artefact or relate to the 

gold coating. The proportion between ventrolateral crest anterior width, behind the prefrontal 

facets, and the frontal inner width between the ventrolateral crests (VCAW/FIW) may also 

relate to ontogeny (Gardner 1999b; Gardner 2000b; Gardner et al. 2003; Wiechmann 2003; 
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Venczel and Gardner 2005). In Portuguese specimens preserving both measurements, a 

significant linear response can be observed between their log-transformed values, even though 

the low adjusted R² could explain the large 95% confidence interval. Larger specimens tend to 

have wider ventrolateral crests, which is confirmed by the positive allometry, suggesting that 

the ventrolateral crest anterior width grows relatively faster than the frontal inner width in 

adult specimens from Portugal. However, our observations of the Alcobaça Fm Fm. 

specimens contradict those of a previous study concerning these specimens (Wiechmann 

2003), both in the range of variation of the VCAW/FIW proportion and its interpretation. 

Indeed, an interval of between 0.3 and 0.37 was reported, with a decline observed in larger 

individuals (Wiechmann 2003), while among the 11 specimens studied here, the VCAW/FIW 

proportion ranges from 0.25 to 0.74 (0.37 to 0.73 among the 9 specimens from the Alcobaça 

Fm), with an increase in larger specimens. It is still uncertain why such a dramatic 

contradiction is reported between the measurements of the same specimens, as they were 

taken following the same methodology. The VCAW/FIW proportion has also been used as 

diagnostic for A. inexpectatum, where it can reach higher values than 0.6, while fluctuating 

between 0.25 and 0.40 in other published species (Gardner 1999b; Wiechmann 2003). 

However, data from the Portuguese specimens suggests this character needs to be reviewed in 

other species to clarify its taxonomic relevance. It was also proposed that the internasal 

process is relatively shorter in adults (Gardner 1999b; Gardner et al. 2003; Sweetman and 

Gardner 2013). Portuguese specimens present a linear response between the log-transformed 

values of the internasal process length and the frontal medial length. The slope suggests a 

negative allometry, confirming that the internasal process is relatively shorter in adults.  

However, the results are not significant and residual behaviours could not be properly 

interpreted. Both could be due to the low number of specimens (7) that preserved both 

measurements. Therefore, we cannot draw conclusive definitive conclusions on this 
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anatomical feature and more and better-preserved specimens are required. Additionally, the 

relation of the slot width, between the posterior slots for the prefrontal (SW), to the frontal 

width across posterior edges (FW) was also analysed, in this study. Indeed, it has not been 

proposed to be subject to intraspecific variation, but it is part of the diagnose diagnosis of C. 

ibericus, whose SW/FW proportion is equal (or near to) 1 (or near to 1), and C. 

megacephalus, whose SW/FW proportion is characterized as lower than 0.5 (McGowan and 

Evans 1995; McGowan 1998). In Portuguese specimens, the proportion ranges from 0.39 to 

0.66. The negative slope from the linear response suggests a negative allometry, meaning that 

frontal width across posterior edges is relatively smaller than the slot width in adults.

Above mentioned  intraspecific variations that can be linked to ontogeny suggest that 

the Lourinhã Fm Fm. and the Alcobaça Fm Fm. shared one species, with intraspecific 

variation, despite being derived from different ecosystems and from different ages (late 

Kimmeridgian to early Tithonian for the former; Kimmeridgian for the latter). Based on its 

features, it is here proposed that, at the very least, ML2738 (Figure 4A) could represent a 

juvenile. However, frontal bones in albanerpetontids appear to be plastic enough, at least at 

the specific level to be not asless diagnostic as than previously thought. This may be 

significant in the case of the genus Celtedens, as its diagnosis is based entirely on characters 

of the frontals (McGowan 1998; Gardner 2000a). Similar plasticity had also been reported in 

other diagnostic bones of albanerpetontids (Sweetman and Gardner 2013), which reinforces 

the need to consider this variation, to determine whether or not it reflects true intraspecific or 

interspecific variation. However, such distinction may prove problematic in the case of the 

fragmentary and isolated the material.

Phylogenetic position and systematic implications of the new material

The phylogeny presented in this study confirms the paraphyly observed in the genus 
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Albanerpeton (Matsumoto and Evans 2018; Daza et al. 2020), which appears now to be 

invalid for a number of species as it is currently defined. However, due to the instability of the 

current phylogeny, revising the monophyly of Albanerpeton is beyond the scope of this paper 

and will be part of a further dedicated study of Albanerpetontidae. In summary, this 

preliminary analysis heightens the need for a complete revision for the phylogeny of the 

group: attribution of the Uña specimen to Wesserpeton is not supported, contradicting 

previous assessment (Sweetman and Gardner 2013) and suggesting the specimen needs a 

detailed description; and the genus Celtedens collapsed into a basal polytomy of the group 

when characters relating to both species were included in the analysis..

The 9 characters relatinged to the frontal bones in our matrix were recovered in 20 

characters changes through the phylogeny (Figure 12, Supplementary file 6). The high degree 

of homoplasy and low homology observed in four of the frontal bone related characters (23, 

24, 32 and 38), coupled with the general low support of the recovered tree, suggests that the 

synapomorphic condition of this these character state transformations should be considered 

with caution. Our results support the use of frontal bones to differentiate genera of 

Albanerpetontidae but suggest they are not diagnostic at the species level. 

Portuguese specimens do indeed share the diagnostic characters of Celtedens: fused 

frontals bearing bulbous-shaped internasal process and retaining a bell-shaped outline;, 

proportion of midline length to width across posterior edge between lateral edges of 

ventrolateral crests greater than 1.2; internasal process ventrolaterally has a facet for dorsally 

overlapping medial edge of nasal; dorsal and ventral edges of slot for receipt of prefrontal not 

excavated medially; anterior end of orbital margin located anterior to anteroposterior midpoint 

of frontals; and orbital margin deeply concave in dorsal or ventral outline, occasionally 

deflected posterolaterallly near posterior end (McGowan 1998; Gardner 2000a). However, 

they the frontals do exhibit differentiated anterolateral processes differentiated. It could not be 
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determined if the lacrimal facets are indented; hence their assessment assignment to aff. 

Celtedens sp. They share 9 characters with C. ibericus and C. megacephalus, of which 8 are 

characters of the frontal, Celtedens being diagnosed on characters of the frontals alone 

(McGowan 1998; Gardner 2000a). Among those characters, aff. Celtedens sp. shares the 

diagnostic bulbous internasal process (char 29; 1). In the present analysis, this character is the 

only synapomorphy characterizing Celtedens. Furthermore, C. ibericus and aff. Celtedens sp. 

share 14 additional characters and differ in two more. However, these 16 characters, non-

relatedunrelated to the frontals, are inconclusive, as they are not coded in C. megacephalus, 

despite being related to other bones that could provide insights concerning relationships 

among Celtedens species. The specimen from Pietraroia is poorly documented and preserved 

(Gardner 2000a; McGowan 2002; Maddin et al. 2013) with only 9 characters coded in this 

matrix (23.7%), among which 8 are related to the frontal bones. All these characters are those 

shared with the other Celtedens species. A complete revision of the Italian specimen, together 

with specimens from Las Hoyas, using modern digital techniques may yield a new and better 

diagnosis of the genus, as illustrated in recent works for Asian specimens (Matsumoto and 

Evans 2018; Daza et al. 2020).

Indeed, diagnoses of C. megacephalus and C. ibericus are only based on putative 

autapomorphies of the frontal bones (McGowan 1998): the curvature of the orbital margin and 

the relative proportion of the anterior inter-lacrimal width (slot width, between the posterior 

slots for the prefrontal SW in our measurements, Figure 3) to the posterior parietal margin 

width (frontal width across posterior edges FW in our measurements, Figure 3). In both 

characters, aff Celtedens sp. is more similar to C. megacephalus than it is to C. ibericus. 

However, as seen in the morphometric analysis, both characters also present disparity in the 

Portuguese specimens and may be affected by ontogeny, which would question the validity of 

this character for the respective diagnoses. As for the relative proportion of the anterior inter-
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lacrimal width to the posterior parietal margin width, ontogeny has never been suggested to 

play a role and it was not explored in this analysis. However, accurate measurements on 

specimens of both published species would be required to characterize this ratio, as it appears 

to be quite variable in our sample.

Conclusion

Sixty-four new frontals from the Lourinhã Formation are described, together with 58 revised 

specimens from the Guimarota beds, and are attributed to aff. Celtedens sp., based on their 

frontal bone morphology:  a bell-shaped outline; and a flabellate, bulbous internasal process. 

This material confirms the plastic nature of the frontal bone, a key element in the 

characterization of Albanerpetontidae. While frontal morphology can be used in isolation to 

discriminate some genera on its own, it should not be used in isolation to diagnose species.  

Linear morphometric analysis paired with anatomical description highlights several features 

(notably the dorsal ornamentation, the shape and extent of the ventrolateral crests, the 

curvature of orbital margins, the relative size of the internasal process relative to the midline 

length of the frontals, the relative size of the slot width relative to the frontal width across 

posterior edges, and the presence of a ventromedian crest), that vary greatly from one 

specimen to another and, therefore, could affect its taxonomic assessment, especially as some 

features are considered diagnostic in Celtedens. Preliminary phylogenetic analysis confirms 

the paraphyly of Albanerpeton s.l., and thus the need for nomenclatural revision of most its 

species, as previously reported. Furthermore, our results confirm the validity of Celtedens, but 

suggest the need for a complete revision not only of the specimens referred to this genus. 

Finally,m frontal bones show a high degree of homoplasy in details of their fine 

structuremorphology, so characters based on this skeletal element should be carefully 

analysed before being regarded as diagnostic for a taxon.
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Table 1: Measurements (in mm) of the best-preserved specimens. FML, frontal length at the midline; FL, frontal length at the midline; FW, frontal 

width across caudal posterior edges; FIW, frontal inner width between ventrolateral crests, across caudal posterior edges of the frontal roof; INL, 

internasal length at the midline; INW, internasal width at the base; SW, slot width between the posterior slots for the prefrontal; IVCW, 

interventrolateral crests width; OML, oOrbital margin length; VCAW, ventrolateral crest anterior width, behind prefrontal facets; VCPW, 

ventrolateral crest posterior width, before parietal facets; CPCE, curvature at the caudal posterior part of the edge (in degrees); VCC, ventrolateral 

crest curvature (in degrees).
Specimen Locality FML FL FW FIW INL INW SW OML IVCW VCAW VCPW CPCE VCC

ML2738 Lourinhã 2.6 2.56 2.01 1.37 0.47 0.65 0.79 1.31 0.31 0.34 0.26 23 129.5

ML2739 Lourinhã 2.64 1.93 1.32 2.16 0.43 0.64 0.36 11.8 125.2

ML2741 Lourinhã 0.89 0.97 1.12 0.26 0.46 139.5

FCT/UNL-CN00016 Lourinhã 0.57 0.48 0.76 0.23 0.33 134.1

FCT/UNL-CN00018 Lourinhã 0.64 0.55 0.83 0.25 0.37 136

MG28426 Guimarota 5.85 6.35 4.35 1.52 0.76 1.42 2.16 3.52 0.31 0.89 0.84 18.6 130.6

MG28427 Guimarota 5.83 4.81 2.34 0.94 1.68 2.33 3.41 0.28 1.25 0.85 17 133.5

MG28473 Guimarota 3.99 4.07 2.31 1.24 0.71 1.24 2.02 0.31 0.6 0.41 11.7 142.1

MG28502 Guimarota 5.69 6.03 3.71 1.38 1.24 1.17 1.92 2.67 1.02 0.84 17.8 138.8

MG28520 Guimarota 4.76 4.9 3.48 1.37 1.19 1.68 1.34 2.61 0.8 0.66 14.9

MG28521 Guimarota 5.76 0.85 1.5 1.94 0.48 0.76 0.61 149.4

MG28532 Guimarota 3.88 0.86 1.04 1.28 0.25 0.47 0.34 13.4 151

MG28543 Guimarota 3.27 2.02 1.25 0.65 0.74 1.23 0.53 0.26

MG28694 Guimarota 1.05 1.27 1.89 0.91

MG28733 Guimarota 1.6 1.1 1.05 1.3 0.27 0.44 0.26 12.7 135

MG28539 Guimarota 2.17 1.03 1.07 1.77 0.28 0.41 0.32 17.9 148.1

MG28692 Guimarota 2.46 1.52 1.65 0.56 0.33 21.9
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Table 2: Main indexes calculated for the MPT, and each character considered for the frontal bones.

#  Character 
states

Minimum 
possible 
changes

Total 
changes

Consistency 
index CI

Retention 
Index RI

Times recovered as 
synapomorphy

MPT - 82 44 72 0,611 0,714 49

Ch. 21 Dorsal or ventral outline of fused 
frontals 2 1 1 1 1 1

Ch. 22
Ratio of midline length of fused frontals 
versus width across posterior edge of 

bone,
3 2 2* 1 1 2

Ch. 23 Proportions of internasal process on 
fused frontals 2 1 5 0,333 0,6 2

Ch. 24 Form of ventrolateral crest on large, 
fused frontals 3 2 5 0,4 0,25 5

Ch. 28
Position in frontals of anterior end of 

orbital margin relative to 
anteroposterior midpoint of frontals

2 1 1 1 1 1

Ch. 29 Dorsal or ventral outline of internasal 
process on frontals 2 1 1 1 1 1

Ch. 31
Flattened ventromedian keel extending 

along posterior two thirds of fused 
frontals

2 1 6 0,25 0,4 4

Ch. 37 Frontal-lacrimal contact 3 2 3 0,667 0,667 2

Ch. 38 Edge of ventrolateral crests, position 
along the orbital margin 2 1 2 0,5 0,5 2

* The number of character changes can be up to 4, due to the ambiguous codification of this character for Yaksha and Shirerpeton (either 0 or 1, but never 2). Nevertheless, the 
optimization criteria used by TNT always prefers the shortest option, thus reducing the score of this character to 2.
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Figure 1: Geographical and geological context of the new Albanerpetontidae occurrences from the Lourinhã 
Formation. A, Europe map modified from Erin Dill, scale represents 400km. B, geological sketch of the 

Iberian Peninsula, showing the location of the study area (purple star). C, map of the onshore part of the 
Consolação subbasin south of Peniche (modified from Taylor et al., 2014). The green star indicates the 
location of the Valmitão VMA, the pink star indicates the location of Porto Dinheiro VMA, the yellow star 

indicates the location of Zimbral VMA, the red star indicates the location of Port das Barcas VMA, the brown 
star indicates the location of Peralta VMA. D, north–south mapping of the main units in the area of study 

and their corresponding lithostratigraphic framework indicated by arrows (modified from Taylor et al., 2014, 
based on Mateus et al., 2017). Arrow colours correspond to star colours. 
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Figure 2: Main anatomical features of albanerpetontid frontal bones, based on reconstruction from specimen 
ML2738, in dorsal, ventral, and lateral views. Ap, anterolateral process; Ca, canal; Fo, foramen; Ip, 

internasal process; Lif, lateroventral internasal facet; Mpf, middle part of the frontal; Naf, nasal facet; Om, 
orbital margin; Pf, parietal facet; Pff, prefrontal facet; Vc, ventrolateral crest; Vr, ventral roof; Vs, 

ventromedian suture. Scale bar represents 1mm. 
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Figure 3: Measurements taken in the frontal bones represented in Table 1. Measurements in blue represent 
metric measurements; measurements in dark pink represent angle measurements. CPE, curvature at the 

posterior part of the edge (in degrees); FIW, frontal inner width between ventrolateral crests, across 
posterior edges of the frontal ventral roof; FL, total length of the frontal; FML, frontal length at the midline; 

FW, frontal width across posterior edges; INL, internasal length at the midline; INW, internasal width at 
the base; IVCW, interventrolateral crests width;  OML, Orbital margin length; SW, slot width, between the 
posterior slots for the prefrontal; VCAW, ventrolateral crest anterior width, behind prefrontal facets; VCC, 

ventrolateral crest curvature (in degrees); VCPW, ventrolateral crest posterior width, before parietal facets. 
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Figure 4: Normal-light photomicrograph of aff. Celtedens sp. frontal bones from the Lourinhã Formation in 
dorsal (left) and ventral (right) views. A, ML2738; B, ML2739; C, ML 2740; D, ML2741; E, FCT/UNL-

CN00016; F, FCT/UNL-CN00018. Scale bars represent 1mm. 
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Figure 5: Normal-light photomicrograph of aff. Celtedens sp. frontal bones from the Alcobaça Formation in 
dorsal (left) and ventral view (right). A, MG28426; B, MG28427; C, MG28473; D, MG28502; E, MG28520; 

F, MG28521; G, MG28532; H, MG28539; I, MG28541; J, MG28543; K, MG28562; L, MG28570; M, 
MG28572; N, MG28692; O, MG28694; P, MG28733. Scale bars represent 1mm. 
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Figure 6: Principal component analysis based on 7 variables in scaling 1 (A) and scaling 2 (B). Orange dots 
represent specimens from the Lourinhã Formation, blue dots represent specimens from the Alcobaça 

Formation. 
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Figure 7: A, K-means partitions comparison; each color represents a different group to which the specimens 
(x-axis) are attributed. B, Simple Structure Index criterion corresponding to each partition (best SSI = 

0.59). C, Linear discriminant analysis (confusion matrix with Jackknifed resampling = 88.24%). 
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Figure 8: Linear regression to test the allometry in the ventrolateral crests (A), the internasal process (B), 
and slot width, between the posterior slots for the prefrontal (C). The blue line represents the model, and 

the grey area the 95% confidence interval. 
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Figure 9: Consensus tree of the 10 MPTs recovered under implied weights. Fit= 2.07857; length=73 steps; 
CI=0.603, RI = 0.724. Black numbers are bootstrap values to the corresponding nodes. Bold number are 

synapomorphies (italic not related to the frontal bones, blue related to the frontal bones). Node 1, 
Albanerpeton s.l.; Node 2, ‘robust-snouted clade’; Node 3, Albanerpeton s.s. 
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Figure 10: Consensus tree of the 1 MPT recovered under implied weights. Fit=1.99066; length=72 steps; 
CI=0. 611, RI = 0. 714. Black numbers are bootstrap values to the corresponding nodes. Bold number are 

synapomorphies (italic not related to the frontal bones, blue related to the frontal bones). Node 1, 
Albanerpeton s.l.; Node 2, ‘robust-snouted clade’; Node 3, Albanerpeton s.s. 
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Figure 11: K-mean partitions comparison and the associated SSI criterion for up to 16 groups. 
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Figure 12: Evolution of the frontal bone in Albanerpetontidae, based on the consensus tree from the present 
analysis plotted against time and with geographic occurrences. Frontals are from the literature and 

associated with their respective species (scale bars represent 1mm). No frontal has been described yet for 
Albanerpeton cifellii Gardner 1999c. Synapomorphies related to the frontal bones are indicated by lower-

case letters. 
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Figure 1: Geographical and geological context of the new Albanerpetontidae occurrences 

from the Lourinhã Formation. A, Europe map modified from Erin Dill, scale represents 

400km. B, geological sketch of the Iberian Peninsula, showing the location of the study area 

(purple star). C, map of the onshore part of the Consolação subbasin south of Peniche 

(modified from Taylor et al., 2014). The green star indicates the location of the Valmitão 

VMA, the pink star indicates the location of Porto Dinheiro VMA, the yellow star indicates 

the location of Zimbral VMA, the red star indicates the location of Port das Barcas VMA, the 

brown star indicates the location of Peralta VMA. D, north–south mapping of the main units 

in the area of study and their corresponding lithostratigraphic framework indicated by arrows 

(modified from Taylor et al., 2014, based on Mateus et al., 2017). Arrow colours correspond 

to star colours. 

Figure 2: Main anatomical features of albanerpetontid frontal bones, based on reconstruction 

from specimen ML2738, in dorsal, ventral, and lateral views. Ap, anterolateral process; Ca, 

canal; Fo, foramen; Ip, internasal process; Lif, lateroventral internasal facet; Mpf, middle 

part of the frontal; Naf, nasal facet; Om, orbital margin; Pf, parietal facet; Pff, prefrontal 

facet; Vc, ventrolateral crest; Vr, ventral roof; Vs, ventromedian suture. Scale bar represents 

1mm.

Figure 3: Measurements taken in the frontal bones represented in Table 1. Measurements in 

blue represent metric measurements; measurements in dark pink represent angle 

measurements. CPE, curvature at the posterior part of the edge (in degrees); FIW, frontal 

inner width between ventrolateral crests, across posterior edges of the frontal ventral roof; FL, 

total length of the frontal; FML, frontal length at the midline; FW, frontal width across 

posterior edges; INL, internasal length at the midline; INW, internasal width at the base; 

IVCW, interventrolateral crests width;  OML, Oorbital margin length; SW, slot width, 

between the posterior slots for the prefrontal; VCAW, ventrolateral crest anterior width, 

behind prefrontal facets; VCC, ventrolateral crest curvature (in degrees); VCPW, 

ventrolateral crest posterior width, before parietal facets.

Figure 4: Normal-light photomicrograph of aff. Celtedens sp. frontal bones from the Lourinhã 

Formation in dorsal (left) and ventral (right) views. A, ML2738; B, ML2739; C, ML 2740; D, 

ML2741; E, FCT/UNL-CN00016; F, FCT/UNL-CN00018. Scale bars represent 1mm.
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Figure 5: Normal-light photomicrograph of aff. Celtedens sp. frontal bones from the Alcobaça 

Formation in dorsal (left) and ventral view (right). A, MG28426; B, MG28427; C, MG28473; 

D, MG28502; E, MG28520; F, MG28521; G, MG28532; H, MG28539; I, MG28541; J, 

MG28543; K, MG28562; L, MG28570; M, MG28572; N, MG28692; O, MG28694; P, 

MG28733. Scale bars represent 1mm.

Figure 6: Principal component analysis based on 7 variables in scaling 1 (A) and scaling 2 

(B). Orange dots represent specimens from the Lourinhã Formation, blue dots represent 

specimens from the Alcobaça Formation.

Figure 7: A, K-means partitions comparison; each colour represents a different group to 

which the specimens (x-axis) are attributed. B, Simple Structure Index criterion corresponding 

to each partition (best SSI = 0.59). C, Linear discriminant analysis (confusion matrix with 

Jackknifed resampling = 88.24%).

Figure 8: Linear regression to test the allometry in the ventrolateral crests (A), the internasal 

process (B), and slot width, between the posterior slots for the prefrontal (C). The blue line 

represents the model, and the grey area the 95% confidence interval.

Figure 9: Consensus tree of the 10 MPTs recovered under implied weights. Fit= 2.07857; 

length=73 steps; CI=0.603, RI = 0.724. Black numbers are bootstrap values to the 

corresponding nodes. Bold number are synapomorphies (italic not related to the frontal bones, 

blue related to the frontal bones). Node 1, Albanerpeton s.l.; Node 2, ‘robust-snouted clade’; 

Node 3, Albanerpeton s.s.

Figure 10: Consensus tree of the 1 MPT recovered under implied weights. Fit=1.99066; 

length=72 steps; CI=0. 611, RI = 0. 714. Black numbers are bootstrap values to the 

corresponding nodes. Bold number are synapomorphies (italic not related to the frontal bones, 

blue related to the frontal bones). Node 1, Albanerpeton s.l.; Node 2, ‘robust-snouted clade’; 

Node 3, Albanerpeton s.s.

Figure 11: K-mean partitions comparison and the associated SSI criterion for up to 16 groups.

Figure 12: Evolution of the frontal bone in Albanerpetontidae, based on the consensus tree 

from the present analysis plotted against time and with geographic occurrences. Frontals are 

from the literature and associated with their respective species (scale bars represent 1mm). No 
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frontal has been described yet for Albanerpeton cifellii Gardner 1999c. Synapomorphies 

related to the frontal bones are indicated by lower-case letters.

Table 1: Measurements (in mm) of the best-preserved specimens. FML, frontal length at the 

midline; FL, frontal length at the midline; FW, frontal width across posterior edges; FIW, 

frontal inner width between ventrolateral crests, across posterior edges of the frontal roof; 

INL, internasal length at the midline; INW, internasal width at the base; SW, slot width 

between the posterior slots for the prefrontal; IVCW, interventrolateral crests width; OML, 

oOrbital margin length; VCAW, ventrolateral crest anterior width, behind prefrontal facets; 

VCPW, ventrolateral crest posterior width, before parietal facets; CPE, curvature at the 

posterior part of the edge (in degrees); VCC, ventrolateral crest curvature (in degrees).

Table 2: Main indexes calculated for the MPT, and each character considered for the frontal 

bones.
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Supplementary file 1 for

Plasticity in the frontal of Albanerpetontidae (Lissamphibia; Allocaudata)

Alexandre R. D. Guillaume*, Carlos Natário, Octávio Mateus, Miguel Moreno-Azanza

*Corresponding author, alexandre.guillaume.763@gmail.com
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R analysis

R Markdown

This is an R Markdown document. Markdown is a simple formatting syntax for authoring 
HTML, PDF, and MS Word documents. For more details on using R Markdown see 
http://rmarkdown.rstudio.com.

1 - Uploading packages

Here are the packages required to load for the function needed in the analysis

library(vegan)
library(tidyverse)
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library(readr)
library(GGally)
library(ggfortify)
library(readxl)

2 - Linear regression

Creating the data base

Here are created the objects containing the data used for the linear regression. We 
recommend the user to create a dedicated R project folder and a new R project, to work 
with the script shared here. The project folder should also contain subfolders for INPUT and 
OUTPUT, the former with another subfolder DATA, in which the excel supplementary file 
could be copy-paste.

VLCrest is for the allometry in the ventrolateral crests ; Nasal is for the allometry in the 
internasal process ; Width is for the allometry in the slot width, between the posterior slots 
for the prefrontal (also referred as anterior inter-lacrimal width in the litterature). As the 
original data are in an excel file, we use the function read_excel (from readxl package), 
specifying which sheet we are using and asking R to consider the name of the column.

VLCrest <- read_excel("INPUT/DATA/Supplementary file 2 - Frontal morphometric 
data.xlsx", sheet = 1, col_names = TRUE)
Nasal <- read_excel("INPUT/DATA/Supplementary file 2 - Frontal morphometric 
data.xlsx", sheet = 2, col_names = TRUE)
Width <- read_excel("INPUT/DATA/Supplementary file 2 - Frontal morphometric 
data.xlsx", sheet = 3, col_names = TRUE)
VLCrest

## # A tibble: 11 x 4
##    Specimen Locality     FIW     VCAW
##    <chr>    <chr>      <dbl>    <dbl>
##  1 “Xana”   Lourinha  0.137  -0.469  
##  2 “Micael” Lourinha  0.286  -0.194  
##  3 MG28426  Guimarota 0.182  -0.0506 
##  4 MG28427  Guimarota 0.369   0.0969 
##  5 MG28473  Guimarota 0.0934 -0.222  
##  6 MG28502  Guimarota 0.140   0.00860
##  7 MG28520  Guimarota 0.137  -0.0969 
##  8 MG28543  Guimarota 0.0969 -0.276  
##  9 MG28733  Guimarota 0.0414 -0.357  
## 10 MG28539  Guimarota 0.0128 -0.387  
## 11 MG28692  Guimarota 0.182  -0.252

Nasal

## # A tibble: 7 x 4
##   Specimen Locality    FML     INL
##   <chr>    <chr>     <dbl>   <dbl>
## 1 “Xana”   Lourinha  0.415 -0.328 
## 2 MG28426  Guimarota 0.767 -0.119 
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## 3 MG28502  Guimarota 0.755  0.0934
## 4 MG28520  Guimarota 0.678  0.0755
## 5 MG28521  Guimarota 0.760 -0.0706
## 6 MG28532  Guimarota 0.589 -0.0655
## 7 MG28543  Guimarota 0.515 -0.187

Width

## # A tibble: 10 x 4
##    Specimen Locality     FW      SW
##    <chr>    <chr>     <dbl>   <dbl>
##  1 “Xana”   Lourinhã  0.303 -0.102 
##  2 “Micael” Lourinhã  0.422  0.121 
##  3 MG28426  Guimarota 0.638  0.334 
##  4 MG28427  Guimarota 0.682  0.367 
##  5 MG28473  Guimarota 0.364  0.0934
##  6 MG28502  Guimarota 0.569  0.283 
##  7 MG28520  Guimarota 0.542  0.127 
##  8 MG28543  Guimarota 0.305  0.0899
##  9 MG28733  Guimarota 0.204  0.0212
## 10 MG28539  Guimarota 0.336  0.0294

Liner regression of the ventrolateral crests

We first used ggplot function in order to visualize our data. The argument geom_point is to 
show the data (as request by the grammar of the function). The argument geom_smooth is 
to represent the statistics of the data, in this case the linear model with the argument 
method = “lm” and the characteristic formula of a simple linear regression. Note that, as the 
data have been log-transformed in a previous step, the labels for the axis specifies that they 
represent the log of these measurements.

To create the linear model, we use the function lm, and then the function autoplot (from the 
package ggfortify) to validate the model by checking how the residuals behave. The 
argument which = c(1,2,3,4) allows to call the specific graphs needed to check for normality, 
homosecdasticity, and outliers in the residuals.

Following here is the analysis for the allometry in the ventrolateral crests.

ggplot(data = VLCrest, aes(x = FIW, y = VCAW)) +
  geom_point(color = "black") +
  geom_smooth(method = "lm", colour = "blue", formula = y ~ x, se = TRUE) + 
  labs(x = "Log of the frontal inner width (FIW)", y = "Log of the 
ventrolateral crest anterior width (VCAW)") +
  theme_classic()

Linearreg1 <- lm (VCAW ~ FIW, data = VLCrest)
summary(Linearreg1)
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## 
## Call:
## lm(formula = VCAW ~ FIW, data = VLCrest)
## 
## Residuals:
##      Min       1Q   Median       3Q      Max 
## -0.25135 -0.05916 -0.01438  0.08628  0.22226 
## 
## Coefficients:
##             Estimate Std. Error t value Pr(>|t|)   
## (Intercept) -0.36888    0.07785  -4.739  0.00106 **
## FIW          1.10968    0.42974   2.582  0.02959 * 
## ---
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
## 
## Residual standard error: 0.1396 on 9 degrees of freedom
## Multiple R-squared:  0.4256, Adjusted R-squared:  0.3617 
## F-statistic: 6.668 on 1 and 9 DF,  p-value: 0.02959

autoplot(Linearreg1, which = c(1,2,3,4), ncol = 2, label.size = 3)

## Warning: `arrange_()` was deprecated in dplyr 0.7.0.
## Please use `arrange()` instead.
## See vignette('programming') for more help
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Liner regression of the internasal process

Following here is the analysis for the allometry in the internasal process.

ggplot(data = Nasal, aes(x = FML, y = INL)) +
  geom_point(color = "black") +
  geom_smooth(method = "lm", colour = "blue", formula = y ~ x, se = TRUE) + 
  labs(x = "Log of the frontal medial length (FML)", y = "Log of the 
internasal process length (INL)") +
  theme_classic()

Linearreg2 <- lm (INL ~ FML, data = Nasal)
summary(Linearreg2)

## 
## Call:
## lm(formula = INL ~ FML, data = Nasal)
## 
## Residuals:
##         1         2         3         4         5         6         7 
## -0.064162 -0.134020  0.088115  0.131546 -0.080089  0.060718 -0.002109 
## 
## Coefficients:
##             Estimate Std. Error t value Pr(>|t|)  
## (Intercept)  -0.5920     0.2065  -2.867   0.0351 *
## FML           0.7910     0.3165   2.499   0.0545 .
## ---
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
## 
## Residual standard error: 0.107 on 5 degrees of freedom
## Multiple R-squared:  0.5554, Adjusted R-squared:  0.4665 
## F-statistic: 6.247 on 1 and 5 DF,  p-value: 0.05453

autoplot(Linearreg2, which = c(1,2,3,4), ncol = 2, label.size = 3)
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Liner regression of the slot width

Following here is the analysis for the allometry in the slot width, between the posterior 
slots for the prefrontal.

ggplot(data = Width, aes(x = FW, y = SW)) +
  geom_point(color = "black") +
  geom_smooth(method = "lm", colour = "blue", formula = y ~ x, se = TRUE) + 
  labs(x = "Log of frontal width across caudal edges (FW)", y = "Log of slot 
width, between the posterior slots for the prefrontal (SW)") +
  theme_classic()

Linearreg3 <- lm (SW ~ FW, data = Width)
summary(Linearreg3)

## 
## Call:
## lm(formula = SW ~ FW, data = Width)
## 
## Residuals:
##      Min       1Q   Median       3Q      Max 
## -0.12834 -0.01896  0.02251  0.03540  0.07726 
## 
## Coefficients:
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##             Estimate Std. Error t value Pr(>|t|)    
## (Intercept) -0.22509    0.06719  -3.350 0.010081 *  
## FW           0.82805    0.14523   5.702 0.000454 ***
## ---
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
## 
## Residual standard error: 0.07031 on 8 degrees of freedom
## Multiple R-squared:  0.8025, Adjusted R-squared:  0.7778 
## F-statistic: 32.51 on 1 and 8 DF,  p-value: 0.0004535

autoplot(Linearreg3, which = c(1,2,3,4), ncol = 2, label.size = 3)

3 - Morphometrics analysis; k-means

PCA and LDA will be performed using PAST ; however, here will be perform the analysis for 
the k-mean group partitioning. First, we load the data by creating a new object using the 
PCA scores obtained from the previous steps in PAST.

PCA <- read_excel("INPUT/DATA/Supplementary file 2 - Frontal morphometric 
data.xlsx", sheet = 4, col_names = TRUE)

Page 64 of 86

URL: http://mc.manuscriptcentral.com/ghbi

Historical Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

K-mean partitioning

To calculate the most optimal group partitioning using K-mean, we are using the function 
cascadeKM, that will estimate for each combination how well they group the sample.inf.gr 
and sup.gr arguments set the interval in which the analysis will be performed, knowing that 
it requires a minimum of two groups. The upper limit is set at 5 due to the number of 
specimens. The criterion argument indicate which index will be used; here ssi has been 
selected as it is well suited for this kind of analysis.

PCA.KM.cascade <- cascadeKM(PCA, inf.gr = 2, sup.gr = 5, iter = 100, 
criterion = "ssi")

We called them the values results and partition in order to obtain the values of the ssi for 
the best partition, and the table of partitions for each combination of group. Then, we call 
the plot function to visualize the results.

PCA.KM.cascade$results

##       2 groups   3 groups   4 groups   5 groups
## SSE 51.8538346 40.0186631 30.8549265 21.7253723
## ssi  0.3027288  0.5899812  0.5027588  0.4615604

PCA.KM.cascade$partition

##    2 groups 3 groups 4 groups 5 groups
## 1         1        1        3        4
## 2         1        1        3        4
## 3         1        2        4        5
## 4         1        1        3        4
## 5         1        1        3        4
## 6         2        3        2        3
## 7         2        3        2        3
## 8         1        1        4        5
## 9         2        3        2        3
## 10        2        2        1        2
## 11        2        3        2        1
## 12        1        2        4        5
## 13        1        1        3        4
## 14        2        3        2        3
## 15        1        1        3        4
## 16        1        2        4        5
## 17        1        1        3        4

plot(PCA.KM.cascade, sortg = TRUE)
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Exploring further

However, due to the data and as suggested by the authors of the function cascadeKM, we 
will explore other value of maximum combination in order to see if a most optimal partition 
exists. We will perform the analysis with 16 groups (the maximum due to the sample size).

PCA.KM.cascade3 <- cascadeKM(PCA, inf.gr = 2, sup.gr = 16, iter = 100, 
criterion = "ssi")

PCA.KM.cascade3$results

##       2 groups   3 groups   4 groups   5 groups   6 groups   7 groups  8 
groups
## SSE 51.8538346 40.0186631 30.8549265 21.7253723 14.5082745 10.2109564 
6.8696956
## ssi  0.3027288  0.5899812  0.5027588  0.4615604  0.6914326  0.5521866 
0.8668583
##      9 groups 10 groups 11 groups 12 groups 13 groups 14 groups 15 groups
## SSE 5.2042912  3.817051  2.774039  1.850313  1.064931 0.5987805 0.2623668
## ssi 0.6942013  1.348851  1.401871  1.461133  1.410260 1.4828596 1.4676127
##      16 groups
## SSE 0.08216178
## ssi 2.80497345

PCA.KM.cascade3$partition

##    2 groups 3 groups 4 groups 5 groups 6 groups 7 groups 8 groups 9 groups
## 1         2        2        1        1        1        6        2        1
## 2         2        2        1        1        3        4        4        7
## 3         2        1        2        2        2        5        7        8
## 4         2        2        1        1        1        6        2        1
## 5         2        2        1        1        1        6        2        1
## 6         1        3        3        5        6        3        1        4
## 7         1        3        3        5        6        3        1        6
## 8         2        2        2        2        2        5        8        3
## 9         1        3        3        5        6        1        5        2
## 10        1        1        4        3        4        2        3        5
## 11        1        3        3        4        5        7        6        9
## 12        2        1        2        2        2        5        7        8
## 13        2        2        1        1        1        6        8        3
## 14        1        3        3        5        6        1        5        2
## 15        2        2        1        1        1        6        2        1
## 16        2        1        2        2        2        5        7        8
## 17        2        2        1        1        1        6        8        3
##    10 groups 11 groups 12 groups 13 groups 14 groups 15 groups 16 groups
## 1          5         1         5         6         8         2        12
## 2          9         9         4        12         9        14        14
## 3          8         2        12        10         4        15         5
## 4          3         7         7         4         2        13        10
## 5          3         7         7         4         2        13         8
## 6          4         3        11        11         6         4        13
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## 7          7        10         9         9        14        10        11
## 8          6         2         6         7        10         7         9
## 9          1        11         8         2         3         3         3
## 10        10         4         3         1         7         6         7
## 11         2         8         1         5        11         1        16
## 12         8         5         2         3         5         8         2
## 13         6         6        10        13        13         9        15
## 14         1        11         8         8        12        11         4
## 15         6         6        10        13         1        12         6
## 16         8         5         2         3         5         5         1
## 17         6         6        10        13        13         9        15

plot(PCA.KM.cascade3, sortg = TRUE)
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Specimen Locality logFML logINL
ML2738 Lourinha 0.4149733 -0.327902
MG28426 Guimarota 0.7671559 -0.119186
MG28502 Guimarota 0.7551123 0.0934217
MG28520 Guimarota 0.677607 0.075547
MG28521 Guimarota 0.7604225 -0.070581
MG28532 Guimarota 0.5888317 -0.065502
MG28543 Guimarota 0.5145478 -0.187087
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Specimen Locality logFIW logVCAW
ML2738 Lourinha 0.136720567 -0.46852108
ML2739 Lourinha 0.285557309 -0.19382003
MG28426 Guimarota 0.181843588 -0.05060999
MG28427 Guimarota 0.369215857 0.096910013
MG28473 Guimarota 0.093421685 -0.22184875
MG28502 Guimarota 0.139879086 0.008600172
MG28520 Guimarota 0.136720567 -0.09691001
MG28543 Guimarota 0.096910013 -0.27572413
MG28733 Guimarota 0.041392685 -0.35654732
MG28539 Guimarota 0.012837225 -0.38721614
MG28692 Guimarota 0.181843588 -0.25181197
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Specimen Locality logFW logSW
“Xana” Lourinhã 0.3031961 -0.102373
“Micael” Lourinhã 0.4216039 0.1205739
MG28426 Guimarota 0.6384893 0.3344538
MG28427 Guimarota 0.6821451 0.3673559
MG28473 Guimarota 0.363612 0.0934217
MG28502 Guimarota 0.5693739 0.2833012
MG28520 Guimarota 0.5415792 0.1271048
MG28543 Guimarota 0.3053514 0.0899051
MG28733 Guimarota 0.20412 0.0211893
MG28539 Guimarota 0.3364597 0.0293838
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Specimen PC 1 PC 2 PC 3 PC 4 PC 5 PC 6
ML2738 -2.515400 0.781650 -0.196610 -0.255600 -0.510840 0.052269
ML2739 -1.421900 2.823000 0.467080 0.081600 -0.033305 0.279520
ML2741 -0.612020 -0.875010 -0.194580 0.120330 -0.356710 -0.135670

FCT/UNL-CN00016 -2.868200 -0.476000 -0.693770 -0.030803 0.149640 0.022854
FCT/UNL-CN00018 -2.369400 -0.484460 -0.399970 0.108710 0.074495 0.032487

MG28426 2.148600 1.439700 -0.951710 -0.568830 -0.160690 -0.513080
MG28427 3.552600 0.953950 -1.378800 -0.481950 0.288090 0.283660
MG28473 -0.584300 -0.124620 0.347980 0.370740 0.297990 0.031763
MG28502 2.844900 0.122720 -0.394640 1.271900 -0.203370 -0.041099
MG28520 2.339600 -2.724100 0.009507 -0.419490 -0.308210 0.389740
MG28521 2.132000 1.050500 2.572400 -0.282880 -0.043541 -0.020724
MG28532 -0.218600 -1.671700 0.514730 -0.300160 0.344240 -0.237950
MG28543 -1.276000 0.441540 0.004804 0.048110 0.203330 0.040253
MG28694 2.245400 -0.190050 -0.044952 0.350430 0.170890 -0.075458
MG28733 -1.697000 -0.065451 -0.360280 -0.035706 0.026243 -0.060768
MG28539 -0.741580 -1.316700 0.706160 0.018540 -0.008399 -0.134630
MG28692 -0.958630 0.315100 -0.007378 0.005074 0.070147 0.086838
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PC 7
0.131930
0.103310
-0.310510
-0.042589
-0.038705
0.167780
-0.144450
0.374950
-0.011438
0.150410
-0.140630
0.028086
-0.212910
0.018542
-0.056336
0.035144
-0.052584
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PC 1 PC 2 PC 3 PC 4 PC 5 PC 6
INL 0.38526 -0.40624 -0.0081866 0.65651 -0.25981 -0.049777
INW 0.45131 -0.09494 0.064088 -0.69154 -0.39474 0.17515
SW 0.44247 0.26345 -0.046288 -0.091207 0.54738 -0.6012
IVCW 0.079134 0.58294 0.75058 0.20762 -0.17434 0.10053
VCAW 0.44633 0.19574 -0.23075 0.14295 0.39438 0.72102
VCPW 0.46442 0.11944 -0.14371 0.083077 -0.40624 -0.27388
VCC 0.17596 -0.60345 0.597 -0.10961 0.35509 0.020271
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PC 7
-0.43069
-0.34421
-0.25157
-0.083306
0.11567
0.70884
0.33161
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PC 1 PC 2 PC 3 PC 4 PC 5 PC 6
INL 0.80192 -0.51992 -0.0069503 0.27868 -0.063235 -0.010359
INW 0.93941 -0.12151 0.05441 -0.29355 -0.096077 0.036448
SW 0.92099 0.33718 -0.039298 -0.038716 0.13323 -0.12511
IVCW 0.16472 0.74607 0.63723 0.088131 -0.042432 0.020921
VCAW 0.92904 0.25052 -0.19591 0.06068 0.09599 0.15004
VCPW 0.96669 0.15287 -0.122 0.035265 -0.098875 -0.056994
VCC 0.36626 -0.77232 0.50684 -0.046528 0.086426 0.0042183
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PC 7
-0.069245
-0.05534
-0.040446
-0.013394
0.018596
0.11396
0.053315
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Supplementary file 5 for

Plasticity in the frontal of Albanerpetontidae (Lissamphibia; Allocaudata)

Alexandre R. D. Guillaume*, Carlos Natário, Octávio Mateus, Miguel Moreno-Azanza

*Corresponding author, alexandre.guillaume.763@gmail.com

Characters 1-31 are taken from Sweetman and Gardner (2013); characters 32-34 from 
Matsumoto & Evans (2018); characters 35-36 from Daza et al. (2020); red characters are 
related to the frontals; green character are new from this analysis.

1. Build of premaxilla: 0, gracile; 1, robust. 

2. Ratio of height of premaxillary pars dorsalis versus width across suprapalatal pit: 0, “high”, 

ratio greater than about 1.55: 1, “low”, ratio less than about 1.55. 

3. Inter−premaxillary contact: 0, sutured medially (i.e., paired); 1, fused medially in some 

individuals. 

4. Premaxillary−nasal contact: 0, premaxillary pars dorsalis minimally overlaps and abuts 

against or weakly sutured with anterior end of nasal; 1, premaxillary pars dorsalis minimally 

overlaps and strongly sutured with anterior end of nasal; 2, anterior end of nasal fits into 

lingual facet on premaxillary pars dorsalis and braced ventrolaterally by expanded dorsal end 

of lateral internal strut. 

5. Boss on premaxilla: 0, present; 1, absent. 

6. Relative size of premaxillary boss, if present: 0, covers about dorsal one−quarter to 

one−third of pars dorsalis; 1, covers about dorsal one−half of pars dorsalis. 

7. Distribution of labial ornament on large premaxillae: 0, restricted to dorsal part of pars 

dorsalis; 1, covers entire face of pars dorsalis. 

8. Pattern of premaxillary labial ornament: 0, discontinuous, anastomosing ridges and 

irregular pits; 1, continuous ridges defining polygonal pits; 2, pustulate. 

9. Vertical position of suprapalatal pit on pars dorsalis: 0, “high”, with ventral edge of pit well 

above dorsal face of pars palatinum; 1, “low”, with ventral edge of pit just above or, more 

typically, continuous with dorsal face of pars palatinum  
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10. Size of suprapalatal pit relative to lingual surface area of pars dorsalis: 0, “small”, about 

1%; 1, “moderate”, about 4–15%; 2, “large”, about 20–25%. 

11. Outline of suprapalatal pit: 0, oval; 1, triangular or slit−like. 

12. Form of dorsal process on lingual edge of maxillary process: 0, low, isolated ridge; 1, high 

flange, continuous labially with base of lateral internal strut. 

13. Form of vomerine process on premaxilla: 0, prominent; 1, weak. 

14. Diameter of palatal foramen in premaxilla relative to diameter of base of medial teeth on 

bone: 0, “small”, foramen diameter ≤ tooth diameter; 1, “large”, foramen diameter > about 

one and one−third tooth diameter. 

15. Length of premaxillary lateral process on maxilla relative to height of process at base: 0, 

“long”, length > height; 1, “short”, length ≤ height. 

16. Dorsally projecting process on dentary immediately behind tooth row: 0, absent; 1, 

present. 

17. Labial ornament on large maxilla and dentary: 0, absent; 1, present. 

18. Labial or lingual profile of occlusal margin of maxilla and dentary: 0, essentially straight; 

1, strongly convex or angular, with apex adjacent to tallest teeth. 

19. Size heterodonty of teeth on maxilla and dentary: 0, weakly heterodont anteriorly; 1, 

strongly heterodont anteriorly. 

20. Position of anterior end of maxillary tooth row relative to point of maximum indentation 

along leading edge of nasal process: 0, anterior to; 1, approximately in line. 

21. Dorsal or ventral outline of fused frontals: 0, approximately rectangular or bell−shaped; 1, 

approximately triangular. 

22. Ratio of midline length of fused frontals versus width across posterior edge of bone, 

between lateral edges of ventrolateral crests, in large specimens: 0, “long”, ratio more than 

about 1.2; 1, “moderate”, ratio between about 1.2 and 1.1; 2, “short”, ratio equal to or less 

than about 1.0. 
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23. Proportions of internasal process on fused frontals: 0, “short”, length ≈ width; 1, “long”, 

length > width. 

24. Form of ventrolateral crest on large, fused frontals: 0, narrow and convex ventrally to 

bevelled ventrolaterally in transverse view; 1, narrow and triangular in transverse view, with 

ventral face flat to shallowly concave; 2, wide and triangular in transverse view, with ventral 

face deeply concave. 

25. Estimated maximum snout−pelvic length: 0, “large”, > about 50 mm; 1, “small”, < about 

45 mm. 

26. Direction faced by suprapalatal pit in pars dorsalis of premaxilla: 0, laterolingually; 1, 

lingually.

27. Path followed by canal through pars palatinum in premaxilla, between dorsal and ventral 

openings of palatal foramen: 0, dorso−laterally−ventromedially; 1, vertically. 

28. Position in frontals of anterior end of orbital margin relative to anteroposterior midpoint of 

frontals: 0, in front of; 1, in line with or behind. 

29. Dorsal or ventral outline of internasal process on frontals: 0, tapered anteriorly; 1, 

bulbous. 

30. Suprapalatal pit variably divided: 0, undivided; 1, divided in about one−third or more of 

specimens. 

31. Flattened ventromedian keel extending along posterior two thirds of fused frontals: 0, 

absent; 1, present.

32. Postorbital wing of parietal length: 0, equal or longer than width of frontoparietal suture; 

1, shorter than width of frontoparietal suture.

33. Sculpture extent on postorbital wing of parietal: 0, sculpture extends on to wing; 1, wing 

unsculptured.

34. Posterior process of parietal: 0, single; 1, double.

35. Posterodorsal fenestrae on skull roof: 0, absent; 1, present.
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36. Postorbital process of parietal, sculptured vs unsculptured parts ratio: 0, sculptured 

longest; 1, unsculptured longest.

37. Frontal-lacrimal contact: 0, slot (not visible dorsal or ventrally); 1, medial emargination of 

the prefrontal facet making a dorsal notch only, not visible ventrally (the lacrimal sits dorsal 

to the frontal); 2, medial emargination of the prefrontal facet making a notch visible dorsally 

and ventrally (the lacrimal sits lateral to the frontal).

Figure S5.1: Character states in Albanerpeton arthridion (0), Wesserpeton evansae (1), and 
Albanerpeton pannonicum (2) in character 37.

38. Edge of ventrolateral crests, position along the orbital margin: 0, close/contiguous to the 

orbital margin; 1, medial to the orbital margin creating a ventral step, or parapet.

Figure S5.2: Character states in Wesserpeton evansae (0) and Albanerpeton pannonicum (1) in 
character 38.
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Section S1 – Supplementary text

S1.1 – Preservation status of best preserved Lourinhã specimens

ML2738, ML2739, ML2741 (see Figure 4A, B, and D), ML2743, and ML2744 (not 

figured) are the best-preserved specimens. ML2738 (Figure 4A) preserves the internasal 

process and the ventromedian suture, and its right edge is complete with the parietal facet 

preserved. However, the left anterolateral process is broken, and the left orbital margin is 

missing. ML2739 (Figure 4B) preserves the ventromedian suture but its internasal process is 

broken away. Its roof is translucent, permitting observation of the dorsal ornamentation in 
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ventral view. ML2740 (Figure 4C) and ML2742 (not figured) preserve a full anterolateral 

process. The latter preserves only the middle part of the frontal and displays an eroded dorsal 

surface. ML2741 (Figure 4D) preserves the internasal process and anterior part of its edges. 

However, no posterior part could be associated and none of the anterolateral processes are 

preserved. The left edge is better preserved, with the anterolateral process only missing the 

posterior-most part of the parietal facet. The right anterolateral process is preserved, but the 

orbital margin is broken just before the parietal facet. FCT/UNL-CN00016 (Figure 4E) only 

preserves the anterior-most part of the frontal and is broken from the right anterolateral process 

to at least two thirds of the left ventrolateral crest (the canal is still visible, see Figure 4E). 

FCT/UNL-CN00018 (Figure 4F) also preserves the anterior-most part of the frontal, being 

transversally broken between a half and two thirds of the length of the ventrolateral crests, and 

both anterolateral processes are poorly preserved.

S1.2 – Preservation status of best preserved Guimarota specimens

MG28426, MG28427, MG28502, MG28520, and MG28521 (Figure 5A, B, D, E, and 

F) are the most complete specimens. MG28473 and MG28543 (Figure 5C and J) are observable 

only in ventral view because they are still in their coal matrix. MG28502, MG28532, and 

MG28694 (Figure 5D, G, and O) were coated in gold for SEM in a previous study of the 

material (Wiechmann 2003). MG28426 and MG28427 (Figure 5A and B) are fragmented 

specimens whose pieces were assembled for the images presented here. MG28520 (Figure 5E) 

is fragmented and was curated adhering to Bostik Blu Tack before this study.

Section S2 – Morphometrics analysis

For the PC1-PC2 graph in scaling 1 (Figure 6; A), MG28426, MG25521, MG28427, 

MG28502, and MG28694 are associated with higher values of variables SW, VCAW, VCPW, 

and INW. MG28520 is associated with higher value of variables INL and VCC. ML2739 is 
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associated with high value of IVCW, but lower value of VCC and INL. ML2741), MG28539, 

and MG28532 are associated with high value of VCC, but low value of IVCW. The other 

specimens are associated with lower values of SW, VCAW, VCPW, and INW.

For the PC3-PC2 graph in scaling 1, MG28473, MG28539 and MG28532 are associated 

with high values of VCC and INW. MG28520 is associated with high values of INL, while 

ML2739 is rather associated with low value. ML2738 is associated with a high value of SW, 

and low value of INW and VCC. MG28502, MG28733, MG28426 and MG28427 are 

associated with high value of VCAW and VCPW, but low values of INW and VCC. FCT/UNL-

CN00016 and FCT/UNL-CN00018 are associated with low value of IVCW. MG28694 is in the 

centre of the graph and therefore does not seem to be associated with any peculiar variable.

For the PC1-PC2 graph in scaling 2 (Figure 6; B), SV, VCAW and VCPW are highly and 

positively correlated between them, and INW is to a lesser extent positively correlated to those 

three. IVCW is positively correlated with this group of four variables. INL is equally positively 

correlated to INW and VCC, but negatively correlated to IVCW. VCC and IVCW are highly 

and negatively correlated. Finally, VCC seems uncorrelated (or at least weakly correlated) to 

SW, VCAM, and VCOW, and same can be said between IVCW and INW, due to their quasi-

orthogonal vectors.

For the PC3-PC2 graph in scaling 2, SW, VCAW, and VCPW are once again highly 

positively correlated, VCAW and VCPW being the strongest correlation. They are highly 

negatively correlated with INW and VCC, which are both highly and positively correlated. To 

a lesser extent, they are positively correlated with IVCW and INL. The former is negatively 

correlated to VCPW and VCAW, but uncorrelated to SW. The latter is highly negatively 

correlated to SW, and to a much lesser extent to VCAW, VCPW, and IVCW.

All PCA scores and loadings can be found in Supplementary file 3.
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Section S3 – Phylogenetic analysis

S3.1 – Synapomorphies found in previous studies

Our analyses recovered the following synapomorphies from previous studies (Gardner 

2002; Gardner et al. 2003; Venczel and Gardner 2005; Sweetman and Gardner 2013; 

Matsumoto and Evans 2018; Daza et al. 2020): 

(1) Anoualerpeton priscum 

A long internasal process on fused frontals (char. 23: 1); and narrow and triangular ventrolateral 

crest on large, fused frontals in transverse view, with ventral face flat to shallowly concave 

(char. 24: 1);

(2) Celtedens

A bulbous dorsal or ventral outline of internasal process on frontals (char. 29: 1);

(3) Clade (Wesserpeton + Unã specimen + Yaksha + Shirerpeton + Albanerpeton s.l.)

An approximately triangular dorsal or ventral outline of the fused frontal (char. 21: 1);

(4) Albanerpeton pannonicum

Presence of a flattened ventromedial keel extending along posterior two thirds of fused frontals 

(char. 31: 1);

(5) Albanerpeton s.s.

A short ratio of midline length of fused frontals vs. width across posterior edge of bone, between 

lateral edges of ventrolateral crests, in large specimens as synapomorphy of (char. 22: 2).

S3.2 – Synapomorphies recovered in the new analysis

Compared to previous phylogenies, the analyses presented here propose amendments to 

character changes: 

(1) Clade formed by the common ancestor of A. galaktion and A. inexpectatum, and all its 

descendants 
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Narrow and triangular ventrolateral crest on large, fused frontals in transverse view, with 

ventral face flat to shallowly (char. 24: 1).

(2) Clade (Yaksha perettii + Shirerpeton isajii)

Presence of a flattened ventromedial keel extending along posterior two thirds of fused frontals 

(char. 31: 1). 

(3) Albanerpeton s.s. 

Wide and triangular ventrolateral crest on large, fused frontals in transverse view, with ventral 

face deeply concave (char. 24: 2).

Our analysis also proposes new synapomorphies that were not previously discussed or 

reported:

(1) Independently acquired in Celtedens ibericus and the clade formed by the common 

ancestor of the Uña specimen and A. inexpectatum, and all its descendants

Absence of a flattened ventromedial keel extending along posterior two thirds of fused frontals 

(char. 31: 0).

(2) Independently acquired in Wesserpeton evansae and Albanerpeton gracile

Presence of a medial emargination of the prefrontal facet making a dorsal notch only, not visible 

ventrally (the lacrimal sits dorsal to the frontal) (char. 37: 1).

(3) Albanerpeton s.l.

Moderate ratio of midline length of fused frontals versus width across posterior edge of bone, 

between lateral edges of ventrolateral crests, in large specimens (char. 22: 1); and anterior end 

of orbital margin in line with or behind the anteroposterior midpoint of frontals (char. 28: 1).

(4) ‘Robust-snouted’ clade

Medial emargination making a notch visible dorsally and ventrally (the lacrimal sits lateral to 

the frontal) (char. 37: 2); and edge of ventrolateral crests medial to the orbital margin creating 

a ventral step, or parapet (char. 38: 1).
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(5) Yaksha perettii 

Narrow and convex ventrally to beveled ventrolaterally ventrolateral crest on large, fused 

frontals in transverse view (char. 24: 0).

(6) Paskapoo species

Narrow and convex ventrally to beveled ventrolaterally ventrolateral crest on large, fused 

frontals in transverse view (char. 24: 0); and edge of ventrolateral crests, position along the 

orbital margin medial close/contiguous to the orbital margin (char. 38: 0).
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