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Abstract. The clay pit of the Lücking Company near Warburg-Bonenburg (Höxter District, North Rhine-Westphalia, 

Germany) includes multiple bone beds within the Rhaetian Exter Formation. These provide records of a wide range 

of Late Triassic marine vertebrates. However, so far, a single tooth of a cynodont and a presumable sphenodont 

jaw fragment are the only terrestrial records among the fauna of otherwise marine and limnic affinity. Here we 

describe two unguals from Bone Bed 2 of this locality, which are not referable to any taxon previously identified 

from this fossil site. The larger of the two most closely resembles unguals of early-branching sauropodomorphs, es-

pecially Plateosaurus or Massospondylus. Although theropods cannot be fully excluded, we tentatively identify the 

smaller ungual as that of a pterosaur. This is suggested by morphological features, including the presence of sharp 

edges on the ventral margin, and by morphometric evidence. The described specimens represent the first record of 

either taxon for the locality of Bonenburg. Furthermore, they not only constitute one of the geologically youngest 

fossils of a non-sauropod sauropodomorph from Europe but also potentially the largest Triassic pterosaur.
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Kurzfassung. Die Tongrube der Firma Lücking bei Bonenburg (Kreis Höxter, Nordrhein-Westfalen, NW-Deutsch-

land) umfasst mehrere Bonebeds innerhalb der rhätischen Exter-Formation. Diese liefern Belege einer breiten 

Spanne spät-triassischer, mariner Wirbeltiere. Bisher sind ein einzelner Zahn eines Cynodonten und ein Kieferfrag-

ment, vermutlich einer Brückenechse, die einzigen terrestrischen Funde neben der ansonsten marinen Fauna. Hier 

beschreiben wir zwei Ungualen des Bonebeds 2 dieser Lagerstätte, die keiner der dort bisher gefundenen Taxa zu-

geordnet werden können. Das größere der beiden ähnelt am meisten basalen Sauropodomorphen, insbesondere 

Plateosaurus und Massospondylus. Während Theropoden nicht vollständig ausgeschlossen werden können, identi-

fizieren wir das kleinere Unguale vorsichtig als Pterosaurier, gestützt auf morphologische Merkmale einschließlich 

des Vorhandenseins scharfer Kanten am ventralen Rand, sowie auf morphometrische Belege. Die beschriebenen 

Exemplare sind die ersten Nachweise beider Taxa für den Fundort in Bonenburg. Darüber hinaus stellen diese nicht 

nur eines der geologisch jüngsten Fossilien eines nicht-sauropoden Sauropodomorphen aus Europa dar, sondern 

auch möglicherweise den größten triassischen Pterosaurier.

Schlüsselwörter: Trias, Sauropodomorpha, Pterosauria, Westfalen, Morphometrie
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Introduction

Sauropodomorpha and Pterosauria are two pivotal 

clades that emerged during the Late Triassic, marking 

significant evolutionary advancements in terrestrial and 

aerial vertebrate life. Sauropodomorphs, herbivorous 

dinosaurs, exhibited a range of body sizes and locomo-

tor adaptations, transitioning from bipedal to quadru-

pedal stances. Notable early sauropodomorphs include 

Plateosaurus from Europe and Musankwa sanyatiensis 

Barrett et al., 2024 from Zimbabwe, highlighting their 

widespread distribution across Pangaea. Their morpho-

logical diversity reflects adaptations to various ecologi-

cal niches, contributing to their success during this peri-

od (Apaldetti et al. 2021; Barrett et al. 2024).

Pterosaurs, the earliest known vertebrates to achieve 

powered flight, also originated in the Late Triassic. Ear-

ly representatives such as Eudimorphodon, Preondac­

tylus and Austriadactylus from Europe demonstrate a 

variety of dental and skeletal adaptations, indicating 

diverse ecological roles and a broad geographic range. 

The emergence of these clades during the Late Triassic 

underscores a period of significant evolutionary inno-

vation, with sauropodomorphs and pterosaurs occu-

pying distinct but complementary niches in terrestrial 

and aerial ecosystems (Dalla Vecchia 2003; Eugénio 

Fernandes 2024).

The fossil locality of Bonenburg (Höxter District, 

North Rhine-Westphalia, Germany; Fig. 1) provides 

a diverse record of Triassic vertebrates (Sander et al. 

2016, 2026; Schwermann et al. 2017). The finds come 

from clay pit #3 of the August Lücking brick factory, 

mostly from four bone beds within the Rhaetian Exter 

Formation (Gravendyck et al. 2020; Sander et al. 2026). 

The bone beds resemble similar and approximately co-

eval bone beds in the UK and France (Swift & Martill 

1999; Allard et al. 2015; Sander et al. 2016, 2026; Slater 

et al. 2016; Cross et al. 2018). In addition to numer-

ous chondrichthyan, actinopterygian, dipnoan (San

der et al. 2016, 2026) and rare actinistian (Hartung et 

al. 2021) fossils, the site has produced many notable 

finds of marine reptiles, including abundant material 

of Ichthyosauria (Perillo & Sander 2024; Sander et al. 

2026), Plesiosauria (Wintrich et al. 2017) and the enig-

matic Pachystropheus. Pachystropheus is traditionally 

regarded as the oldest known choristodere, but was 

more recently recovered as the youngest surviving tha-

lattosaur (Quinn et al. 2024).

Non-marine and possibly marginally marine tetra-

pod finds consist of the youngest record of Phytosau-

ria (Sander & Wellnitz 2024) and of non-brachyopoid 

Stereospondyli (Konietzko-Meier et al. 2019; Prino et 

al. 2024). The holotype of Rhaeticosaurus mertensi 

Wintrich et al., 2017, the oldest (and only Triassic) ple-

siosaur known from an articulated skeleton, was ob-

tained in isolation from a location between bone beds 

1 and 2 (Wintrich et al. 2017). 

However, unequivocally terrestrial faunal elements 

from the Bonenburg bone beds have so far been limit-

ed to a single tooth of the cynodont Lepagia gaumen­

sis Hahn et al., 1987 (Schwermann 2016) and a small 

jaw fragment with two teeth, which probably origi-

nates from a sphenodontan (Sander et al. 2016, 2026; 

Schwermann 2016). 

The purpose of the present work is to describe two 

additional non-marine tetrapod taxa, represented by 

two amniote ungual phalanges, a small and a large 

one. The morphology of these specimens does not 

fit to any taxa previously identified from this locality. 

The large ungual belongs to a basal sauropodomorph 

dinosaur, the first dinosaur from the locality, and the 

small one probably to a pterosaur.

Figure 1: Locality of 
Bonenburg clay pit #3 of 
Lücking brick company in 
the eastern part of the state 
of North Rhine-Westphalia, 
Germany.
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Materials and methods

Material studied

The two unguals studied were obtained as isolat-

ed fossils from Bone Bed 2 of the clay pit #3, locat-

ed approximately 1 km north-west of the village of 

Bonenburg (North Rhine-Westphalia, Germany) and 

operated by the August Lücking brick company. Both 

specimens are housed in the palaeontological collec-

tion of the LWL-Museum für Naturkunde, Münster, 

Germany, under accession numbers WMNM P91001 

and WMNM P19002.

Specimen WMNM P91001 was found by Michael 

Mertens (Altenbeken) in 2014, who reported it to 

the LWL-Museum für Naturkunde in Münster, where 

it was classified as a find falling under state owner-

ship (“Schatzregal”) according to § 18 of the North 

Rhine-Westphalia Monument Protection Act. Specimen 

WMNM P91002 was found during a palaeontological 

excavation by the University of Bonn in 2017. The two 

unguals are well-preserved and mostly unaffected by 

compaction. However, the distal tip as well as a part of 

the flexor tubercle of WMNM P91001 is missing, and 

there appears to be some amount of diagenetic col-

lapse in the middle portions of both unguals. 

For identification, morphological comparisons were 

made between these unguals and material from the 

collections of PIMUZ, SMF and SMNS, as well as various 

taxa from the literature. 

Measurements

Dorsopalmar height of the unguals was measured at 

the highest point of the proximal articular surface. 

Proximodistal length was recorded in two ways: (1) as 

a straight-line measurement from the dorsoproximal 

tip of the extensor tubercle to the distal tip of the un-

gual, and (2) as a measurement orthogonal to the dor-

sopalmar height axis, representing the overall length 

independent of tubercle projection. All measurements 

were taken using digital calipers with a resolution of 

0.01 mm and an accuracy of ±0.02 mm.

To quantify curvature, the unguals were positioned 

according to the orientation method described by Os-

trom (1969), with the proximal articular facet aligned 

vertically in a straight, upright position. The radius of 

curvature was estimated by drawing a line from the in-

ferred centre of rotation (approximated from the arc 

of the ventral margin) to the distal tip of the ungual. 

The curvature angle was then calculated between this 

radius and the dorsopalmar height axis.

Body size estimation
For all examined comparative taxa for which this infor-

mation was available, the proportion of a linear metric 

of body size (total length or wingspan) to the length 

of their unguals was calculated. This proportion was 

then used to obtain size estimates for WMNM P91002 

and P91001 on the basis of their measured ungual 

length, assuming isometric scaling. 

To provide an approximate size estimate for WMNM 

P91002, assuming pterosaurian affinities, we per-

formed an ordinary least squares (OLS) regression 

of log-transformed wingspan estimates and ungual 

lengths of the specimens listed in Table 1. Tested 

against an OLS regression fitted on the untransformed 

data, log-transformation eliminated heteroscedasti

city and reduced the number and severity of potential 

outliers in the dataset (specimens with Cooks distances 

>4/n), at the expense of resulting in a non-normality of 

the residuals. In order to nevertheless provide robust 

confidence and prediction intervals, we performed a 

bootstrap with 1000 repetitions. For each repetition, 

the training data were randomly resampled, a new 

lm() model was fitted and predictions were generated 

from the model. For estimating prediction intervals, 

a randomly sampled residual of the respective model 

was added to the best-fit predictions. Quantiles across 

the 1000 repetitions were then used to generate the 

confidence and prediction intervals. Due to the limita-

tions of this non-parametric approach, the precision of 

these intervals is limited and they are only reported to 

two significant digits. 

Geometric morphometric analysis

As a quantitative test for the hypothesized systemat-

ic affinities of our specimens, a morphometric analy-

sis of identified manual unguals (n = 76) pertaining 

to early (Triassic and Lower Jurassic) neotheropods 

(n = 22), pterosaurs (n = 12) and sauropodomorphs 

(n = 42) was conducted. Image material of the speci-

mens was sourced from photographs or photogram-

metric 3D models (DN, pers. obs., 2022; Christopher 

Griffin, Princeton, New Jersey, DN pers. comm., 2022) 

and published figures (Pterosauria: Wild 1978; Dalla 

Vecchia 2018, 2019, 2021; Sangster 2021; Sauropodo-

morpha: Young 1941; Pol & Powell 2007; Otero & Pol 

2013; Barrett et al. 2019; Chapelle et al. 2019; Ballell 

et al. 2020; Nau et al. 2020; Schaeffer 2024 & DN, pers. 

obs., 2022; Theropoda: Huene 1934; Camp 1936; Col-

bert 1989; Nesbitt et al. 2009; You et al. 2014; Martill et 

al. 2016; Barta et al. 2018; Marsh & Rowe 2020; see also 

the electronic supplementary material S1). 



Pterosauria

	 Taxon	 Wingspan (m)	 Ungual 	 Ungual length		  Reference(s)	 Wingspan estimate (m) 	
				    (mm)			   for  WMNM P91002

	 Carniadactylus	 0.71	 Pes	 2.5		  Dalla Vecchia (2009a)	 7.2
					     5.8			   3.1
					     5.9			   3.1
	 				    7.4			   2.4

	 Dearc	 2.04	 Manus I	 48.3		  Jagielska et al. (2022)	 1.1 
				    Manus II	 41.4		  Etienne et al. (2024)	 1.3
		  		  Manus III	 36.6			   1.4

	 Dimorphodon	 1.5	 Manus I	 10  		  Sangster (2021)	 3.8
				    Manus I	 12			   3.2
				    Manus II	 16			   2.4
				    Manus II, III 	 18			   2.1
				    Pes I	 9			   4.2
				    Pes I-IV	 7			   5.4
	 	 		  Pes II-IV	 8			   4.8

	 Dorygnathus	 0.97	 Manus ?II	 15.2		  photogrammetric	 1.6
				    Manus ?I	 11.5		  measurements, Theda,	 2.1
				    ?Manus 	 12.7		  pers. comm. 2025	 1.9
				    Manus	 14.3		   	 1.7
	 			   Manus	 13.1			   1.9

	 Eudimorphodon	 0.75	 Manus	 6.5		  Wild (1984)	 2.9
					     7.2			   2.6
		  1		 Manus	 6.5			   3.9
	 				    7.2			   3.5

Theropoda

	 Taxon	 Length (m)	 Ungual 	 Ungual length		  Reference(s)	 Length estimate (m) 		
				    (mm)			   for  WMNM P91002

	 Tawa	 2.3	 Manus I	 19		  Nesbitt et al. (2009)	 3.1
				    Manus II	 23			   2.6
				    Manus III	 25			   2.3
		
	 Panguraptor	 2		 Manus I	 20		  You et al. (2014)	 2.4

Table 1: Size comparison of WMNM P91002 with Triassic and Lower Jurassic Pterosauria as well as two early Theropoda. Estimated 
wingspans/body lengths for WMNM P91002 are given based on the respective taxon and measurement/size estimation, broken down 
by the taxon used for scaling, as well as the respective measurements and size estimates.
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In order to better account for the range of individ-

ual variation in ungual shape within species, multiple 

specimens were included, if available (particularly in 

the case of Plateosaurus trossingensis Fraas, 1913). This 

can potentially introduce biases towards classification 

in taxa represented by a higher number of specimens 

(i.e., Sauropodomorpha > Theropoda > Pterosauria) by 

widening their respective morphospaces. However, this 

was deemed acceptable for the purposes of the present 

work, since it effectively leads to a more stringent test 

of the proposed pterosaurian affinities for specimen 

WMNM P91002. The primary motivation for conduct-

ing the morphometric analysis was the uncertain tax-

onomic affinities of this specimen, and this approach 

avoids the loss of information about the morphometric 

variance within species that would result if each species 

were “flattened” into a single mean shape. 

Ungual outlines (in pre- or postaxial view, used inter-

changeably) were traced in Inkscape (Inkscape Project 

2020) and saved as black silhouettes on a white back-

ground. These silhouettes were then imported into R 

(version 4.4.0, R Core Team 2024), resampled to 1000 
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outline points per specimen (R package “Momocs”; 

Bonhomme et al. 2014; Bonhomme & Claude 2022) and 

Procrustes-aligned (R package “geomorph”; Baken et 

al. 2021; Adams et al. 2022). The proximodorsal ex-

tremity of the claw (i.e., the dorsal “lip” of the articu-

lar facet, chosen because small portions of the claw tip 

are often missing) was treated as a fixed landmark and 

all other outline coordinates as sliding semi-landmarks 

(with Procrustes distance as the sliding criterium). 

Aligned outline coordinates were then Fourier-trans-

formed using the 12 harmonics (“efourier()” function 

of R package “Momocs”), after visually determining 

that these were sufficient to accurately capture the 

shape information in the outlines. The resulting Fouri-

er coefficients were subjected to a principal component 

analysis (PCA), so that linear discriminant analysis (LDA; 

R package “MASS”; Venables & Ripley 2002, Ripley et 

al. 2022) was performed on the resulting (normalized) 

principal component scores, with the three taxonomic 

groups (Theropoda, Sauropodomorpha, Pterosauria) 

being used as factor levels for the response variable. 

Specimens WMNM P91001 and P91002 were digi-

tized, aligned and scaled together with the training 

data (all other specimens), but were removed from 

the sample and projected onto the PCA and LDA mor-

phospaces for the remaining specimens to obtain clas-

sifications for the specimens relative to the material 

identified taxonomically. We assigned prior probabil-

ities of one third to each of the three possible taxo-

nomic groups before making predictions based on the 

LDA (thereby assuming equal prior probabilities for 

each group). 

For validation, a sensitivity analysis with 1000 rep-

etitions was run for the PCA and LDA analysis, with 

specimens randomly resampled (with replacement) 

from the entire outline dataset for each repetition. 

Two measures of bootstrap support were calculated, 

one as the proportion of repetitions resulting in the 

Figure 2: Results of morphometric analysis of ungual outline shapes. A Ungual silhouettes after tracing and alignment, as 
used as a basis for further analyses (WMNM P91001 and P91002 marked in black and red, respectively). B Results of principal 
component analysis on Fourier-transformed ungual silhouettes (entire dataset). C Results of linear discriminant analysis of scaled 
PCA results (note clear separation between Pterosauria and Dinosauria, but incomplete separation between Theropoda and 
Sauropodomorpha). D Taxonomic classifications made for WMNP P91001 and P91002 on the basis of the LDA (C). The three bars 
for each taxon and taxonomic grouping visualize the support measures (given as probabilities ranging from 0 to 1) for (from left to 
right): mean posterior probability based on a bootstrap with random taxonomic resampling (1000 repetitions), share of taxonomic 
classification in the respective group from among the bootstrap repetitions and the posterior probabilities in the full analysis 
(including all taxa exactly once).
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respective taxonomic grouping as the most probable 

outcome, and another one as the mean of the posteri-

or probabilities for each grouping across all bootstrap 

repetitions. All data and R code necessary for replica-

tion of this analysis are provided in the electronic sup-

plementary material (S1).

Institutional abbreviations

GPIT, Institut und Museum für Geologie und Paläontolo-

gie, Universität Tübingen, Germany; MBR, Reptile collec-

tions, Museum für Naturkunde Berlin, Germany; MPUM, 

Museo Paleontologico del Dipartimento di Scienze della 

Terra, Università di Milano, Italy; PIMUZ, Paläontologi

sches Institut und Museum der Universität Zürich, Swit-

zerland; SMNS, Staatliches Museum für Naturkunde 

Stuttgart, Germany; SMF, Sauriermuseum Frick; WMNM, 

LWL-Museum für Naturkunde Münster, Germany.

Results

Morphometric analysis 

Principal components 1 and 2 explain approximately 

75% of the variance. The PCA yielded  poor separa-

tion between the morphospaces of the three taxa, 

with all three morphospaces overlapping consider-

ably. When projected onto the PC1 × PC2 morpho

space, WMNM P91001 plots outside any of the con-

vex polygons of the taxonomic groups analysed, but 

closest to the basal sauropodomorphs Plateosaurus 

trossingensis, Massospondylus carinatus Owen, 1854 

and Schleitheimia schutzi Rauhut et al., 2020. On the 

other hand, WMNM P91002 plots within the convex 

polygon of Pterosauria and outside (albeit close to) 

the convex polygons for Theropoda and Sauropodo-

morpha (Fig. 2B).

Linear discriminant analysis resulted in a good 

separation of the pterosaur morphospace from that 

of theropods and sauropodomorphs, but substan-

tial overlap exists between the latter two groups 

(Fig. 2C). The results of the classification and the boot-

strap-based sensitivity analysis for WMNM P91002 all 

support an assignment of the specimen to ?Pterosau-

ria (full model posterior probability 99.9%, bootstrap 

support 95% in terms of share of classifications, 80% 

in terms of mean posterior probability). Conversely, 

full model LDA results for WMNM P91001 suggest a 

theropod classification for the specimen (posterior 

probability of 93%). However, a majority (72%) of 

the bootstrap repetitions instead support a sauropo-

domorph classification for the specimen, as does the 

mean posterior probability based on the bootstrap 

analysis (Sauropodomorpha: 64%, Theropoda: 36%). 

Figure 3: Estimation of body size for WMNM P91002 based on pterosaurs (Table 1). A model of log(wingspan)~log(claw length) 
(black/solid) compared to isometry (red/dashed), with respective bootstrap confidence (shaded polygon) and prediction (dashed 
margins) intervals. B Plot of absolute residuals against fitted values (showing no significant correlation, i.e., no heteroscedasticity). 
C Quantile-quantile plot of residuals (highlighting significant deviation from normality, p = 0.03).



Table 2: Results of morphometric analysis. Mean posterior 
probabilities and share of classifications refer to the results of 
the bootstrap resampling, whereas the full model shows the 
estimated posterior probabilities from the baseline LDA run  
with each data point included exactly once.
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has an estimated wingspan of 0.75 to 1 m (Stecher 

2008). Figure 10 in Wild (1984) shows that the two 

preserved manual unguals are 6.5 mm and 7.2 mm 

long, resulting in wingspan estimates of 2.6–3.9 m 

for the Bonenburg ungual.

The OLS fit for the pooled data for manual and 

pedal unguals (Fig. 3A) results in a model that is 

highly significant (p = 4.8E-07) and explains 74% 

of the variance in wingspan. This model produces 

a mean estimated wingspan of 2.1 m for WMNM 

P91002, with a 90% confidence range of 1.8–2.3 m 

and a 90% prediction range of 1.1 m–3.0 m. The 

model fitted to only the manual unguals was also 

highly significant (p = 1.4E-03) and explains 71% of 

the variance in wingspan, with model parameters 

and results very close to the pooled model (mean 

wingspan estimate 2.1 m, 90% CI 1.7–2.3 m). The 

model fitted to only the pedal unguals produced 

a point estimate of 3.6 m (90% CI 1.0–6.1 m), but 

was not statistically significant (p = 0.10) due to in-

sufficient sample size. It is therefore excluded from 

further consideration. 

For an ungual length of 25.4 mm, our model for 

log(wingspan)~log(claw length) predicts a wingspan 

of 1.95 m (90% CI: 1.7–2.2 m, 90% PI: 1.3–3.1 m). 

This estimate is considerably lower than the isomet-

ric estimate derived from the mean proportions in 

Full results of the LDA classification for both speci-

mens are presented in Table 2. 

Size estimation for WMNM P91001

The proportions in the virtually complete Plateosaurus 

skeleton GPIT1, as digitized by Mallison (2010), were 

used to provide an approximate estimate of body size 

for WMNM P91001. The total length of the skeleton 

GPIT1, as measured along the neural canal, is 5.57 m 

(Mallison 2010, fig. 10.2) and the articular lengths of 

the unguals of the first and second finger are 63 mm 

and 47 mm respectively (Mallison 2010, fig. 6), making 

them similar to WMNM P91001, where the same meas-

urement is 59.95 mm. Assuming the same proportions 

between ungual length and total length as observed 

in GPIT1, total body length of WMNM P91001 can be 

estimated at 5.3 m and 7.1 m, based on the first and 

second digit, respectively.

Size estimate for WMNM P91002

Wingspan estimates based on our preferred iden-

tification of WMNM P91002 as a pterosaur were 

made based on both isometric scaling and a least 

squares regression model fitted to all data.

The Alpine Late Triassic pterosaur Carniadactylus 

has an estimated wingspan of 0.71 m and pedal un-

guals ranging from 2.5 mm to 7.4 mm (Dalla Vecchia 

2009a). Simple scaling up would result in a wing-

span estimate of about 2.4 m to 7.2 m for WMNM 

P91002. The wingspan of the Middle Jurassic pter-

osaur Dearc (Jagielska et al. 2022) was estimated 

by Etienne et al. (2024) to measure 2.04 m. Based 

on fig. 3A in Jagielska et al. (2022), the lengths of 

the manual unguals of Dearc are approx. 48.3 mm, 

41.4 mm and 36.6 mm for digits I, II and III respec-

tively. This would result in an estimated wingspan 

ranging from 1.1 m to 1.4 m for the Bonenburg 

specimen (Table 1).

The wingspan of an adult of the Early Jurassic 

Dimorphodon is estimated to be 1.5 m (Sangster 

2021). Sangster (2021) described multiple individ-

uals; to simplify the size comparison, the average 

lengths of the described unguals are used here. The 

unguals of manual digit I average 11 mm in length, 

those of digit II 17 mm and those of digit III 18 mm in 

length (Sangster 2021). The unguals of the first toe 

average 8 mm in length and those of the remain-

ing toes average 7.5 mm each (Sangster 2021). The 

resulting ratios imply a wingspan of between 2.1 m 

and 5.1 m for WMNM P91002. Eudimorphodon 

WMNM P91001

	 Pterosauria	 Sauropodomorpha	 Theropoda

	Mean posterior	 0.0057	 0.6373	 0.3571 
	 probabilities	

	 Share of 	 0	 0.721	 0.279 
	 classifications	

	 Full model	 0	 0.0711	 0.9289

WMNM P91002

	Mean posterior 	 0.8023	 0.0869	 0.1108 
	 probabilities	

	 Share of 	 0.958	 0.012	 0.03 
	 classifications	

	 Full model	 0.9994	 0	 0.0006
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the sample, at 2.89 m (90% CI: 2.5–3.4 m, 90% PI: 

1.4–5.3 m), highlighting the apparent negative al-

lometry (exponent of 0.57) in the model.

If WMNM P91002 is, instead, treated as a thero-

pod, its total length can be estimated on the basis 

of early-branching theropods (Table 1). Panguraptor 

from the Early Jurassic of China has a total length of 

approximately 2.0 m (You et al. 2014). The only fully 

visible ungual, that of the first digit, measures 2.0 cm 

(You et al. 2014). From the ratio of this ungual to 

the total length and the dimensions of the studied 

ungual, a total length of about 2.4 m is obtained for 

WMNM P91002.

Based on fig. 2 in Nesbitt et al. (2009), the total 

length of the early theropod Tawa is approximately 

2.3 m. Likewise, the lengths of the terminal phalan-

ges of the manus of this animal can be measured from 

a figure (Nesbitt et al. 2009, fig. 2F), and suggest that 

the ungual of the first digit measures 19 mm, that 

of the second digit measures 23 mm and that of the 

third digit 25 mm in length. These proportions imply 

total length estimates for WMNM P91002 of approx-

imately 3.1 m, 2.6 m and 2.3 m, respectively. 

Systematic palaeontology

Archosauria Cope, 1869

Ornithodira Gauthier, 1986

Dinosauria Owen, 1842

Sauropodomorpha Huene, 1932

Incertae sedis

Material examined. WMNM P91001; late middle 

Rhaetian Exter Formation, Contorta Beds, Bone Bed 

2b, 20 m below the Triassic-Jurassic boundary (Gra

vendyck et al. 2020; Sander et al. 2026); clay pit #3 of 

the Lücking brick factory near Warburg-Bonenburg, 

Germany; 51°33‘47“N, 9°02‘16“E

Description. The length of the ungual, measured or-

thogonally to the height, is 59.5 mm, while the length 

from the distal tip to the dorsoproximal tip of the ex-

tensor tubercle is 62.4 mm. The dorsopalmar height 

of the ungual at the proximal end is 36.6 mm. The 

mediolateral width, measured at the widest point, is 

13.8 mm. The angle between the height of the ungual 

and its radius is 77°.

Figure 4: Large ungual (WMNM P91001) in all six views. A Left. B Right. C Dorsal. D Palmar; a shallow groove extends along the palmar 
surface. E Proximal (dorsal is to the left); the articular facet is poorly preserved. F Distal (dorsal is to the left). Scale bars represent  
3 mm. Photos by Georg Oleschinski.
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The ungual is strongly curved. There is a lateral vascu-

lar groove up to 3 mm wide, extending parallel to the 

palmar margin from the middle of the flexor tubercle 

towards the distal tip. The claw displays a high degree 

of bilateral symmetry, although the lateral groove ex-

tends slightly more dorsally on the right side (Fig. 4B) 

compared to the left (Fig. 4A). Dorsal to the grooves, 

the ungual is narrower than palmar. The proximal side 

(Fig. 4E) bears a large (but partially eroded) flexor tu-

bercle, which comprises almost two thirds of the dor-

sopalmar height. Dorsally of the flexor tubercle, there 

is a much smaller and pointed extensor tubercle. In 

the dorsal aspect (Fig. 4C), the ungual tapers strongly 

towards the distal tip. In cross section, this side is prox-

imally mildly convex and distally strongly convex. The 

palmar side (Fig. 4D) is also convex in cross section, but 

this is less pronounced than on the dorsal side. A nar-

row, shallow groove extends centrally along the pal-

mar surface of the ungual in a proximodistal direction.

Remarks. WMNM P91001 is best identified as a manus 

ungual (“thumb claw”) of a basal sauropodomorph. 

The first and second unguals of the manus of basal 

sauropodomorphs are proximally much higher, medio

laterally flattened, more strongly curved and more 

symmetrical than those of the pes (Huene 1926; Young 

1941; Galton & Kermack 2010; Otero & Pol 2013; Nau 

et al. 2020). It is therefore reasonable to assume that 

the ungual pertains to the manus, although we com-

pared WMNM P91001 with pes unguals too.

The slight asymmetry with a slightly more dorsally 

positioned ridge on the lateral side (sensu Huene 1926, 

Figure 5: Small ungual (WMNM P91002) from all six sides (A-F). Sharp palmar margins of WMNM P91002 (G-H). A Left. B Right; this side 
shows taphonomic collapse. C Dorsal. D Palmar. E Proximal (left is dorsal). F Distal (left is dorsal). G Left side from slightly palmar view.  
H Right side from slightly palmar view. Scale bars represent 2 mm. Photos A-F by Georg Oleschinski; G-H by PMS.
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i.e., the developmentally postaxial or anatomically ul-

nar side) suggests that WMNM P91001 corresponds to 

the right side of the body. However, this hypothesis is 

tentative due to the slight nature of this asymmetry.

Diapsida Osborn, 1903

Archosauria Cope, 1869

Ornithodira Gauthier, 1986

?Pterosauria Kaup, 1834

Incertae sedis

Material examined. WMNM P91002; late middle 

Rhaetian Exter Formation, Contorta Beds, Bone 

Bed 2b, 20 m below the Triassic-Jurassic boundary 

(Gravendyck et al. 2020; Sander et al. 2026); clay pit 

#3 of the Lücking brick factory near Warburg-Bonen-

burg, Germany; 51°33‘47“N, 9°02‘16“E

Description. The greatest length of the ungual is 

25.4 mm (measured from the tip to the proximal 

end of the extensor tubercle), whereas the length 

measured orthogonally to the proximal height is 

16.3 mm. The dorsopalmar height at the proximal 

end is 11.1 mm and the maximal mediolateral width 

is 3.5 mm. The angle between the height of the un-

gual and its radius is 49°.

The dorsal edge of the ungual is strongly curved, 

transcribing about one quarter of a circle. A shallow, 

longitudinal, uniformly curved vascular groove starts 

at the proximal margin, in the middle of the flexor 

tubercle. It then initially extends more palmarly be-

fore crossing into the dorsal half of the ungual just 

after the longitudinal midpoint of the ungual and 

terminates dorsally at the tip. Ventral to and conflu-

ent with the vascular groove, there are some impres-

sions of blood vessels running in palmodistal direc-

tion. The ungual displays a high degree of bilateral 

symmetry. The left (Fig. 5A) and right sides (Fig. 5B) 

differ only slightly: the left side is more flattened 

overall, and the right side bears a deeper vascular 

groove. However, the right side shows some tapho-

nomic collapse, which might be the cause of these 

differences. 

The proximal end (Fig. 5E) of the ungual dorsally 

bears a very small, pointed extensor tubercle and a 

dorsopalmar high flexor tubercle, although the latter 

is more weakly developed than in WMNM P91001. A 

proximopalmar piece of the flexor tubercle appears 

to have broken off. The dorsal side of the ungual 

(Fig. 5C) is convex in cross section. The palmar side 

(Fig. 5D) is divided into two parts. The proximal 

one, which emerges from the flexor tubercle, is very 

narrow and uniformly convex, but it becomes less 

convex distally. Approximately 13 mm from the tip, 

the distal portion of the ungual tapers rapidly from 

the dorsopalmar deeper proximal portion, while the 

taper distal to this portion is more gradual both in 

dorsal/palmar and in preaxial/postaxial aspects. The 

distal part bears sharp, palmolateral edges that de-

limit a remarkably flat palmar surface (Fig. 5G, H). 

The sharp edges arise from the flexor tubercle and 

continue distally, paralleling the vascular grooves. 

The distal tip (Fig. 5F) of the ungual appears to be 

sharply pointed despite being slightly crushed and 

retaining a small piece of matrix.

Remarks. WMNM P91002 is a small (for a dinosaur) 

to large (for a Triassic pterosaur), strongly curved and 

transversely very narrow ungual with a prominent 

flexor tubercle. These are all morphological charac-

teristics generally more typical of manual than pedal 

unguals, leading us to tentatively identify the claw as 

pertaining to the manus. Due to its high degree of 

symmetry, assignment to a specific body side remains 

unclear.

Discussion

Morphological comparisons and 
identification of WMNM P91001

The unguals of ornithischians (Galton 2014), pseudo-

suchians (i.e. Ticinosuchus PIMUZ T2817), silesaurids 

(Piechowski & Tałanda 2019), drepanosaurids (Renes-

to 1994), theropods (Huene 1934; Nesbitt et al. 2009; 

You et al. 2014; Marsh & Rowe 2020) and pterosaurs 

(Wild 1984; Dalla Vecchia 2009a; Dalla Vecchia 2021; 

Sangster 2021) all differ substantially in a combina-

tion of curvature and overall proportions. Further-

more Triassic members of these clades all appear to 

have unguals that are at most half the size of WMNM 

P91001, leading us to confidently reject a referral to 

any of these taxa.

The unguals of Herrerasaurus ischigualastensis Reig, 

1963 are large and curved, but direct comparison (No-

vas 1993; Sereno 1993) shows that its manual unguals 

have a more angular flexor tubercle, a more strong-

ly curved dorsal margin and a proportionally lower 

proximal end than WMNM P91001, while the pedal 

unguals are significantly straighter and do not have 

a prominent flexor tubercle (the general condition of 

dinosaurian pedal unguals). 
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The Plateosaurus trossingensis holotype, described 

by Schaeffer (2024), has a first manual ungual with 

an extensor tubercle that extends further proximal-

ly and a more strongly curved ventral margin than in 

WMNM P91001. The ungual of the second digit large-

ly resembles WMNM P19001 in its overall shape, but 

its vascular groove ends dorsally of the tip while the 

groove seems to extend all the way to the tip in the 

Bonenburg specimen. The ungual of the third digit is 

much more gracile than WMNM P19001, less strongly 

curved and less high dorsoproximally. 

The curvature of the dorsal margin of the manual 

unguals of the juvenile Plateosaurus SMF 15.8B. from 

Frick, Switzerland, is similar to that of WMNM P19001, 

while the curvature of the palmar margin increases 

from the first to the third digit (Nau et al. 2020). 

Among all palmar margin curvatures, that of the 

first digit of SMF 15.8B. resembles the Bonenburg un-

gual the most. However, the first ungual of another, 

much larger Plateosaurus specimen from Frick (SMF 

16.1.150, JH, pers. obs., 22.04.2022) has a proportion-

ally taller proximal end and a stronger overall curva-

ture. This trend is also seen when comparing WMNM 

P19001 to Plateosaurus SMF 20 and SMF 12.3.82 from 

Frick (JH, pers. obs., 22.04.2022). The ungual of a sec-

ond digit of Plateosaurus SMF 11.4.7 shows a high 

degree of similarity to the Bonenburg specimen but 

bears an extensor tubercle which extends further 

proximally (JH, pers. obs., 22.04.2022). Based on these 

comparisons, WMNM P19001 most likely appears to 

derive from the first or second digit of the manus of a 

medium-sized basal sauropodomorph. 

The entire manus of the small and basal Thecodon­

tosaurus antiquus Riley & Stutchbury, 1836 is much 

more gracile than that of Plateosaurus, and the first 

manual ungual of T. antiquus is more strongly curved 

as well as more gracile than WMNM P91001 (Benton 

et al. 2000). On the other hand, the unguals of Pan­

tydraco caducus Galton et al., 2007 are less curved 

(Galton & Kermack 2010) than WMNM P91001. While 

Galton (1973) does not describe the unguals of Efraas­

ia diagnostica Huene, 1908, the included figures show 

that they are straighter, have a smaller flexor tuber-

cle, and their extensor tubercle extends further prox-

imally than in the Bonenburg ungual. Based on the 

description by Otero & Pol (2013) of the unguals of 

Mussaurus patagonicus Bonaparte & Vince, 1979, its 

first digit ungual is less curved and has a more proxi-

mally extending flexor tubercle than WMNM P91001; 

furthermore, the medial groove is more curved than 

the lateral one, whereas the grooves in WMNM 

P91001 have the same curvature. The ungual of the 

second manus digit is less curved, smaller and less high 

than the Bonenburg ungual and differs in the path-

way of the grooves. Only the unguals of the pes were 

described for Riojasaurus incertus Bonaparte, 1969 

(Van Heerden & Galton 1997), so this taxon cannot be 

excluded from consideration. The same is the case for 

Blikanasaurus cromptoni Galton & Van Heerden, 1985 

(Galton & Van Heerden 1998) and Aardonyx celestae 

Yates et al., 2010.

Based on figures in Young (1941), it is clear that the 

unguals of the second and third digits of Lufengo­

saurus huenei Young, 1941 have less prominent flexor 

tubercles, a less dorsoventrally tall proximal end and 

are, especially in the distal portion, much less curved 

than in the Bonenburg specimen. The first ungual, on 

the other hand, bears greater resemblance to WMNM 

P91001, although it is distally more strongly curved. 

The first digital ungual of Massospondylus carinatus 

also closely resembles the Bonenburg ungual. How-

ever, it is more curved and the vascular grooves begin 

just dorsal of the flexor tubercle (Barrett et al. 2019) 

while they continue along the midline of the flexor 

tubercle in WMNM P91001. The unguals of the sec-

ond and third digits are much shorter, more slender, 

less tall dorsopalmarly and less curved than both the 

first digit ungual (Barrett et al. 2019) and the Bonen-

burg specimen.

Rauhut et al. (2020) mentioned only a single ped-

al ungual of Schleitheimia schutzi. However, exami-

nation of the material at the PIMUZ revealed a pre-

sumed manual ungual on display (PIMUZ A/III 1546), 

which is described and compared to WMNM P91001 

here. The specimen bears deep vascular grooves on 

both the medial and lateral surfaces. These start on 

the proximal end above the flexor tubercle and run 

between the midline and the dorsal margin, parallel 

to the palmar margin, up to the distal tip. WMNM 

P91001 has similar grooves, however they start at 

the midline of the flexor tubercle and extend along 

or only slightly above the midline of the ungual. In 

Schleitheimia, the ungual is slightly widened dorsal 

to the grooves and more strongly widened palmar 

to them. This causes the proximal side to be much 

wider palmarly than dorsally. In the Bonenburg un-

gual, however, the dorsal portion of the proximal side 

is slightly wider than the palmar one. Both unguals 

have a pointed, proximodorsal extensor tubercle and 

a large, rounded, proximopalmar flexor tubercle. The 

ungual of Schleitheimia has considerably less curva-

ture than WMNM P91001.

In conclusion, WMNM P91001 can confidently be 

identified as a manual ungual of an early-branching 
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sauropodomorph based on its robust construction, 

pronounced flexor tubercle and strong curvature—

features typical of the first or second manual digits in 

this group. The ungual shows notable morphological 

similarity to unguals of Plateosaurus, particularly ju-

venile individuals such as SMF 15.8B. from Frick, Swit-

zerland (Nau et al. 2020), in which the curvature of 

the dorsal and palmar margins closely matches that 

of the Bonenburg specimen. This resemblance is espe-

cially marked in the ungual of the first digit, though 

variation among individuals and ontogenetic stages 

is evident in the Frick assemblage. Comparisons with 

Massospondylus carinatus further support this identi-

fication, as its first manual ungual shares key features 

with WMNM P91001, including overall shape and ro-

bustness, though minor differences exist in the course 

of the vascular grooves (Barrett et al. 2019). Given the 

abundance of Plateosaurus material from the Late Tri-

assic of Central Europe and the likely presence of mas-

sospondylids or related massopodans in the European 

Triassic (Regalado Fernandez & Werneburg 2022; Ales-

sandro Lania, DN pers. comm., 2024), this assignment 

is both well-supported and stratigraphically plausible.

Morphometric analysis of WMNM P91001. Our ana

lysis yielded an ambiguous result for WMNM P91001. 

In PCA morphospace, no clear taxonomic signal could 

be determined. This is not unexpected, due to the 

unguided nature of the PCA, which seeks to deter-

mine axes of greatest variance irrespective of their 

taxonomic signal. Unsurprisingly, LDA yielded a con-

siderably better separation between groups, with 

pterosaurian morphospace fully separated from that 

of dinosaurs and theropods, while the theropod and 

sauropodomorph morphospaces retained a substan-

tial, albeit greatly reduced, overlap. Although the 

full model run of the LDA (full taxon inclusion) clas-

sifies WMNM P91001 as a probable theropod (93% 

posterior probability and within the convex hull for 

this clade), it is located very close to this overlapping 

region in the morphospace (Fig. 2C). The sensitivity 

analysis, however, suggests a more probable identity 

as a sauropodomorph (72% of bootstrap repetitions 

supporting a sauropodomorph identity vs 28% sup-

porting a theropod identity, with a mean posterior 

probability of 64% for a sauropodomorph identity 

vs 36% for a theropod identity; Table 2), which is 

also more in line with our morphological assessment 

of the specimen. This discrepancy between the full 

sample and the sensitivity analysis implies that our 

morphometric approach is too sensitive to random 

effects of taxonomic sampling to reliably distinguish 

theropod from sauropodomorph unguals, so the re-

sult from the full sample is apparently non-represent-

ative when the effects of random taxonomic sam-

pling are considered.

There is, however, a tendency (from the sensitivity 

analysis, which is less affected by such biases due to 

the random resampling employed across the data-

set) to support our morphological assignment of the 

specimen to Sauropodomorpha. As discussed above, 

a theropod identity for WMNM P91002 appears high-

ly unlikely on the grounds of size and robusticity 

(the latter even when comparing theropods to small 

or juvenile sauropodomorph unguals, such as those 

of SMF 15.8B.), while a sauropodomorph identity is 

highly probable on these grounds. We therefore sug-

gest that this identification is likely the correct one, 

and also highlight the need for careful consideration 

of the effects of taxonomic sampling for morphomet-

ric discriminant analyses in general.

Limitations of the morphometric methodology 

employed include the restriction to a single, un-

interrupted outline per ungual, which reflects the 

underlying limitations of the elliptical Fourier trans-

formation used to quantify ungual shape. Previous 

analyses of ungual morphometrics have mostly relied 

on traditional (non-geometric) measurement-based 

approaches (e.g., Tinius & Russell 2017; Thomson & 

Motani 2021). This was, however, deemed infeasi-

ble for our specimens, due to the frequent lack of 

3D-preservation of comparative material (in particu-

lar that of pterosaurs) and the resulting unavailability 

of three-dimensional measurements. Other analyses 

employed a limited number of fixed landmarks (e.g., 

Hedrick et al. 2019) and/or relied heavily on sliding 

semi-landmarks to quantify parts of the unguals that 

do not contain homologous points on which fixed 

landmarks could be placed (e.g., D’Amore et al. 2018). 

Our own approach, using elliptical Fourier transfor-

mation of the ungual outlines, avoids these issues 

and allows quantification of the entire outline shape 

(for a similar analysis, see Lautenschlager 2014). 

However, some aspects of ungual morphology could 

not be captured using this technique. This especially 

applies to the shape of the vascular grooves, as these 

are separate features outside of the closed outline 

shape used as a basis for the Fourier transformation. 

Development of a technique to incorporate this ad-

ditional information into an outline-based morpho-

metric analysis would thus represent an interesting 

avenue for future research and might enable better 

discrimination between different groups of dinosau-

rian unguals.
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Body size estimate of WMNM P91001. The specimen  

WMNM P91001 falls within the size range of manual 

unguals known from basal sauropodomorphs, includ-

ing the European Plateosaurus (e.g., Schaeffer 2024; 

JH and DN, pers. obs., 2022). Both body size estimates 

calculated here for WMNM P91001, at 5.29 m and 

7.08 m, are also well within the body size range re-

ported for Plateosaurus (Sander 1992; Sander & Klein 

2005; Mallison 2010; Nau et al. 2020). More broadly, 

the lengths of other reported manual unguals in ba-

sal Sauropodomorpha (Plateosaurus: Schaeffer 2024; 

Huene 1926; DN, pers. obs., 2020 and 2022; Masso­

spondylus: Barrett et al. 2019; Mussaurus: Otero & Pol 

2013; Thecodontosaurus: Benton et al. 2000; Efraasia: 

Galton 1973; Lufengosaurus: Young 1941) ranges from 

50 mm to 110 mm, with the exception of the early-

stage Plateosaurus juvenile SMF 15.8B. (Nau et al. 

2020) and Pantydraco (Galton & Kermack 2010). With 

a length of 62.4 mm, the Bonenburg ungual is there-

fore within the typical size range of mid-sized basal 

sauropodomorphs.

Morphological comparisons and 
identification of WMNM P91002

Assuming WMNM P91002 has theropod affinities, the 

unguals of sauropodomorphs are much larger and 

more robust, those of silesaurids (Piechowski & Tałanda 

2019) are also much more robust and those of drepa-

nosaurids (Renesto 1994) are shorter and broader than 

the Bonenburg ungual. While ontogenetic variation in 

ungual morphology is not well studied in non-avian 

dinosaurs or extant animals (Birn-Jeffery et al. 2012), 

the unguals of the juvenile Plateosaurus specimen 

(SMF 15.8B.) are also much larger and more robust 

than WMNM P91002. These groups can therefore be 

confidently excluded, leaving other archosauriforms 

as the most likely remaining possibilities for the taxo-

nomic identity of the specimen.

Among pseudosuchians, pedal unguals of the “rau-

isuchian” Ticinosuchus ferox Krebs, 1965 (PIMUZ 

T 2817) are short, slightly curved and have a small, 

rounded flexor tubercle as well as longitudinal 

grooves running parallel to the dorsal margin. The 

distal part of the unguals (apart from the distal-most  

part) is only marginally thinner in dorsoplantar direc-

tion than the proximal end, differing markedly from 

WMNM P91002. Therefore, their entire form does not 

resemble the Bonenburg ungual, and Ticinosuchus or 

similar pedal unguals can be confidently excluded. The 

claws of the manus are very small and almost triangu-

lar, with a barely curved palmar side and a strongly 

curved dorsal margin. The proximal end is much taller 

in dorsopalmar diameter than the distal end and bears 

a small flexor tubercle. Here too, the shape of the un-

guals does not resemble WMNM P91002, which has a 

proximal portion expanded in dorsopalmar direction 

and a gracile, heavily tapered and curved distal part.

Basal ornithischians can be confidently excluded as 

well due to their subconical, short claws, which are 

neither curved nor possess prominent flexor tubercles 

(Galton 2014). Heterodontosaurus tucki Crompton & 

Charig, 1962 is an exception to this generalisation as 

its unguals are curved and have a flexor tubercle (Gal-

ton 2014). However, the longitudinal grooves do not 

end dorsally of the distal tip (Sereno 2012) like those in 

WMNM P91002, and the claws of Heterodontosaurus 

are more deeply curved. 

Since the smaller Bonenburg ungual bears simi-

larities to theropod unguals due to its transversally 

flattened and strongly curved form ending in a sharp 

tip, here it is compared with the claws of some basal 

theropods. The claws of Herrerasaurus ischigualas­

tensis (although it may fall outside of Theropoda) 

are more robust and have more strongly curved vas-

cular grooves which do not end dorsally of the dis-

tal tip (Sereno 1993). Within Theropoda, sharp edges 

or keels on the palmar side of the manual unguals 

appear to have been described only for members of 

Maniraptora (e.g., Novas et al. 2005). 

Based on the illustration of the manus of Tawa hal­

lae Nesbitt et al., 2009 in Nesbitt et al. (2009), the 

ungual of the second digit most closely resembles 

WMNM P91002 in its elongated and curved shape. 

Unfortunately, it is not clear from the figure or de-

scription whether the palmar side is flattened and 

shows sharp edges or not. It is, however, more likely 

that there are no sharp edges present, as Panguraptor 

and Dracoraptor are the only coelophysoids examined 

here which seem to exhibit such sharp margins, based 

on the figure in You et al. (2014). While Zahner & 

Brinkmann (2019) do not describe the unguals of No­

tatesseraeraptor frickensis Zahner & Brinkmann, 2019 

in detail, personal observations (JH, 22.04.2022) of the 

holotype and only specimen (SMF 06-1) allow com-

parisons. The manual claws of N. frickensis are curved 

and much deeper proximally than distally. The lateral 

longitudinal groove is shallow and extends along the 

midline of the claw. The proximal end bears a slightly 

rounded dorsal extensor tubercle and a large, pointed, 

ventral flexor tubercle, differing from the morphology 

of WMNM P91002. The claws of Dilophosaurus weth­

erilli Welles, 1970 (Marsh & Rowe 2020) are much more 

robust than WMNM P91002 and have less prominent 
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longitudinal grooves. Those of Liliensternus liliensterni 

Welles, 1984 (Huene 1934) are only incompletely pre-

served, but are likewise far more robust (much deeper 

dorsoventrally) than the Bonenburg ungual. Further-

more, the articulation facet in L. liliensterni is divided, 

and about a third of the total height lies below the 

division (Huene 1934). In WMNM P91002, on the other 

hand, about three quarters of the total height lies be-

low the division of the articulation facet. 

Camp (1936) assigned two claws to the manus of 

Segisaurus halli Camp, 1936, which he figured but did 

not describe in detail. Carrano et al. (2005) described 

them as thin and strongly curved, much like the un-

gual examined here. However, based on the figure in 

Camp (1936), it is clear that the vascular grooves differ 

in shape, and it is unfortunately not possible to deter-

mine whether the claws have sharp palmar edges or a 

palmar keel. The first manual ungual of Panguraptor 

lufengensis You et al., 2014 (You et al. 2014) strongly 

resembles the Bonenburg ungual in its slim, strongly 

curved shape with a large flexor tubercle and an appar-

ent sharp edge on the palmar margin of at least one 

side. Unfortunately, You et al. (2014) do not describe 

the unguals of Panguraptor, so our assessment is pure-

ly based on the illustration, in which the unguals are 

partially obscured. While the unguals of Coelophysis 

bauri Cope, 1889 are also thin and strongly curved (Col-

bert 1989), they are mediolaterally broader, dorsoven-

trally deeper and proximodistally shorter than WMNM 

P91002. The Coelophysis unguals depicted in Barta 

et al. (2018) are more gracile than the ones figured 

in Colbert (1989) but are less curved than the Bonen-

burg specimen. While the first digit manual ungual of 

Dracoraptor hanigani Martill et al., 2016 is much more 

robust than WMNM P19002, and manual ungual III is 

much less curved, the ungual of digit II does bear some 

resemblance. Unfortunately, it is largely obscured by 

the matrix and associated bones. However, the curva-

ture is similar to WMNM P19002. It also appears to bear 

a sharp ventral margin (Martill et al. 2016). The unguals 

of Coelophysis (=Syntarsus) rhodesiensis Raath, 1969 

(Galton 1971; Barta et al. 2018; Christopher Griffin, DN 

pers. comm., 2022) are shorter and more robust than 

WMNM P91002, even though Galton (1971) describes 

them as transversally flattened and sharp. 

Turning to pterosaurs, Dalla Vecchia (2009b) does 

not describe the manual unguals of Austriadactylus 

cristatus Dalla Vecchia et al., 2002, which are ob-

scured by the skull in the figure, so their similarity to 

the Bonenburg ungual cannot be determined. The 

holotype of Austriadraco dallavecchiai Kellner, 2015 

includes a 6.7 mm long manual ungual (Dalla Vecchia 

2021). While it seems to show a sharp edge on the 

palmar margin, the shape of the ungual differs from 

WMNM P91002 in the different degrees of curva-

ture of the dorsal and palmar margins and a longer 

distal part of the claw in Austriadraco. The claws of 

the second and third manual digit of Seazzadactylus 

venieri Dalla Vecchia, 2019 also have a more elongate 

distal part than WMNM P91002 and a less curved dor-

sal margin (Dalla Vecchia 2019). The first digit man-

ual ungual of Seazzadactylus strongly resembles the 

Bonenburg ungual in its overall shape, proportions 

and curvature, merely the proximal end is dorsopal-

marly higher than in WMNM P91002. Only two incom-

plete unguals of the manus are preserved of Carnia­

dactylus rosenfeldi Dalla Vecchia, 1995 (Dalla Vecchia 

2009a). These are described as larger than the pedal 

unguals, robust (for a pterosaur), elongated, slight-

ly curved and similar to those of Dimorphodon (Dal-

la Vecchia 2009a). This description does not really fit 

WMNM P91002, but since the manual unguals (unlike 

their pedal counterparts) are not well visible in any of 

the figures, comparisons are limited. The indetermi-

nate manual ungual figured by Dalla Vecchia (2009a, 

fig. 2) appears to be more robust than the Bonenburg 

specimen, but the incompletely visible manual ungual 

III (Dalla Vecchia 2009a, fig. 5) seems to have a more 

gracile distal portion by comparison. However, in an-

other specimen of Carniadactylus (MPUM 6009, orig-

inally described as “Bergamodactylus” Dalla Vecchia 

2018), two manual unguals are preserved (Dalla Vec-

chia 2018, fig. 2). These indeed appear more robust 

and dorsoventrally taller than WMNM P91002.

For Raeticodactylus filisurensis Stecher, 2008, il-

lustrations in Stecher (2008) show a single manual 

ungual that resembles WMNM P91002 in its overall 

shape, but the low resolution of the figure precludes 

more detailed comparisons. Only one photo of a sin-

gle pedal ungual of Peteinosaurus zambelli Wild, 1978 

has been published (Dalla Vecchia 2003). It is proxi-

mally much deeper than the Bonenburg claw and has 

a less strongly curved dorsal margin. The position and 

shape of the longitudinal grooves, however, are quite 

similar. 

Based on the photos provided in Sangster (2021), 

it is evident that the unguals of the second and third 

finger of Dimorphodon macronyx Buckland, 1829 are 

more gracile and less curved than WMNM P91002. The 

ungual of the first digit, on the other hand, matches 

the Bonenburg ungual in its general shape, although 

the longitudinal groove extends along the midline 

in Dimorphodon and not dorsal of the midline, as in 

WMNM P91002. Wild (1984) mostly focuses on the 
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function of the unguals of Eudimorphodon ranzii 

Zambelli, 1973 and less on their form, but his illustra-

tions of two manual unguals show them to resemble 

the Bonenburg ungual in terms of curvature. The Eu­

dimorphodon unguals are more robust overall, how-

ever, and dorsoventrally deeper, with a shorter distal 

portion of the claw. The manual unguals of Dorygna­

thus banthensis Theodori, 1830 are very long, grac-

ile and sharp, much like WMNM P91002 (observed 

in specimen MBR 3665.1). The vascular groove does 

not extend dorsally of the distal tip in Dorygnathus 

(except in one disarticulated ?manual ungual). How-

ever, the unguals do appear to share the same flat 

palmar surface as WMNM P91002, although the de-

limiting keels are not as acute as in the latter (Denis  

Theda, DN, pers. comm., 2025). The palmar side is 

flattened and bears a sharp edge at least on one side 

(while the other is hidden in the matrix, Alessandro 

Lania, DN pers. comm., 2022), similar to the Bonenburg 

specimen. The manual unguals of Dearc sgiathanach 

Jagielska et al., 2022 are illustrated in Jagielska  

et al. (2022). The first digit claw of the manus has a 

much stronger curvature, the second digit has a more 

strongly curved palmar margin and the third digit is 

less curved than WMNM P91002. Furthermore, the 

longitudinal groove extends along the midline of the 

claws, whereas it runs above the midline in WMNM 

P91002. Two of the ?manual claws of Rhamphorhyn­

chus longicaudus Meyer, 1847 are slightly more 

curved and have a shorter distal portion than WMNM 

P91002. The third one, however, while still a bit more 

curved and slightly shorter, resembles the Bonenburg 

claw in its overall shape.

While WMNM P91002 exhibits strong curvature, a 

narrow transverse profile and a prominent flexor tu-

bercle—features typically associated with manual un-

guals in ornithodirans—we note that pedal unguals in 

non-pterodactyloid pterosaurs can also show similar 

morphology. Notable examples include Dimorphodon 

macronyx, Jeholopterus ninchengensis Wang et al., 

2002, Carniadactylus rosenfeldi, and various rham-

phorhynchines and darwinopterans such as Dorygna­

thus banthensis, Changchengopterus pani Lü, 2009, 

Darwinopterus modularis Lü et al., 2010, Kunpengo­

pterus sinensis Wang et al., 2010, Wukongopterus lii 

Wang et al., 2009 and Jianchangopterus zhaoianus Lü 

& Bo, 2011, in which pedal claws exhibit well-devel-

oped flexor tubercles and strong curvature (Lü et al. 

2010; Witton 2013). Nevertheless, pedal unguals in 

pterosaurs are generally smaller and slenderer than 

their manual counterparts, particularly in digit V, 

and their size is constrained by functional limitations 

related to terrestrial locomotion and perching (Padi-

an 1983; Unwin 1996). Given the relatively large size 

of WMNM P91002, identifying it as a pedal element 

would imply an unusually large and morphologically 

atypical pes for a Triassic pterosaur, resulting in im-

plausibly high body size estimates (see Table 1). There-

fore, although we acknowledge these exceptions and 

stress the need for caution, the combination of size, 

robust morphology and comparative outline analysis 

suggests a tentative identification as a manual ungual 

to be the most parsimonious.

Morphometric analysis of WMNM P91002. As with  

WMNM P91001, the PCA results alone proved insuffi-

cient to unambiguously classify this specimen. While 

WMNM P91002 falls only within the pterosaurian 

convex polygon in PC1 × PC2 morphospace, it plots 

extremely close to the convex polygons of the other 

two taxa (Fig. 2B), suggesting that a reliable taxonom-

ic identification cannot be made based on the PCA 

alone. However, a sufficient separation of the ptero-

saurian from the dinosaurian morphospace could be 

achieved in the LDA (Fig. 2C). Based on the LDA run on 

the full sample, the posterior probability for a ptero-

saurian classification for WMNM P91002 is estimated 

at 99%. Support for this classification remained con-

sistently high in the sensitivity analysis (96% of pre-

ferred classifications and 80% mean posterior prob-

ability for a pterosaurian classification across 1000 

bootstrap repetitions). These results suggest that this 

inference (in contrast to that for WMNM P91001) and 

the morphometric separation between pterosaurian 

and dinosaurian unguals in our dataset is robust to the 

taxonomic sampling in the training data and sufficient 

as corroborating evidence for our favoured taxonomic 

identification of the specimen as a pterosaur on mor-

phological grounds. For further discussion of the limi-

tations of the morphometric analysis presented here, 

and the possibility for future expansion, see discussion 

on WMNP P91001 above.

Among pterosaurs, WMNM P91002 appears to plot 

closest to Seazzadactylus in PC-morphospace (Fig. 2B), 

although we do not consider a genus-level identifica-

tion of the specimen feasible (or reasonable) consid-

ering the extremely incomplete state of the remains.

Body size estimate of WMNM P91002. Based on the  

proportions seen in the theropod Panguraptor, the es-

timated body length of WMNM P91002 is 2.4 m, which 

is only slightly above the body length of Panguraptor 

and Tawa. The estimate based on the proportions of 

Tawa is somewhat higher, at 2.3–3.1 m, but is still well 
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within the typical size range of Triassic theropods (e.g., 

comparable to Tawa itself).

When treated as a pterosaur, wingspan estimates us-

ing manual unguals for scaling ranged from 1.1–3.9 m, 

while estimates using pedal unguals for scaling ranged 

from 2.4–7.2 m. Even though a wingspan of 3.9 m is 

much larger than any known Triassic pterosaur, the 

even larger estimates based on pedal unguals suggest 

that WMNM P91002, assuming pterosaur affinities, 

belongs to the manus.

We acknowledge the inherent unreliability of size 

predictions based on isolated unguals as well as the 

limitations of our relatively small dataset of ungual 

and body size data. Hence, our size estimates (includ-

ing those based on the presumed pterosaurian identi-

ty of WMNM P91002) should not be viewed as provid-

ing a reliable body size for the specimen, but only as 

roughly indicative. 

Nonetheless, based on both the wingspan estimates 

and a direct comparison of ungual sizes, WMNM 

P91002 would appear to be large compared to other 

Triassic pterosaurs, whose wingspans do not exceed 

1 m, at maximum ungual lengths of less than 1 cm  

(Table 1). Even the lower bound of our prediction 

band for wingspan, at 1.1 m, would be very large for 

a Triassic pterosaur, although it is well within the size 

range reached by some Lower Jurassic Pterosaurs (e.g., 

Dimorphodon; Sangster 2021). Our best-fit estimate 

approaches 2 m, which would put WMNM P91002 well 

in excess of the size range of any other known Trias-

sic pterosaur. Size estimates based on direct, isomet-

ric scaling from the proportions in our comparative 

sample also tended to be higher than those based on 

the OLS regression model, with a predicted value of 

2.89 m and a 90% prediction band ranging from 1.4–

5.3 m. However, the upper half of this range should be 

viewed with great caution due to the negative allome-

try of wingspan with respect to ungual sizes in the OLS 

model, and since it would imply larger sizes than Ju-

rassic pterosaurs (Dearc) that had larger unguals than 

WMNM P91002. 

Implications for the Bonenburg fauna

The two unguals reported here represent the first 

ornithodiran remains from the Bonenburg claypit 

(compare for example Sander et al. 2016, 2026). This 

is surprising, given that no ornithodiran teeth (nor 

any other remains referable to the group) have been 

identified from the locality so far, even though they 

might be expected to be more common than bones. 

As such teeth can be expected to be quite small and 

inconspicuous, this highlights a need for continued 

careful examination of the numerous small dental el-

ements present in the Bonenburg bone beds to pre-

vent misidentification of possible reptilian teeth (for 

example as those of the very common Saurichthys, see 

Sander et al. 2016, 2026). On the other hand, the sit-

uation with the ornithodiran unguals parallels that of 

the phytosaur remains. The clade is only represented 

by a single osteoderm, and phytosaur teeth are con-

spicuously absent (see discussion in Sander & Wellnitz 

2024; Sander et al. 2026).

Furthermore, the larger of the two unguals repre-

sents one of the youngest European fossils of non- 

sauropod sauropodomorphs, filling a regional strati-

graphic gap in the fossil record of the group at least 

for continental Europe (see Galton & Upchurch 2004). 

The smaller ungual most likely represents a pterosaur, 

the first reported from the locality of Bonenburg. 

If this identification is correct, it would also make it 

probably the largest pterosaur known from the Trias-

sic. Finally, the two unguals represent only the third 

and fourth reported cases of a clearly terrestrial faunal 

component from the locality, with the only previous 

record being a single tooth of the cynodont Lepagia 

gaumensis (Schwermann 2016) and the presumed 

jaw fragment of a sphenodontan (Sander et al. 2016, 

2026), although we note that the occurrence of a pter-

osaur is not a strong indicator of terrestrial fossil input 

at the locality, since almost all Triassic pterosaurs are 

known from marine deposits.

Conclusions 

Based on its large size, robust build, strong overall 

curvature and the prominent development of the 

flexor tubercle, WMNM P91001 can be confidently 

referred to an early-branching sauropodomorph. Its 

morphology closely matches that of the first manual 

unguals of plateosaurids and massospondylids, espe-

cially Plateosaurus (e.g., SMF 15.8B; Nau et al. 2020) 

and Massospondylus carinatus (Barrett et al. 2019). 

The Bonenburg specimen falls well within the mor-

phological variation observed in these taxa, particu-

larly in terms of digit-specific shape, dorsopalmar 

height and curvature, supporting referral to the first 

or possibly second manual digit of a non-sauropod 

sauropodomorph.

The smaller ungual, WMNM P91002, is more difficult 

to classify definitively, but its morphology aligns most 

closely with that of early-diverging pterosaurs such 
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as Seazzadactylus and Austriadraco (Dalla Vecchia 

2019, 2021). Its moderately curved dorsal margin, 

elongate shape and the sharp-edged, flattened pal-

mar surface—commonly observed in pterosaur man-

ual unguals—collectively suggest pterosaurian affin-

ities. Notably, its size exceeds that of any currently 

known Triassic pterosaur unguals, which may reflect 

either allometric scaling or taxonomic diversity not yet 

captured in the fossil record. This interpretation is fur-

ther supported by our geometric morphometric anal-

ysis, which places WMNM P91002 within the ptero

saur morphospace with high statistical confidence. 

Nonetheless, some caution is warranted: a theropod 

identity cannot be entirely excluded, as certain manu-

al unguals of Tawa, Panguraptor and Segisaurus show 

overlapping characteristics, including sharp ventral 

ridges that also appear in some coelurosaurs (e.g., 

Dracoraptor). However, the overall morphology of 

WMNM P91002 appears more consistent with early 

pterosaurs than with theropod dinosaurs.
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