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Abstract 13 

The origin of terrestrial tetrapods is linked to the evolu4onary split between amniotes, which occupied 14 

dryer upland environments, and stem tetrapods and lissamphibians which diversified into wetlands1-3. 15 

Skeletal evidence of early lissamphibian habits includes broad-based skulls with sensory lateral lines, gill 16 

bars, pharyngeal teeth, and weakly ossified vertebrae4-6. In contrast, early amniotes generally exhibit 17 

narrow-based skulls, well ossified postcrania, and limbs with evidence of claws7,8 implying presence of 18 

kera4nized, resilient, water4ght skin9,10. However, histological and molecular gene4c analyses of extant 19 

tetrapods find kera4niza4on-linked processes shared throughout the crown clade, sugges4ng their 20 

presence in the stem-group as well11-13. But fossils have thus far provided no direct support for this 21 

possibility. Here, we report unusually complete remains of the stem-lissamphibian Eugyrinus wildi from 22 

the Upper Carboniferous (~319 million years ago) of Lancashire UK. The specimen displays clawed limbs, 23 

regionalized scaly skin, eyes adapted for subaerial vision, and gut contents including terrestrial prey. In 24 

addi4on to suppor4ng the stem-tetrapod kera4niza4on hypothesis11-13, these new data imply that adults 25 

of the last common ancestors of living tetrapods were terrestrially adapted even though early life history 26 

stages remained 4ed to aqua4c condi4ons4,6,14. Further, these findings emphasize the derived condi4on 27 

of modern Lissamphibia, suggest emergent behaviours of early temnospondyls in coal swamp habitats, 28 

and ques4on the value of early claw-marked fossil trackways as defini4ve evidence of crown group 29 

amniotes and, therefore, as calibra4ons in tetrapod phylogeny15. 30 

 31 

 32 

Main text 33 

The tetrapod colonisa4on of diverse terrestrial environments is primarily associated with early members 34 

of the amniote lineage16. Key innova4ons linked with this shiP include the evolu4on of a cleidoic egg17 35 

and the emergence of cornified (kera4nized) skin12. Both provide barriers against dehydra4on, contribute 36 
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to thermoregula4on, and protect against mechanical damage, allowing survival in drier environments 37 

rela4ve to the wetland and aqua4c habitats of their lissamphibian and stem-tetrapod rela4ves18. 38 

However, eggs and integument rarely fossilize. No direct evidence of a Palaeozoic cleidoic egg has yet 39 

been found, and the earliest shell fragments are mid-Mesozoic19. Nevertheless, fossilized amniote skin is 40 

now known from the early Permian10 and records of amniote limbs with claws track kera4nized 41 

outgrowths back to at least the late Carboniferous7,20 and perhaps earlier15,21-24, consistent with 42 

arguments suppor4ng the significance of claws in the ini4al phases of terrestrialisa4on11. But cornified 43 

skin appendages are not unique to amniotes. Lissamphibian adult skin includes a kera4n monolayer 44 

occasionally ornamented with horns and ‘den4cles’25,26, and certain frogs and salamanders bear 45 

claws11,25-27. Even though these claws are histologically dis4nct27, there is moun4ng evidence that 46 

amniotes and lissamphibians share an ancestral kera4nizing process. This process is hypothesized to 47 

have originated in stem tetrapods via a shared gene4c program evolved to resist and regulate the 48 

epidermal response to biomechanical stress and damage, par4cularly to the plantar surfaces of feet and 49 

toe 4ps11-13. 50 

Thus far, material from the growing fossil record of non-amniote early tetrapods has neither 51 

supported nor refuted these arguments. The diagnostic traits attributed to early amniotes have 52 

remained largely unchallenged. Here we present new evidence and perspec4ves on these ques4ons 53 

revealed by microcomputed tomography (μCT) of the long-known type and only specimen of the 54 

Pennsylvanian (Bashkirian; ~ 319 Myr) tetrapod Eugyrinus wildi (MANCH:W.1222: Fig. 1)28-32 from the 55 

Soapstone Bed of the Burnley coalfield at Carry Heys coal pit, Trawden, northwest England33. The 56 

specimen occurs in a nodule, split into part, counterpart, and cranium (Extended Data Fig. 1a,b). Total 57 

length, from snout to end of incomplete tail, is 80mm. Morphological data were obtained from μCT 58 

scans and nodule surfaces dusted with ammonium chloride, the la`er highligh4ng complete scale cover 59 

and gut contents (Figs 1a and 2c). The forelimbs and hindlimb (Figs 1 and 2a,b and Extended Data Fig. 2) 60 
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reveal evidence of claws in one of the earliest members of the Temnospondyli4-6,32, a group widely 61 

associated with the lissamphibian stem1,31,34,35 although alterna4ve hypotheses place them on the 62 

tetrapod stem36. Under both interpreta4ons, Eugyrinus supports arguments for an ancestral kera4nizing 63 

process common to all extant tetrapods, with func4onal implica4ons for scenarios of tetrapod 64 

terrestrialisa4on in general and for Eugyrinus in par4cular.  Addi4onally, consistent with other fossil 65 

vertebrates from the same locality37-40, Eugyrinus preserves soP 4ssues including neural material of the 66 

eyes, nose, and spinal cord (Fig. 2d–f and Extended Data Fig. 3). Combined, these data provide 67 

unprecedented insights into the palaeobiology of this diminu4ve amphibian. 68 

 69 

Descrip0on 70 

Skeletal anatomy 71 

The most recent descrip4on of the skull31 is largely confirmed, including jugal-lacrimal contact (Extended 72 

Data Fig. 4a,b), broad interpterygoid vacui4es (Extended Data Fig. 5) and presence of sulci for cranial 73 

lateral lines (although the supratemporal-postorbital line was not found) (Extended Data Fig. 4c,d). Some 74 

indica4on of the occiput is preserved as a natural mould (Extended Data Fig. 4d). The dermal ornament 75 

is mostly finely pi`ed sugges4ng that the specimen is subadult6 consistent with previous 76 

interpreta4ons31,32. New data from μCT scans concern the anterior the palate and scleral ossicles (Fig. 2e 77 

and Extended Data Figs 3b,d and 5).  78 

The parasphenoid cultriform process is broad (width to length ra4o ~1:7), toothless, and, from 79 

the extent of the deeply recessed midline suture between the vomers, appears to reach almost as far as 80 

the rear of the missing premaxillae (Extended Data Fig. 5b). The vomer forms the anterior rim of each 81 

palatal vacuity. Den4cles are mostly confined to the outer margins, arranged in rows that flank the 82 

choana (Extended Data Fig. 5c) and extend around the base of two vomerine fangs. The Y-shaped 83 

pala4ne (Extended Data Fig. 5c,d) encloses the rear of the choana and bears a further, larger, fang pair. In 84 
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dorsal view, the vomer, anterior to the choana, supports a hemi-conical septomaxilla flaring towards the 85 

external nares41,42 (Extended Data Fig. 5d). The rear of the choana is bordered by a broad, anteriorly 86 

concave, pala4ne ridge. Scleral ossicles have sunk deep within each orbit (Figs 1a,c and 2d,e and 87 

Extended Data Figs 3e-h and 5b). The complete ring includes around thirty plates, matching an es4mated 88 

general condi4on for temnospondyls45. Ossicle size varies such that the upper circumferen4al half is 89 

composed of ten large and the lower of twenty much smaller plates. Consistent with previous 90 

descrip4ons30,31 the lower jaw (Extended Data Figs 4b, 5a, and 6a) bears a coronoid process with a 91 

surangular component, and retroar4cular process posterior to the glenoid. Sulci bordering the rear of 92 

the surangular and angular signal presence of a mandibular lateral line. The adductor fossa extends for 93 

around 30% of jaw length, compared with ~25% in Trimerorachis43 and Dendrerpeton44. The proximal 94 

por4on of the right stapes shows a stapedial foramen, part of a stapedial groove, and the slender base of 95 

shaP bearing the edge of a muscle scar (Fig. 2d and Extended Data Fig. 6b). The shape matches that of 96 

Balanerpeton14 and Dendrerpeton46. In life the shaP likely connected with a small tympanum and served 97 

to conduct airborne sound. Unlike many other temnospondyls4,5,47, the pharyngeal region shows no 98 

branchial arches or pharyngeal teeth. 99 

The axial skeleton of 28 presacral vertebrae is incompletely ossified: neural arch halves and 100 

spines are separate and centra are absent (Fig. 1; Extended Data Fig. 1c). Neural spines are 101 

subrectangular; zygapophyses and parapophyses are incompletely developed. A single sacral vertebra 102 

precedes the 12 caudal vertebrae of the incomplete tail. LeP- and right-side rib series are mostly intact. 103 

Vertebra 3 bears the anteriormost rib, the following 5 pairs are stout and expanded proximally and 104 

distally; rib heads are broad but not obviously bicipital. Maximum rib length occurs around vertebrae 7 105 

and 8; the sacral rib is short but well ossified and dorsoventrally deep (Fig. 1). Caudal ribs lack any sign of 106 

distal expansion. 107 
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The pectoral girdle includes ossified cleithra, clavicles, an interclavicle, and scapulocoracoids 108 

(Extended Data Fig. 6c). The ossified por4on of each scapulocoracoid shows a large supraglenoid 109 

foramen; coracoid and ar4cular por4ons are unknown. Dorsally, the slender cleithrum bears a flag-like 110 

anterior lamina like that of Dendrerpeton48. The pelvic girdle lacks an ossified pubis and the ilium and 111 

ischium are separately ossified (Extended Data Fig. 6d). The iliac blade is simple, with a near-straight 112 

anterior margin. The smooth medial face of the ilium shows no ridge marking the sacral ar4cula4on. The 113 

ischial plate is small, subtriangular, and fans out from an ossified dorsal margin. 114 

The limbs are well preserved. CT scans reveal both forelimbs and the leP hindlimb as barely 115 

disturbed from in-life ar4culated condi4on (Figs 1 and 2a,b; Extended Data Fig. 1c). Each forelimb 116 

includes humerus, radius, ulna, and digits, but no ossified wrist (Figs 1 and 2a and Extended Data Figs 2a-117 

d). Proximal and distal heads of long bones are absent. The ossified por4on of the humerus corresponds 118 

to the length of around four trunk vertebrae, with around ninety degrees of torsion between long axes 119 

of the expanded heads. A large entepicondylar foramen lies distal to the waist of the humeral shaP 120 

(Extended Data Fig. 2c). The radius and ulna are about two thirds humeral length. The ulna is slightly 121 

longer than the radius. The radius is more substan4al than the ulna, and broader distally. The four-digit 122 

manus has a phalangeal formula of 2.2.3.3 (Fig. 2a and Extended Data Fig. 2d). The digits are long: digit 123 

three exceeds humerus length, and the terminal phalanges resemble those of the eurep4le 124 

Anthracodromeus7. Each terminal phalanx is elongate, slender, laterally fla`ened, and gently curved but 125 

with the curvature radius reduced sharply towards the 4p. Unlike the ‘very abbreviated elements’ of 126 

Balanerpeton14, the close resemblance of the terminal phalanges to the unguals of Anthracodromeus 127 

leads us to interpret these digits as claw bearing. 128 

The hindlimb includes femur, 4bia, fibula, and a five-digit pes; the ankle is unossified (Fig. 2b and 129 

Extended Data Figs 2e–i). The ossified por4on of the femur is between five and six mid-trunk vertebrae 130 

in length. Tibia and fibula are li`le more than half femoral length. The 4bia, slightly longer and stouter 131 
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than the fibula, has a broad proximal head. The phalangeal formula of the pes is 2.2.3.4.3 (Extended 132 

Data Fig. 2h). The toes are long: digits III and IV exceed femoral length. The linear dimensions suggest a 133 

footprint of about double the area of the manus. The pes closely resembles that of the eurep4le 134 

Anthracodromeus7. It shares the phalangeal formula, and digit V is directed laterally away from digits I-IV 135 

as in many amniote hindlimbs. Each terminal phalanx is slender, laterally fla`ened, increasingly curved 136 

towards the distal 4p (Extended Data Fig. 2i), and approaching the length of the penul4mate phalanx 137 

(Extended Data Table 1). These near-hooked terminal phalanges resemble unguals and, again, signal the 138 

presence of claws. 139 

Dermal scale coverage is complete, regionalised, and preserves three-dimensional relief. The 140 

small dorsal scales (Fig. 2e) are aligned in dorsoventrally directed rows – at least four per axial segment. 141 

Anterior trunk scales are smaller than those of the caudal region (around 60% of linear dimensions); 142 

each is thinly ossified but has a dis4nct central boss. Scales are almost rhombic with a slightly convex 143 

posterior margin, unlike the ‘round-oval’ scales characteris4c of other temnospondyls47,49,50. Trunk scales 144 

show no trace of a posterior lateral line canal or groove (persistence of free neuromasts in the overlying 145 

skin is possible, cf. the caecilian Ichthyophis51). Hindlimb dorsal scales are varied in shape, with broad 146 

scales overlying the knee joint (Fig. 1a). Gastral scales49 are large, ovoid, and convex with circumferen4al 147 

growth lines. 148 

 149 

So7 0ssues 150 

Tomograms of Eugyrinus, like those of Coccocephalus37 and Trawdenia40 from the same locality, show 151 

soP 4ssues preserved as radiodense material rela4ve to surrounding matrix (Extended Data Fig. 3a,c). 152 

Cranial material of the central nervous system extends anterolaterally from the forebrain, whereas 153 

postcranial material occupies the neural arches in sec4ons of the axial skeleton. The cranial material 154 

preserves an olfactory tract reaching the right nares and choana (Fig. 2e and Extended Data Fig. 3a,b,d), 155 
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forming a dorsolaterally directed hemispherical cup at the narial opening. Its short neck, interpreted as 156 

the tubular ves4bulum, is held by the septomaxilla. Proximally, this neck expands laterally into an 157 

incomplete ventrally open nasal sac that fills the shallow bowl surrounding the dorsal margin of the 158 

choana, formed partly by the pala4ne-vomer ridge42. The postcranial neural material occupies the neural 159 

canal as solid infill, exposing smooth surfaces between neural arches (Fig. 2f). 160 

 Three-dimensional traces of the eye are preserved in the right orbit (Fig. 2c and Extended Data 161 

Fig. 3e–h). Again, similar preserva4on is evident in other Carry Heys material38,40. The eyeball forms a 162 

dome with an apical pit (Extended Data Fig. 4a), CT slices of which are extremely radiodense (Extended 163 

Data Fig. 3c). Within the dome, a less radiodense toroidal zone is seated above the collapsed ring of 164 

scleral ossicles. Proximal to these, a membrane with central dimple encloses the mesial boundary of the 165 

eyeball. This resembles a re4nal pigment epithelium (RPE)52, including an incomplete area which likely 166 

marks the op4c nerve entrance. The daisy-petal arrangement of scleral ossicles around the RPE (Fig. 2d 167 

and Extended Data Fig. 3e–h) is decep4ve: the ossicles have rotated inwards so that the inner 168 

circumference is now proximal to the outer perimeter. Inner (toroidal) and outer (apical) clouds of 169 

radiodense material appear to be pyri4c infill of the vitreous and aqueous humours. This suite of 170 

materials preserves the convex external profile of the original eyeball. 171 

 172 

Phylogene0c rela0onships 173 

We added Eugyrinus to Gee’s53 (see also Gee & Sidor54) amended version of Schoch's55 data matrix 174 

to investigate its phylogenetic position within temnospondyls. The embolomere Proterogyrinus 175 

scheelei56 and the colosteid Greererpeton burkemorani57,58 were included as outgroups. The matrix 176 

was subjected to non-calibrated Bayesian analysis and a suite of six parsimony analyses using 177 

different combinations of character ordering and weighting (Methods). In agreement with recent 178 

studies35,44,53, all analyses retrieve Dvinosauria as the sister clade to other temnospondyls and, also 179 
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consistent with prior hypotheses5,31,32,44,59, Eugyrinus is placed as the sister taxon to other 180 

dvinosaurs (Fig. 3 and Extended Data Fig. 7 and Supplementary Informa4on). In the single shortest tree 181 

yielded by four out of the six parsimony analyses, the dvinosaurs, including Eugyrinus, are supported by 182 

at least 11 character-state changes. Of these, the following synapomorphies are evident in Eugyrinus: 183 

laterally placed orbits framed by slender jugals; orbit margins lying flush with the skull roof; interclavicle 184 

substan4ally longer than posterior division of skull; unossified humeral heads; unossified carpals; 185 

unossified pubis; unossified tarsals. Although unossified conditions are of uncertain systematic value 186 

in a subadult individual, the phylogenetic placement is uncontroversial. In the same analyses, 187 

character-states uni4ng remaining temnospondyls (Dendrerpe4dae and higher taxa) include the 188 

following: posterior extent of the lacrimal restricted to the antorbital region; absence of lateral line sulci 189 

in adult crania; transversely elongate basipterygoid process frames posteriorly wide interpterygoid 190 

vacuity; 23-28 presacral vertebrae. All listed shared character-states are homoplas4c but consistently 191 

suggest exclusion of Eugyrinus from a more nested loca4on within the Temnospondyli. 192 

Temnospondyl genera approximately contemporaneous with Eugyrinus include the 193 

Dendrerpeton/Dendrysekos complex44,48,60 and Procochleosaurus61, while earlier records are limited to 194 

Balanerpeton plus fragments of uncertain affinity from the mid Viséan14,62. Our results imply that all 195 

major temnospondyl lineages originated within the Mississippian (Fig. 3)63 but raises the ques4on of why 196 

the earliest record of the group remains scanty. 197 

 198 

Discussion and conclusions 199 

This new picture of Eugyrinus anatomy clarifies condi4ons in the earliest stem lissamphibians and other 200 

early tetrapods close to the crown-clade root. Large, clawed feet are not usually associated with 201 

temnospondyls, although claw-like terminal phalanges have been recognized in the amphibamid 202 

Doleserpeton34 and depicted in the puta4ve dvinosaurian Bermanerpeton47(see Supplementary 203 
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Informa4on for remarks on Bermanerpeton affini4es). Moreover, the hindlimbs of these temnospondyls 204 

share similar construc4on – an elongate femur, short 4bia and fibula, and a large pes, though 205 

comparisons show Eugyrinus to have the propor4onaly largest pes. To test for phylogene4c signal among 206 

these seemingly dis4nc4ve hindlimb propor4ons we assembled a data set from 67 taxa, drawn mostly 207 

from Palaeozoic material and subjected the tripar4te divisions (stylopod, zeugopod, and autopod) to a 208 

principal components analysis (Fig. 4a and Supplementary Informa4on). But our results show broad 209 

overlap between all major tetrapod groups; ‘microsaurs’/lepospondyls alone appear restricted to an 210 

area defined by a lengthy femur and pes. Against this background, Eugyrinus, Doleserpeton, and 211 

Bermanerpeton occupy a modest extremity of temnospondyl limb disparity within what might be 212 

described as ‘microsaur’ territory. 213 

Func4onally, it has been argued that early tetrapod toes lengthened in response to the complex 214 

demands of terradynamics64,65. To further explore the significance of Eugyrinus limb data we used 215 

methods employed to infer func4on in the similarly built hindlimbs of the eurep4le Anthracodromeus7. 216 

Eugyrinus and Anthracodromeus share phalangeal formulae, digit propor4ons, and, based on terminal 217 

phalanx shape, similar claws. However, Anthracodromeus is interpreted as scansorial7, a locomotor 218 

strategy unconsidered thus far for temnospondyls, although documented in extant amphibians66,67. This 219 

limb func4on was es4mated from two sets of claw curvature data collected from extant amniotes68,69 220 

and supplemented with material from late Palaeozoic taxa7. Claws (the kera4n sheaths) rarely fossilize, 221 

but measurements of ungual morphologies in living taxa have been shown to provide conserva4ve 222 

signals of claw shape69,70. 223 

Eugyrinus μCT scans allowed collec4on of curvature measurements from all five terminal 224 

phalanges of the hindlimb (Extended Data Fig. 8 and Methods). Results delivered varied measures of 225 

claw curvatures and angles of a`ack, but digits II-V clustered together well within the territory 226 

demarcated by extant and ex4nct amniotes7,68,69 (Fig. 4b,c). Digit I is an outlier to digits II-V, as might be 227 
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expected from visual inspec4on (Fig. 4b and Extended Data Fig. 8a). Intriguingly, this is consistent with 228 

transcriptomic analyses of amniote digit differen4a4on showing that the anterior-most digit has a 229 

unique, conserved, expression profile71. Returning to func4onal inference, the sca`er plot of inner 230 

against outer curvatures (Fig. 4b) placed Eugyrinus near Anthracodromeus, close to many of the fossil 231 

amniotes but without a clear func4onal signature. In contrast, the plot of inner curvature against angle 232 

of a`ack (Fig. 4c) locates Eugyrinus data within a region of overlap among scansorial (climbing), gryporial 233 

(grasping) and cursorial taxa, again close to Anthracodromeus. This result shows that these terminal 234 

phalanx shapes at least approximate claws adapted for terrestrial use. For these reasons, we suggest 235 

that Eugyrinus claws might have been employed for gaining a purchase on irregular surfaces and 236 

clambering through structurally complex marginal habitats.  237 

As for the inferred presence of claws, this implies integument kera4niza4on – an adapta4on long 238 

associated with enhanced resistance to dehydra4on and the amniote colonisa4on of dry land11. Further 239 

to this, claws have been considered unique to crown-group amniotes15, although claw-bearing stem-240 

group amniotes might include Limnoscelis22, Orobates72, Bromerpeton24, and Termonerpeton23. Against 241 

this background, Casineria21 deserves par4cular a`en4on: described as having “unguals which are 242 

curved ventrally into claws”, its terminal phalanges match those of Eugyrinus (Extended Data Fig. 8e,f). 243 

Func4onally, claws supply not only trac4on, but also protec4on from wear and tear. The water-to-land 244 

transi4on exposed integument to new biomechanical stresses, especially the weight-bearing plantar 245 

surfaces. Such stresses undoubtedly resulted in epidermal changes: repair and regionally enhanced 246 

regenera4on leading to a thicker stratum corneum. An increasing range of data on the genera4ve and 247 

regulatory mechanisms underlying these features11-13,73 place the origin of these systems (leading to 248 

limbs with claws or kera4nized digit 4ps) on the tetrapod stem. Predictably, the fossil record of such 249 

integumentary structures lags behind wide-ranging phylogene4c inferences drawn from neontological 250 

data alone, despite excep4onal discoveries10,74. Here, Eugyrinus delivers morphological corrobora4on of 251 



A clawed amphibian 12 

this phylogene4cally deeper origin, irrespec4ve of whether temnospondyls are considered stem-group 252 

lissamphibians or stem-group tetrapods1,34-36. 253 

The extent of skin kera4niza4on in Eugyrinus is unknown in comparison with modern 254 

amphibians25,26. Nevertheless, we consider it significant that its dorsal scales (mineralised dermal scales 255 

rather than cornified epidermal scales) differ strongly from those of other temnospondyls (thin, ovoid, 256 

and with considerable overlap14,47,49,75) and stem tetrapods (large and similarly propor4oned to gastral 257 

scales50). Rather, the small size (both absolute and rela4ve to gastral scales) and ‘cobbled’ texture 258 

converge on that of the squama4on of modern lizards where roughness provides camouflage via 259 

diffusion of reflected light as well as assis4ng fric4on-assisted locomo4on76 (Fig. 2e). 260 

Three further pieces of evidence support our inference that Eugyrinus engaged in substan4al 261 

terrestrial ac4vity: the stapes, eyes, and the gut contents (supplemen4ng the already noted absence of 262 

evidence for a gill skeleton). The stapes conforms to the rod-like form associated with percep4on of 263 

airborne sound14. The three-dimensionally preserved eye with convex external profile (Fig. 2c and 264 

Extended Data Fig 3b,d–g) provides some indica4on of an air-cornea interface with the refrac4ve 265 

proper4es required for subaerial vision77. A cornea serves as both protec4ve layer and lens, focusing 266 

light on the re4na78. The ‘buena vista’ hypothesis79 used orbit size as a proxy for eye size and improved 267 

visual performance just preceding the tetrapod water-to-land transi4on. The consequent vast increase in 268 

sensory input, especially distance vision, was linked to the emergence of more elaborate ac4on 269 

sequences and corresponding evolu4on of the nervous system. But here we show evidence for an eye 270 

with improved acuity for seeing through air as well as a likely focus of such visual a`en4on: fragments of 271 

a palaeodictyopteran nymph. Located within the rear of the abdominal cavity80 (Fig. 1a), these remains 272 

have already been characterised as the ‘exceedingly sa4sfactory evidence’30 that Eugyrinus shared the 273 

insec4vorous habits of many extant amphibians. 274 
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In summary, Eugyrinus offers a novel perspec4ve on the terrestrially adapted condi4ons and 275 

sensory ecology of a near-adult temnospondyl branching close to the base of the clade. Although 276 

retaining aqua4c adapted cranial lateral lines and large olfactory apparatus81, the material supports the 277 

hypothesis that the lineage as a whole originated with terrestrial adults14. This revised picture further 278 

suggests that integument kera4niza4on and claws were variably expressed throughout early tetrapods 279 

including stem members; thus not restricted to amniotes. These findings in turn raise ques4ons about 280 

the clade assignment of Palaeozoic tetrapod trackways. Tetradactyl manus imprints have long been 281 

a`ributed to temnospondyls and oPen show blunt, rounded, digit 4ps, but examples82,83 also exhibit 282 

terminal impressions with scratch marks or digit escape traces (Batrachichnus, Characichnos, Hylopus, 283 

Palaeosauropus) that might result from limbs like those of Eugyrinus. If claws, rudimentary or otherwise, 284 

are sca`ered throughout early tetrapods, then the Tournaisian trackways a`ributed to crown-group 285 

amniotes15 deserve re-evalua4on, and post-Devonian, rather than Eifelian-Frasnian, es4mates of crown 286 

tetrapod origin35,84 remain plausible. 287 

The evolu4onary impact of integument kera4niza4on was likely widespread across early 288 

tetrapods. Although thickened, cornified, scaled skin is a key derived feature of amniotes –conferring 289 

resistance to water loss, mechanical stress, injury, and ultraviolet radia4on– we propose an earlier role in 290 

which the environmental tolerance conferred by kera4niza4on offered a selec4ve advantage among taxa 291 

exploring diverse water-to-land transi4ons, poten4ally shaping the survivorship of clades naviga4ng the 292 

environmental crises surrounding the end-Devonian mass ex4nc4on85. 293 

 294 

 295 

  296 
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Figures and Figure Legends 297 

 298 

 299 
Fig. 1 The skeletal anatomy of Eugyrinus wildi. a, The holotype MANCH:W.1222, mapped, combining 300 

data from exposed surfaces of cranium, part and counterpart, with μCT data. Colour code: blue with 301 

black outline denotes skeleton; pale blue near side, dark blue far side; white outline denotes 302 

squama4on; green indicates gut contents. b, Rendered μCT data showing skeletal morphology and 303 

posture as preserved in nodule; postparietal, occipital region of skull, and rear of lower jaw, absent from 304 

scans. In both images combined data rotated horizontally to show anterior to leP. c, Skeletal 305 

reconstruc4on with minimal restora4on (skull composite from natural moulds of external and mesial 306 

surfaces; hindlimb skeleton mirrored) in lateral view; scales omi`ed. Scale bars 10 mm. 307 

 308 
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 309 

 310 
Fig. 2. Morphological details of Eugyrinus wildi (MANCH:W.1222). a, LeP forelimb. b, Right hindlimb. c, 311 

Anterior flank scales. d, Right eye, rendered from radiodense material and scleral ossicles in anterior 312 

aspect. e, Cranium with rendered radiodense material and skeletal detail showing olfactory tract and 313 

nasal sac, palate, and scleral ossicles in dorsolateral aspect. f, Neural arches (mineralised cores, hence 314 

waisted shapes) from the mid trunk enclosing spinal cord. aqh, aqueous humour; cp, cultriform process 315 

(parasphenoid); ept, ectopterygoid; fem, femur; fib, fibula; hum, humerus; na, neural arch; nc, nasal 316 

capsule; ns, nasal sac; ot, olfactory tract; pal, pala4ne; pt, pterygoid; rad, radius; rpe, re4nal pigment 317 

epithelium; sc, spinal cord; slo, scleral ossicles; st, stapes; 4b, 4bia; tv, tubular ves4bulum; uln, ulna; vh, 318 

vitreous humour; vo, vomer. Scale bars, 5 mm (a,b,d,e) and 2.5 mm (c,f). 319 

 320 

 321 
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 322 
Figure 3. Phylogene0c posi0on of Eugyrinus wildi. Time-scaled phylogene4c tree; see Extended Data 323 

Fig. 6 for complete results using maximum parsimony and Bayesian analyses, and Supplementary 324 

Informa4on for details on phylogene4c analyses. Silhoue`es except Eugyrinus are adapted from Phylopic 325 

under Crea4ve Commons licence CC0 1.0. 326 

 327 

 328 
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 329 
Figure 4. Morphometric analyses of limb propor0ons and terminal phalanges/claws. a. Morphospace 330 

of 67 early tetrapod digit-bearing hindlimb propor4ons (stylopod, zeugopod, autopod) based on first two 331 

principal components (numbered taxa listed in extended data table 1). b,c, Terminal phalanx and claw 332 

morphospace. b, Sca`er plot of claw inner curvature vs. outer curvature, hulls enclose data linked to 333 

extant taxa claw behavioural func4on from Birn-Jeffery et al.68; black dots to fossil taxa (digit 3) from 334 

Mann et al.7 figure 4C; Roman numeral dots to terminal phalanges of digits I-V in Eugyrinus. c, Sca`er 335 

plot of claw and terminal phalanx inner curvature vs. angle of a`ack; hulls enclose data linked to extant 336 

claw behavioural func4on from Thompson & Motani69; Roman numeral dots to terminal phalanges of 337 

digits I-V in Eugyrinus.  Standardize colour codes in all three charts. 338 

 339 
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 340 
 341 

Extended Data Figure 1. Eugyrinus wildi (MANCH:W.1222). a, En4re specimen (photograph), part and b, 342 

counterpart. c, Skeletal reconstruc4on with minimal restora4on (skull composite from natural moulds of 343 

external and mesial surfaces; hindlimb skeleton mirrored) in dorsal view; scales omi`ed. Scale bars 10 344 

mm. 345 
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 346 

 347 
Extended Data Figure 2. Eugyrinus wildi (MANCH:W.1222), right forelimb and hindlimb. All paired 348 

images show structures in dorsal (leP) and ventral (right) views; distal at top of figure. a, Ulna. b, Radius. 349 

c, Humerus. d, Forelimb reconstructed. e, Tibia. f, Fibula. g, Femur. h, Hindlimb reconstructed. i, distal 350 

view of hindlimb digits showing curvature of terminal phalanges. adc, adductor crest; ecw, 351 

ectepicondylar foramen; xc, fibula crest; ol?, possible base of olecranon process. Scale bars 5mm (a-c, e-352 

g), 5mm (d,h,i). 353 

 354 
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 355 
Extended Data Figure 3. Eugyrinus wildi (MANCH:W.1222), so7 0ssue preserva0on. a, CT cranial slice, 356 

horizontal, radiodense signal indica4ng path of olfactory tract and organ. b, Rendering of CT data 357 

showing olfactory tract and organ in lateral aspect. c, CT cranial slice, coronal, showing radiodense signal 358 

in right orbit. d, Rendering of CT data showing olfactory tract and organ in dorsal aspect. e-h, renderings 359 

of CT data showing volume of eyeball, re4nal pigment epithelium, and collapsed ring of scleral ossicles in 360 

four aspects: anterior, ventromedial, dorsomedial, and laterodorsal. aqh, aqueous humour; ch, choana; 361 

nc, nasal cup; ns, nasal sac; ons, space for op4c nerve; ot, olfactory tract; pal, pala4ne; pf, pala4ne fang; 362 

pt, pterygoid; pvr, pala4ne vomer ridge; rpe, re4nal pigment epithelium; slo, scleral ossicles; spt, 363 

septomaxilla; tv, tubular ves4bulum; vf, vomerine fang; vh, vitreous humour; vo, vomer. Scale bars 5 mm 364 

(a); 2 mm (b, d); 2.5 mm (c); 2.5 mm (e-h). 365 
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 366 

 367 
Extended Data Figure 4. Eugyrinus wildi (MANCH:W.1222), cranium, external view. a, Skull roof 368 

dorsolateral view, bones labeled. b, Skull, lateral view. c, Skull table and cheek, natural mould (peel). d, 369 

O4c notch and occipital detail from natural mould (peel). In parts a and b sutural boundaries are 370 

enhanced for clarity. Note that the visible surface, with minor excep4ons, is the natural mould of the 371 

mesial surface of the dermatocranium. Although the skull is barely compressed dorsoventrally, it has 372 

undergone slight right-to-leP side displacement, hence dislocated boundary between right temporal and 373 

parietal bones and slippage of leP orbit beneath leP frontal. ang, angular; cor, coronoid; d, dentary; eo, 374 

exoccipital; f, frontal; ioc, infraorbital canal; it, intertemporal; j, jugal; jc, jugular canal; l, lachrymal; m, 375 

maxilla; n, nasal; on, o4c notch; p, parietal; po, postorbital; pp, postparietal; prf, prefrontal; pt, 376 

pterygoid; qj, quadratojugal; sang, surangular; sq, squamosal; st, supratemporal; t, tabular. Scale bars 10 377 

mm (a, b); 5 mm (c, d).  378 
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 379 
Extended Data Figure 5. Eugyrinus wildi (MANCH:W.1222), cranium, CT renderings. a, External surface 380 

of cranial block, ventral view showing natural mould of palate and leP lower jaw. b, CT rendering 381 

showing detail of palate, choana, parasphenoid, scleral ossicles, in ventral (oral) view. c, Choana and 382 

surrounding vomer, pala4ne, ectopterygoid (part), and palatal ramus of pterygoid, in ventral (oral) view. 383 

d, Choana and surrounding bones including septmaxilla in dorsal view. ch, choana; cp, cultriform process 384 

of parasphenoid; d(l), dentary of leP mandible; ept, ectopterygoid; iptv, interpterygoid vacuity; or, orbit; 385 

pal, pala4ne; palf, pala4ne fangs; pt, pterygoid; pvr, pala4ne vomer ridge; vf, vomerine fangs; vo, vomer; 386 

slo, scleral ossicles; spt, septomaxilla. Scale bars 10 mm (a, b); 2 mm (c, d). 387 
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 388 
Extended Data Figure 6. Eugyrinus wildi (MANCH:W.1222), mandible, stapes, and girdles. a, Lower jaw 389 

in dorsal and lateral aspects (lateral view: mosaic of CT rendering and specimen photograph). b, Stapes 390 

(right side) in four views, rota4ng from anterior to posterior. c, Pectoral girdle. d, Pelvic girdle. adf, 391 

adductor fossa; adp, adductor process; ang, angular; clav, clavicle; clei, cleithrum; cms, collumaris muscle 392 

scar; cor, coronoid process; d, dentary; gle, glenoid; il, iliac process; incl, interclavicle; isch, ischium; mdc, 393 

mandibular canal; pea, prear4cular; psp, postsplenial; rap, retroar4cular process; sang, surangular; 394 

scapco, scapulocoracoid; sgif, supraglenoid foramen; sw, stapedial foramen; Scale bars 5 mm (a, c, d); 1 395 

mm (b). 396 
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 397 

 398 

 399 
Extended Data Figure 7. Results of phylogene0c analyses. a, Single most parsimonious tree recovered 400 

with reweighted and unordered characters. b, Single most parsimonious tree recovered with implied 401 

weights (concavity constant K=12) and unordered characters. c, Maximum clade credibility tree (50% 402 

majority-rule consensus) from uncalibrated Bayesian analysis. Blue dot marks the posi4on of Eugyrinus. 403 

 404 

 405 
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 406 
Extended Data Fig. 8. Eugyrinus wildi, hindlimb terminal phalanx measurements (adapted from Mann 407 

et al. 2021 and Thomson and Motani 2021) and Casineria kiddi, forelimb terminal phalanx. a, Lateral 408 

outlines of Eugyrinus terminal phalanges I-V, ordered from top to bo`om.  Scale bar, 0.5mm. b, 409 

Measurement of dorsal curvature. c, Measurement of ventral curvature. d, Measurement of angle of 410 

a`ack.  AOA, angle of a`ack; AOAA, angle of a`ack adjacent; AOAO, angle of a`ack opposite; DCA, 411 

dorsal claw angle; DCR, dorsal claw radius; VCA, ventral claw angle; VCR, ventral claw radius. e. Casineria 412 

kiddi (NMS G1993.54.1)21, leP manus. f, Casineria kiddi (NMS G1993.54.1), terminal phalanx of digit IV, 413 

leP manus. 414 

 415 

 416 

Extended Date Table 1. Eugyrinus wildi. Measurements (length in mm) of the ar4culated phalanges of 417 

the leP pes. 418 

Digit Phalanx 1 Phalanx 2 Phalanx 3 Phalanx 4 Phalanx 5 Total 

I 2 1.2 1.2   4.4 

II 3.5 2.7 2.1   8.3 
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III 3.7 2.9 2.5 2.2  11.3 

IV 3.3 3 2.6 2.1 1.8 12.8 

V 2.3 2.3 2.1 1.6  8.3 

       

 419 

 420 

Extended Data Table 2. Eugyrinus wildi. Measurements of curvature and thickness for each terminal 421 

phalanx of the pes.  The final column provides averages for each row.  The result in square brackets is the 422 

average for digits II-V (digit I terminal phalanx excluded). Measurements for claw radius and thickness in 423 

arbitrary units. 424 

Digit I II III IV V Ave 

DCA: Dorsal (Outer) Claw 

Angle  

112 72 92 85 78 87.8 

[81.8] 

VCA: Ventral (Inner) Claw 

Angle  

104 70 82 69 85 82 

[76.5] 

AOA: Angle of Attack 

 

52 63 32 48 12 41.4 

[38.8] 

DCR: Dorsal Claw Radius 

 

44 109 83 76 58  

VCR: Ventral Claw Radius 

 

33 100 72 74 51  

T: Claw thickness 

 

18 22 21 19 12  

 425 

 426 

Extended Data Table 3. Scan parameters use for computed X-ray microtomography. 427 

Scan  Focus 

Voxel 

size (um) 

Voltage 

(kV) 

Current 

(uA) 

Timing 

(ms) Projections Filter 

Whole 

04643 

Entire specimen at low resolution, used only 

for verification and alignment. 43.7360 130 200 333 1300 none 

Anterior 

04806 

Focused on forelimbs, shoulder, and 

anterior axial column. Both part and 

counterpart. 24.8880 110 220 500 1900 none 

Posterior 

11721 

Focused on pelvic girdle and posterior axial 

column. Both part and counterpart.  22.5700 120 190 500 2500 

1.5 mm 

Cu 

Hindlimbs 

11770 Focused on hindlimbs, only part. 11.9260 120 100 1000 2100 .5 Sn 

Head 

13871 Isolated head - soft tissue, skull, palate 8.773 90 90 1000 2100 1.0mm Cu 

 428 

 429 

Online Content 430 

Any methods, addi4onal references, Nature Research repor4ng summaries, source data, extended data, 431 

supplementary informa4on, acknowledgements, peer review informa4on; details of author 432 

contribu4ons and compe4ng interests; and statements of data and code availability are available at 433 

 434 
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Materials and Methods 435 

Provenance. The single specimen of Eugyrinus wildi (Manchester Museum, Wild Collec4on, MANCH: 436 

W.1222) was collected by Mr George Wild circa 1888 from the Soapstone bed at Carry (Carre) Heys at 437 

Trawden86. Other, nodule-enclosed, three-dimensionally preserved vertebrates from the same locality 438 

and bed include the ac4nopterygians Trawdenia planC38,39, Mesonichthys aitkeni33,37, and Coccocephalus 439 

wildi 37,87. Microsaurian remains are also noted33. The Soapstone bed occurs some 1.2m to 2.1m above 440 

the Mountain Four Feet coal88 (also named Mountain 1.2m Coal; Lower Mountain Coal), but below the 441 

Arley Coal39,89. This correlates with the Westphalian A chronozone within the Langse|an substage of the 442 

Bashkirian stage90. The Mountain Four Feet coal seam is con4nuous with the ‘Bullion’ and ‘Gannister’ 443 

seams of the Burnley coal field33, hence alterna4ve descrip4ons of the Eugyrinus source as: from the 444 

roof of the Bullion Coal at Trawden28; from the marine roof of the Mountain Four-feet Mine of the Lower 445 

Coal-measures at Trawden29; from the Soapstone bed, Mountain Four-feet Mine, Carre Heys, Trawden80; 446 

from the Westphalian A of Colne31. Access to the Soapstone bed was likely via the long disused shaP 447 

near Carre Heys33, unambiguously named Carry Heys on contemporary Ordnance Survey maps, located 448 

at Na4onal Grid Reference 390247.43972939. 449 

Computed X-ray microtomography, segmentation and three-dimensional rendering. The specimen, 450 

MANCH:W.1222, part, counterpart, and cranium, was scanned at the University of Chicago X-ray μCT 451 

facility, on a GE Phoenix 240/180 scanner using the 240 mode. Raw scan data were reconstructed with 452 

Phoenix datos|x and processed in VGStudioMax. Segmentation was accomplished using Materialise 453 

Mimics v.25. Virtual models were rendered using Blender 3.2 or Autodesk 3D StudioMax (Autodesk, Inc.) 454 

and were annotated in Adobe Photoshop 2024. Photography of fossils was accomplished with a Leica 455 

DFC490 camera attached to a Zeiss Stemi SV6 microscope. The initial scan of the complete specimen, 456 

used as a reference to align higher-resolution scans, was performed with parameters of 43.7360 μm 457 

using 130 kv, 200 mA, 333 ms timing, 1300 projections, and no filter. The anterior portion of both part 458 

and counterpart were scanned at a voxel size of 24.888 μm using 110 kv, 220 mA, 500 ms timing, 1900 459 

projections, and no filter to visualize the bones of the anterior axial column, shoulder girdle, and 460 

forelimbs. The posterior portion of both part and counterpart were scanned at a voxel size of 22.5700 461 

μm using 120 kv, 190 mA, 500 ms timing, 2500 projections, and a 1.5 mm Cu filter to visualize the pelvic 462 

girdle and posterior axial column. The hind limb region of the part specimen was scanned at a voxel size 463 

of 11.9260 μm using 120 kv, 100 mA, 1000 ms timing, 2100 projections, and a 0.5 mm Sn filter to 464 

achieve higher resolution of the foot. The isolated head was scanned at a voxel size of 8.773 μm using 90 465 
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kv, 90 mA, 1000 ms timing, 2100 projections, and a 1.0 mm Cu filter to visualize the soft tissues and 466 

bones of the skull and palate. 467 

Phylogene0c analysis. Gee’s53 taxon-character set, an updated version of Schoch’s55 data matrix, 468 

formed the starting point for our phylogenetic analyses. All 207 discrete characters remained 469 

unchanged, but two temnospondyls were added: Eugyrinus wildi and Bermanerpeton kinneyi from 470 

the Late Pennsylvanian of New Mexico. Originally described by Werneburg et al.47 as a dvinosaur, 471 

Bermanerpeton exhibts characteristics shared with dissorophoid groups such as branchiosaurids 472 

and larval amphibamids. Our resultant taxon list totals 72 temsnospondyl species representing a 473 

wide cross-section of the group’s diversity, plus Proterogyrinus and Greererpeton as outgroups. We 474 

did not impose any order to characters except for those indicated in the original matrix, namely: 475 

38, 65, 72-73, 99, 103-106, 132-133, 138, 140, 153, 158, 165, 177, 182, 186. This ordering scheme 476 

was followed in three of the parsimony analyses and in the uncalibrated Bayesian analysis. 477 

Six parsimony analyses were carried out in PAUP* v. 4.0a.16991. Search se|ngs differed only in the use 478 

of character ordering and weigh4ng schemes; these matched those used by Gee53 (Supplementary 479 

Informa4on), and proceeded with the following treatments: characters unordered and 480 

unweighted/reweighted (unord_unw; unord_rew); characters ordered and unweighted/reweighted 481 

(ord_unw; ord_rew); characters  unordered/ordered with implied weighting (K12_unord; K12_ord). 482 

Accordingly, we ini4ally ran analyses with unweighted characters (i.e., equal unit weights), both 483 

unordered and ordered. Subsequently, characters were reweighted by the best fit value of their rescaled 484 

consistency index derived from the equally weighted searches. In addi4on, with both unordered and 485 

ordered characters, we u4lised implied weights during tree searches92,93. In each case we used an 486 

arbitrary value of 12 for the constant of concavity K, a parameter controlling how strongly homoplas4c 487 

characters ought to be downweighted in the course of tree op4miza4on. Parsimony search se|ngs were 488 

as follows: tree-bisec4on-reconnec4on branch swapping; 5·105 random stepwise taxon addi4on 489 

sequences; a single tree kept in memory at each stepwise addi4on; five subsequent rounds of branch 490 

swapping on all trees retained in memory at the end of the ini4al search; collapsing branches with 491 

minimum length of zero. When mul4ple equally parsimonious trees were obtained (both with ord_unw 492 

and unord_unw characters), results were summarized as strict consensus trees. Lastly, node support was 493 

evaluated through bootstrapping94 and jackknifing95 methods in PAUP*, in each case using 105 character-494 

resampling replicates and 50% character dele4on for jackknifing. 495 

An uncalibrated Bayesian analysis was conducted using MrBayes v. 3.2.696, with the character ordering 496 

schemes in Gee53. The analysis was run for 2·107 genera4ons (two independent runs; four chains). The 497 
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results, in the form of a 50% majority-rule consensus showing all groupings compa4ble with such 498 

consensus, were visualized with Figtree v. 1.4.4 (h`p://tree.bio.ed.ac.uk/soPware/figtree/). Analy4cal 499 

parameters followed examples from recent literature (e.g., Ford & Benson84). Proterogyrinus and 500 

Greererpeton were designated as successive outgroups to temnospondyls. For model specifica4on, a 501 

gamma distribu4on was applied to accommodate rate heterogeneity among characters, allowing 502 

character-state transi4ons to vary across the dataset. Character coding was set to variable, excluding 503 

both constant and uninforma4ve characters from the matrix96. 504 

PCA analysis. Drawn reconstruc4ons of tetrapod hindlimbs were sourced from this study and the 505 

published literature; the full list of references is presented in the Supplementary Informa4on. Sampling 506 

was broadly distributed across early amniotes, temnospondyls, and lepospondyls, focusing on taxa with 507 

good hindlimb data. Individual limb segments- autopod, stylopod, zeugopod- were measured in pixels 508 

using Affinity Designer 2. For each limb segment, the length of the segment was divided by the total 509 

length of the limb to produce a dataset of propor4ons. This dataset of propor4ons was subjected to a 510 

Principal Components Analysis (PCA) in RStudio for R97,98. The PCA was run using the stats package from 511 

base R99. The calcula4on was done via single value decomposi4on of the data matrix. Variables were 512 

scaled, centered, and rotated. PC1 and PC2 capture 66.82% and 33.18% of total varia4on, respec4vely. 513 

Plots were produced using the ggplot2100, ggfor4fy101, and ggrepel102, and cluster103 packages. 514 

Claw Curvature Measurements. Measurements were taken from all five terminal phalanges of the hind 515 

limb using methods adopted aPer Mann et al.7, Thomson and Motani69, and references therein (see 516 

Extended Data Fig. 8 for graphic explana4on). To measure the dorsal claw radius (DCR) and dorsal claw 517 

angle (DCA) a line was drawn from the extensor tubercle or proximal dorsal extremity (A) to the claw 518 

apex (A’). From the midpoint of the line AA’ (B), a perpendicular line was then drawn that extended past 519 

the dorsal edge of the claw (B’). The intersec4on of this perpendicular line (BB’) with the dorsal edge of 520 

the claw was defined as point C. Points A, C, and A’ were connected to form an isosceles triangle. The 521 

lines CA and CA’ were then bisected by perpendicular lines DD’ and EE’; these symmetrical lines 522 

intersected at point F. Points A and A’ were then connected to point F. The length of line FA provides the 523 

measure of DCR; the angle subtended by lines FA and FA’ is the DCA. To measure ventral claw radius 524 

(VCR) and ventral claw angle (VCA) these methods were repeated but point A was placed at the flexor 525 

tubercle or proximal ventral extremity. Point B’ was placed at the intersec4on of the line BB’ with the 526 

ventral edge of the claw. To measure claw thickness (T) the line BB’ was extended to the dorsal edge of 527 

the claw, the intersec4on defined as point X. T was defined by line length B’X. 528 
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To calculate the angle of a`ack the dorsoventral level of the mid-point of the ar4cular joint, point R, was 529 

es4mated by bisec4ng a line connec4ng points A in dorsal and ventral claw angle measurements 530 

(proximal dorsal and ventral extremi4es). A line was then drawn to point A’, the claw apex, and a 531 

perpendicular line drawn from point A’ (SS’). A line extending along the distalmost ventral edge of the 532 

claw (UU’) approximated the angle of a`ack. A line perpendicular to SS’ joined lines SS’ and UU’ (S’U’). 533 

The length of AS’ was defined as AOAA (angle of a`ack adjacent), the length of S’U’ as AOAO (angle of 534 

a`ack opposite), and the angle subtended by SS’ and UU’ as the AOA (angle of a`ack). The ar4cular 535 

facets are not well preserved in Eugyrinus, and point R, the level of rota4on, is a conserva4ve es4mate 536 

for each terminal phalanx. Moving point R proximally into the no4onal rota4on centre of an ar4cular 537 

joint results in more acute angle of a`ack; displacing point A’ distally and ventrally to account for actual 538 

claw 4p (see sec4ons through Xenopus and Mus claws in Maddin et al.27), will increase AOA. 539 

 540 

Data availability.  The fossil described in this study is deposited in the collec4ons of the Manchester 541 

Museum. All original scan datasets will be made publicly available and access informa4on to the 542 

repository provided upon publica4on. For review purposes, we accept anonymized data sharing requests 543 

through the editorial office. 544 
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Supplementary Methods 797 

 798 

Parsimony analyses 799 

Six separate parsimony analyses were conducted in PAUP* v.4.0a169 (Swofford 1998). The analyses 800 

implied distinct regimes of character ordering and weighting, with ordered characters following Gee 801 

(2022). Accordingly, we examined the following treatments: (1) unordered characters with equal 802 

weights and with reweighting; (2) ordered characters with equal weights and with reweighting; and (3) 803 

unordered and ordered characters analysed under implied weighting. We first performed searches using 804 

equal character weights (unweighted analyses) under both unordered and ordered schemes. The 805 

resulting trees were then used to assign different weights to the characters (reweighted analyses), 806 

based upon their best-fit rescaled consistency index values. For both the ordered and unordered 807 

datasets, we additionally implemented implied weighting (Goloboff, 1993; Goloboff et al., 2008), using a 808 

concavity constant of K = 12. This follows common practice in applying moderate down-weighting to 809 

characters exhibiting substantial homoplasy during tree optimization (Goloboff et al., 2018). 810 

All searches used the same heuristic settings: tree-bisection–reconnection (TBR) swapping, 5 × 811 

10⁵ random addition replicates with stepwise taxon addition, and retention of a single tree per replicate 812 

during the initial pass. The pool of trees collected at the end of this phase was then subjected to five 813 

further rounds of TBR swapping, and branches of zero length were collapsed. When multiple equally 814 

parsimonious topologies resulted, the outcomes were summarised using strict consensus trees. 815 

Node support values for the equally weighted characters were estimated through bootstrap 816 

(Felsenstein, 1985) and jackknife character resampling (Farris et al., 1996). A fast stepwise addition 817 

sequence was applied in both cases, producing 10⁵ pseudoreplicates in PAUP*, and deleting 50% of 818 

characters for jackknife sampling. Only clades with frequencies of 50% or greater were retained in the 819 

bootstrap and jackknife majority-rule consensus, with bootstrap and jackknife support (hereaPer, b.s. 820 

and j.s.) appended to its branches. 821 

 822 
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Bayesian analysis 823 

Introductory notes. Bayesian phylogenetic analyses use Markov Chain Monte Carlo (MCMC) sampling to 824 

explore tree space and approximate the posterior distribution of tree topologies and model parameters. 825 

The analyses proceed through tree space in a series of steps, sampling trees in proportion to their fit to 826 

the data. Each of these sampled sequences constitutes a ‘chain’. Typically, multiple chains are run in 827 

parallel – one ‘cold’ chain and several ‘heated’ chains. Heated chains move more freely through tree 828 

space and occasionally exchange states with the cold chain, thereby improving tree space exploration 829 

and reducing the risk of the analysis becoming confined to a single region of that space. Running 830 

multiple chains also provides an internal check on reliability, whereby independently sampled chains 831 

should converge on the same posterior distribution (Ronquist & Huelsenbeck 2003). 832 

To evaluate convergence, several diagnostics are provided. The Potential Scale Reduction Factor 833 

(PSRF) assesses whether independent chains sample the same underlying distribution (i.e., whether they 834 

sample the same region of parameter space) by comparing variation within chains to variation between 835 

them. Values close to 1.00 indicate good convergence. The Estimated Sample Size (ESS) measures the 836 

effective number of independent samples obtained during the MCMC run. Because successive samples 837 

are autocorrelated, the total number of sampled trees is not equivalent to the number of independent 838 

observations. ESS adjusts for this dependence, with values above ~200 typically indicating that the 839 

posterior distribution has been sampled adequately (i.e., chains contain enough independent 840 

information). When both metrics fall within acceptable ranges, the resulting posterior estimates can be 841 

interpreted with confidence (Gelman & Rubin 1992; Brooks & Gelman 1998). 842 

Se_ngs. An uncalibrated Bayesian analysis was carried out in MrBayes v.3 (Ronquist & Huelsenbeck 843 

2003). Rate variation across characters was modelled using a gamma distribution, allowing different 844 

morphological characters to evolve at different rates (rates = gamma). Characters showing no variation 845 

across taxa – i.e., phylogenetically uninformative – were excluded (coding = variable). Two topological 846 

constraints were enforced. First, the colosteid Greererpeton burkemorani was constrained to form the 847 

immediate outgroup to temnospondyls, with the embolomere Proterogyrinus scheelei specified as a 848 

more distant outgroup (outgroup Proterogryinus_scheelei). Second, temnospondyls were constrained to 849 

be monophyletic (constraint ingroup1 = 2-74; constraint ingroup2 = 3-74; prset topologypr = constraints 850 

(ingroup1,ingroup2)). Ordering of characters followed Gee (2022); for brevity, no analysis using 851 

unordered characters was performed. 852 

The analysis consisted of two independent runs (nrun = 2), each comprising four chains (nchain = 853 

4). A relatively low heating parameter (temp = 0.1) was used to improve chain mixing by increasing the 854 
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likelihood of swaps among chains. The MCMC chains were run for 2 × 107 million generations (ngen = 855 

20000000), with trees and parameter values sampled every 1,000 generations (samplefreq = 1000) and 856 

diagnostic information printed at the same interval (printfreq = 1000). Convergence diagnostics were 857 

calculated every 5,000 generations (diagnfreq = 5000). Tree branch lengths were stored for all sampled 858 

trees (savebrlens = yes). A relative burn-in of 25% (relburnin = yes burninfrac = 0.25) was discarded 859 

before summarising posterior samples, ensuring that only the stationary portion of each chain 860 

contributed to the final parameter estimates. 861 

A summary of posterior tree distribution was obtained using the sumt command. A majority-rule 862 

consensus with compatible partitioning was produced (contype = allcompat), including all clades present 863 

in at least 50% of the post-burn-in samples, together with any additional compatible groupings. Trees 864 

were written in FigTree-compatible format (conformat = Figtree). A summary of posterior parameter 865 

estimates was obtained with the sump command, again discarding the initial 25% burn-in prior to 866 

calculating posterior summary statistics and convergence diagnostics. 867 

 868 

Supplementary Results 869 

The results of our phylogene4c analyses broadly concur on the branching pa`ern between and within 870 

major temnospondyl clades, but they also differ in the rela4ve posi4on of some groups and underscore 871 

the instability of a few taxa (for discussions of conflic4ng topologies, see Gee 2022 and Gee & Sidor 872 

2024). Owing to this instability, these taxa are oPen recovered outside the groups to which they have 873 

tradi4onally been assigned. Among the groups and species that are most prone to inconsistent 874 

phylogene4c placement are Dendrerpe4dae (Balanerpeton woodi + Dendrerpeton helogenes), Capetus 875 

palustris, Iberospondylus schultzei, Lapillopsis nana, and Peltobatrachus pustulatus. 876 

Parsimony topologies 877 

The six maximum-parsimony analyses (Extended Data Fig. 7a,b and Supplementary Figs. 1 and 2) 878 

illustrate the strong influence of character weigh4ng – whether through a posteriori reweigh4ng or 879 

implied weigh4ng – on the degree of phylogene4c resolu4on. In addi4on, bootstrap and jackknife 880 

character resampling emphasize the generally low sta4s4cal support for many groups (Supplementary 881 

Figs. 3 and 4). Equal-weights (‘unweighted’) analyses return mul4ple shortest trees (Supplementary Figs. 882 

1a and 2a), whereas each weighted analysis yields a single op4mal tree (Extended Data Fig. 7a,b and 883 

Supplementary Figs. 1b and 2b). Ordering the 17 characters iden4fied by Gee (2022) (Supplementary 884 

Table 1) has only a modest impact on tree topology compared with the effects of weigh4ng. Moreover, 885 

when characters are leP unordered, the unweighted analysis produces fewer equally most parsimonious 886 



A clawed amphibian 42 

trees and a be`er-resolved strict consensus (Supplementary Fig. 2a) than when characters are ordered 887 

(Supplementary Fig. 1a). Most of this addi4onal resolu4on primarily pertains to the radia4on of 888 

Eryopiformes (Schoch 2013), the group comprising Eryopidae (Eryops megacephalus + Onchiodon 889 

labyrinthicus) and Stereospondylomorpha (Sclerocephalus haeuseri and all more apical taxa). 890 

In all single trees recovered from the weighted analysis, the branching sequence of major groups 891 

– excluding unstable taxa – is as follows: (Dvinosauria + (Edopoidea + ((Zatracheidae + Dissorophoidea) + 892 

Eryopiformes))). Across these analyses, Dendrerpe4dae occupy one of two posi4ons: either immediately 893 

crownward of Dvinosauria or crownward of Edopoidea. Under the first of these pa`erns, Capetus lies 894 

immediately crownward of Dendrerpe4dae, and Peltobatrachus forms the sister taxon to Eryopiformes 895 

(Extended Data Fig. 7a). Under the second pa`ern, Capetus is retrieved as the sister taxon to Edopoidea, 896 

and Peltobatrachus occurs immediately crownward of Dendrerpe4dae (Extended Data Fig. 7b and 897 

Supplementary Figs. 1b and 2b). In the same analyses, Iberospondylus is placed either as the sister taxon 898 

to Dissorophoidea (Extended Data Fig. 7a and Supplementary Fig. 1b) or as the sister taxon to 899 

Eryopiformes (Extended Data Fig. 7b and Supplementary Fig. 2b). Lapillopsis is recovered in several 900 

alterna4ve posi4ons: as the sister taxon to a heterogeneous grouping of ‘higher’ Stereospondyli 901 

(Extended Data Fig. 7a,b), as sister to Eryopiformes (Supplementary Fig. 1b), or nested withing ‘higher’ 902 

Stereospondyli at the base of a diverse clade including Plagiosauridae (Gerrothorax pulcherrimus; 903 

Plagiosuchus pustuliferus), Brachyopidae (Batrachosuchus browni), Chigu4sauridae (Siderops kehli), and 904 

‘Rhy4dosteidae’ (Laidleria gracilis; Sangaia lavinai) (Supplementary Fig. 2b). 905 

The weighted analyses also reveal numerous conflic4ng branching pa`erns within major groups, 906 

with the excep4on of Dvinosauria (see below). Conflict is par4cularly pronounced within 907 

Dissorophoidea, where several different pa`erns of interrela4onships among the cons4tuent subclades 908 

are recovered. Within Dissorophoidea, only the clade Olsoniformes shows consistent internal structure, 909 

with Dissorophidae (Cacops aspidephorus + (Dissorophus mulCcinctus + Broiliellus texensis)) as the siter 910 

group to Trematopidae (Ecolsonia cutlerensis + (Acheloma cumminsi + Phonerpeton pricei)). In most 911 

analyses, Olsoniformes form the sister group to remaining Dissorophoidea, but in the analysis based 912 

upon reweighted and ordered characters, they occupy an intermediate posi4on between 913 

Micromelerpe4dae (Micromelerpeton credneri + (Branchierpeton amblystomum + Limnogyrinus 914 

elegans)) and Amphibamiformes (Supplementary Fig. 1b). Both the monophyly of Micromelerpe4dae 915 

(see below for comments on Bermanerpeton kinneyi) and the branching order among component taxa 916 

are found in all weighted analyses. However, in both unweighted analyses (Supplementary Figs. 1a and 917 
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2a), Micromelerpe4dae are resolved as a paraphyle4c grade with respect to Branchiosauridae 918 

(Branchiosaurus salamandroides + Apateon pedestris). 919 

Only a small number of clades receive strong bootstrap and jackknife support. These include 920 

Zatracheidae (Acanthostomatops vorax + Zatrachys serratus; b.s. = 90%; j.s. = 89%), Eryopidae (b.s. = 921 

99%; j.s. = 98%), Plagiosauridae (b.s. = 94%; j.s. = 93%), Olsoniformes (b.s. = 94%; j.s. = 93%), and 922 

Tupilakosauridae (Thabanchuia oomie + Tupilakosaurus wetlugensis; b.s. = 86%; j.s. = 85%). Several other 923 

clades receive are only moderately or weakly supported, including Edopoidea (b.s. = 72%; j.s. = 69%), 924 

Dissorophoidea (b.s. = 58%; j.s. = 56%), and Dvinosauroidea (i.e., all dvinosaurs more apical than 925 

Trimerorhachis and Neldasaurus) (b.s. = 52%; j.s. = 50%). 926 

Bayesian topology 927 

The maximum clade credibility tree from the uncalibrated Bayesian analysis reveals several branching 928 

arrangements that depart from those recovered under parsimony (Supplementary Fig. 5). Notable 929 

examples include the placement of Peltobatrachus and Iberospondylus as successive sister taxa – in that 930 

order – to the clade (Zatracheidae + Dissorophoidea), as well as the recovery of Dissorophidae as a 931 

paraphyle4c array rela4ve to Trematopidae. In other respects, the Bayesian tree aligns most closely with 932 

the parsimony topologies generated under reweighted and implied-weights analyses using ordered 933 

characters (Supplementary Figs. 1b and 2b). Posterior probability values along the ‘backbone' of the tree 934 

are generally high, apart from a few internal branches within Capitosauria. 935 

 936 

Supplementary Discussion 937 

Eugyrinus and Dvinosauria 938 

Across all parsimony and Bayesian analyses, Eugyrinus wildi is placed as sister taxon to remaining 939 

Dvinosauria. This clade forms the earliest diverging radia4on of temnospondyls and, except in the 940 

analysis with unweighted and ordered characters (Supplementary Fig. 1a), its internal rela4onships are 941 

fully resolved. It does not receive support in the 50% majority-rule bootstrap and jackknife consensus 942 

topologies (Supplementary Figs. 3 and 4), but it is strongly supported in the Bayesian analysis (p.p. = 1) 943 

(Supplementary Fig. 5). The internal rela4onships of Dvinosauria conform to the arrangement retrieved 944 

in most phylogene4c analyses, with Trimerorhachidae (Trimerorhachis insignis; Neldasaurus wrightae) as 945 

the earliest diverging forms, and with remaining taxa – the Dvinosauroidea – consis4ng of 946 

Eobrachyopidae (Acroplous vorax; Isodectes obtusus), Dvinosauridae (Dvinosaurus primus), and 947 

Tupilakosauridae (Thabanchuia oomie; Tupilakosaurus wetlugensis) in increasingly more apical 948 



A clawed amphibian 44 

succession. Within Dvinosauria, strong Bayesian support is assigned the branch uni4ng all taxa more 949 

apical than Eugyrinus (p.p = 0.98) and to the branch subtending Dvinosauroidea (p.p = 0.99). 950 

A note on Bermanerpeton 951 

As part of ongoing work on the interrela4onships of temnospondyls, we decided to test the affini4es of 952 

Bermanerpeton kinneyi, a late Pennsylvanian taxon originally described as a dvinosaur exhibi4ng 953 

characters in common with branchiosaurid dissorophoids (Werneburg et al. 2021). Our analyses fail to 954 

support this assignment. Instead, Bermanerpeton emerges as a dissorophoid, although its precise 955 

placement remains ambiguous. In most weighted parsimony analyses, as well as in the Bayesian analysis, 956 

this taxon is nested within Micromelerpe4dae as sister group to Micromelerpeton (Extended Data Fig. 7 957 

and Supplementary Figs. 2b and 4). In the unweighted parsimony analyses, Bermanerpeton is part of a 958 

paraphyle4c array of Micromelerpe4dae placed adjacent to Branchiosauridae (Supplementary Figs. 1a 959 

and 2a). In the analysis with reweighted and ordered characters, however, Bermanerpeton is retrieved in 960 

a more apical posi4on, as the sister taxon to Amphibamiformes (Supplementary Figs. 1b). Lastly, the 961 

sister-taxon rela4onship between Bermanerpeton and Micromelerpeton is also found in the Bayesian 962 

analysis, although it receives low support (p.p. = 0.57) (Supplementary Fig. 5). 963 

  964 
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Supplementary Figures 965 

 966 

Supplementary Figure 1. Results of parsimony phylogene4c analyses 1. 967 

 968 
a, Strict consensus of 306 most parsimonious tree recovered with unweighted and ordered characters. b, 969 

Single most parsimonious tree recovered with reweighted and ordered characters. 970 

  971 

a b 
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Supplementary Figure 2. Results of parsimony phylogene4c analyses 2. 972 

 973 
a, Strict consensus of 84 most parsimonious tree recovered with unweighted and unordered characters. 974 

b, Single most parsimonious tree recovered with implied weights (concavity constant K=12) and ordered 975 

characters. 976 

  977 

a b 
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Supplementary Figure 3. Bootstrap 50% majority-rule consensus. 978 

 979 
Numbers above branches represent bootstrap percentage support. 980 

  981 
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Supplementary Figure 4. Jackknife 50% majority-rule consensus. 982 

 983 
Numbers above branches represent jackknife percentage support. 984 

  985 
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Supplementary Figure 5. Results of uncalibrated Bayesian phylogene4c analysis. 986 

 987 
Maximum clade credibility tree (50% majority-rule consensus) from uncalibrated Bayesian analysis; colour-988 

coded numbers above branches represent Bayesian posterior probabili4es (red = lowest probability value; 989 

blue = highest probability value; tones along red-blue gradient = intermediate probability values). 990 

  991 
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Supplementary Tables 992 

 993 

Supplementary Table 1. Basic tree sta4s4cs from parsimony analyses. 994 

 995 
For each of the six parsimony analyses, number of resul4ng shortest trees, tree lengths, and measures of 996 

character fit are reported. 997 

 998 

Supplementary Table 2. Model parameter summary from Bayesian analysis. 999 

 1000 
For both TL and alpha parameters, posterior summary sta4s4cs and convergence diagnos4cs are reported. 1001 
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