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________________________________________________________________ 14 
The evolution of fishes to tetrapods (four-limbed vertebrates) was one of the most 15 
significant transformations in vertebrate evolution. Recent hypotheses on tetrapod 16 
origin rely heavily on the anatomy of a few tetrapod-like fish fossils from the Middle 17 
and Late Devonian (393–359 million years ago). These taxa, known as 18 
elpistostegalians, include Panderichthys, Elpistostege and Tiktaalik, none of which 19 
has yet revealed the complete skeletal anatomy of the pectoral fin. Here we report 20 
the most complete elpistostegalian yet found, a 1.57 m-long articulated specimen 21 
of Elpistostege watsoni from the Upper Devonian of Canada. High-Energy CT 22 
tomography reveals the pectoral fin skeleton has four proximo-distal rows of 23 
radials, two of which include branched carpals, and two distal rows organized as 24 
digits and putative digits. Intriguingly, distal to the radials, the fin still retains 25 
lepidotrichia (fin rays). This represents the most tetrapod-like arrangement of 26 
bones found in a pectoral fin. We suggest the vertebrate hand arose primarily from 27 
a skeletal pattern buried within a fairly typical aquatic pectoral fin of 28 
elpistostegalians. Elpistostege is potentially the sister taxon of all other tetrapods, 29 
and its appendages further blur the line between fish and land vertebrates. 30 
_________________________________________________________________ 31 
The first tetrapods known from skeletal remains date back to the Late Devonian (c. 32 
374 million years ago)1,2, whilst trackway fossils showing digitate impressions of 33 
limbs suggest an earlier origin3. Over the past decade, fossils informing the fish to 34 
tetrapod transition have been utilised to better understand anatomical 35 
transformations associated with locomotion4-8, breathing9, hearing10, and 36 
feeding7,11 with regard to the change in habitat from water to land. Until now the 37 
terrestrialization of vertebrates has been primarily a matter of comparing six 38 
relatively well-known Devonian taxa among stem group tetrapods12: a true piscine 39 
sarcopterygian, Eusthenopteron foordi, a piscine elpistostegalian, Panderichthys 40 
rhombolepis, a near-tetrapod elpistostegalian, Tiktaalik roseae, and three true 41 



basal tetrapods, Acanthostega gunnari, Ventastega curonica and Ichthyostega sp. 42 
We adopt an apomorphy-based definition of tetrapods as “all organisms derived 43 
from the first sarcopterygian to have possessed digits homologous with those in 44 
Homo sapiens”13,14. 45 

 46 

However, these inferences rely critically on a handful of specimens referred to 47 
elpistostegalians, none of which have been completely described. The postcranial 48 
anatomy of Panderichthys is primarily restricted to the morphology of the pectoral 49 
fins and girdles15-17, the vertebrae17,18, the scale patterning19 and very little on the 50 
pelvic fin and girdle morphology4. Although more than 60 specimens6,20 of Tiktaalik 51 
have been found, most of its anatomy has been described on a fairly complete 52 
individual for which the skull11,20, pectoral and pelvic fins and girdles5,6,21, scales19, 53 
and the trunk region20 anterior to the pelvic region are preserved. 54 

Elpistostege watsoni was first described from a partial posterior skull roof 55 
(BMNH P.50063) from the Escuminac Formation of Miguasha, Quebec, as a 56 
'stegocephalian' amphibian22. A second incomplete anterior half of a skull (MHNM 57 
06-538) was later described as an elpistostegalian fish23. Until now, its postcranial 58 
anatomy is known from only a small patch of articulated scales and vertebral 59 
elements (MHNM 06-537)23. Our new specimen of Elpistostege watsoni (MHNM 60 
06-2067) was discovered in 2010 from laminated bed 12 in the lower part of the 61 
formation. It is a complete individual preserved flattened dorso-ventrally, although 62 
the caudal region is preserved in lateral view (Fig. 1a, b). The dorsal side of the 63 
skull, trunk, and the pelvic fins, as well as the ventral side of the pectoral fins, have 64 
been mechanically prepared. Ventral anatomical data are derived from CT-scan 65 
images (Figs 2b, c, 3c). Compaction of other fossil fishes found in similar laminated 66 
lithofacies of the Escuminac Formation varies between 50 to 83%24. As the skull 67 
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varies between 14.4 and 26.9% of the total length for tetrapodomorphs—
including the Devonian tetrapods Acanthostega and Ichthyostega 
(Supplementary Information)—with an average proportion of 21.38% 
(s.d.!=!3.12). The distance between the paired fins of Elpistostege (41.16% 
of the total length) is among the greatest of the tetrapodomorphs, in 
which this distance varies between 26.72% and 49.62% of total length; 
the average tetrapodomorph condition is around 38.21% (s.d.!=!6.08). 
Elpistostege is most similar to Tiktaalik (43% of total length) among the 
advanced tetrapodomorphs (Supplementary Information); in general, 
Elpistostege body proportions are closer to those of Tiktaalik than to 
those of Panderichthys and the Devonian tetrapods.

Here we describe the pectoral fin anatomy of Elpistostege and com-
pare it with what is known of the anatomy of pectoral appendages in 
other tetrapodomorphs, especially other elpistostegalians and early 
tetrapods. Our descriptions reveal important tetrapod-like traits in 
the Elpistostege pectoral fin and provide the basis of a phylogenetically 
informed understanding of the evolution of pectoral appendages that 
spans the fish-to-tetrapod transition.

Description of the pectoral girdle
The pectoral girdle of Elpistostege consists of supracleithra, ano-
cleithra, cleithra, well-developed scapulocoracoids, broad clavicles 
and an interclavicle (Fig.!2, Extended Data Fig.!1c). The clavicles, scap-
ulocoracoids and interclavicle were elucidated from the computed 
tomography scans. The pectoral girdle is mostly articulated in!situ on 
the left side of the body (Fig.!1a); it resembles that of Tiktaalik10, and in 
both taxa this girdle is disconnected from the skull (as previously noted 
for Tiktaalik5,10)—but not owing to a reduction in size of the dermal com-
ponent. The ornamented supracleithra of Elpistostege (Extended Data 
Fig.!1c) are smaller than those in Tiktaalik. The elongate anocleithrum 
of Elpistostege (Fig.!2b, Extended Data Fig.!1c) features a well-developed 
anterior process, as seen in Tiktaalik, Panderichthys19 and Eusthenop-
teron. It is overlapped ventrally by the cleithrum and dorsally by the 
supracleithrum. The exposed area of the anocleithrum is ornamented. 
The overlapped area is broader than in stem-tetrapodomorph fishes 
such as Gogonasus25. The cleithra (Fig.!2) are subtriangular in shape, 
are broad dorsally and have strongly inclined convex dorsal margins, 
but narrow ventrally to an apex as in Tiktaalik. The scapulocoracoid 

(Fig.!2b-d) covers the entire ventral surface of the cleithrum and has a 
large supracoracoid foramen, similar to that of Tiktaalik10. The shape 
of the clavicle in Elpistostege (Fig.!2b–d) is intermediate between the 
rectangular clavicle of Tiktaalik10 and the more triangular type of some 
Devonian tetrapods (such as Acanthostega23 and Ventastega26,27). The 
clavicles do not contact each other.

The kite-shaped ornamented interclavicle (Fig.!2b–d) has posterior 
margins that are slightly overlapped by the clavicles. A small, mainly 
unornamented interclavicle has previously been reported only in a 
few basal actinopterygians28 and osteolepiform sarcopterygians25,29. 
A broad interclavicle with large areas of clavicular overlap is known 
in Tiktaalik10 and early limbed tetrapods such as Ventastega30, Acan-
thostega29 and Tulerpeton31. The kite-shaped interclavicle in Elpistostege 
(Fig.!2b–d) is similar to those of Ventastega and Acanthostega, but lacks 
the posterior stalk seen in Ichthyostega and more-derived tetrapods32. 
In contrast to early tetrapods, the sculpturing of the outer surface of the 
interclavicle of Elpistostege is composed of tubercles and pits (rather 
than radiating ridges), similar to most of its dermal bones.

Description of the pectoral fin
The well-preserved pectoral fins of specimen MHNM!06-2067 (Fig.!3, 
Extended Data Fig.!1d, e) are positioned under the body with their distal 
part dipping into the laminated sediment. The marginal fin webs of both 
pectoral fins have been only slightly damaged in!vivo (Extended Data 
Fig.!1e). Regenerated lepidotrichia are much smaller and thinner than 
undamaged lepidotrichia, and show no sign of bifurcation. This condi-
tion is similar to regenerated lepidotrichia in Polypterus33. The pectoral 
fins of Elpistostege are large—approximately the same length as the 
pelvic fins but with three times the planar area. The proximal 50–60% 
of the pectoral and pelvic lepidotrichia are unsegmented, whereas 
the distal lepidotrichia are segmented; the distal quarter is bifurcated 
(Fig.!3a, b, Extended Data Fig.!1e). It has previously been reported that 
the pectoral5 and pelvic23 lepidotrichia of Tiktaalik are unsegmented. 
However, the preserved distal ends of the Tiktaalik lepidotrichia are 
large and flat, suggesting that distal segments of the lepidotrichia were 
present in life but not preserved.

All endochondral elements of the pectoral fins were reconstructed 
from the computed tomography scan of the left fin (Fig.!3); the 
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Fig. 1 | Complete specimen of E.!watsoni MHNM!06-2067. a, Complete 
specimen in dorsal view. Scale bar, 1!m. b, Camera lucida drawing of the 
postcranial anatomy of the specimen; pectoral fins have been illustrated in 

their position, although they are only visible ventrally. c, Reconstruction. an.fi, 
anal fin; cau.fi, caudal fin; op, opercular; pec.fi, pectoral fin; pel.fi, pelvic fin.



and visceral skeleton will be described elsewhere, we provide a few images to 68 
support character codings used in our phylogenetic analysis (Extended Data 69 
Figures 1b, 3). 70 

Elpistostege is the sole elpistostegalian for which we have complete 71 
knowledge of body shape and proportions. Elpistostege has a short head, an 72 
elongated and slender trunk and relatively short caudal region and small anal fin. 73 
The skull (Fig. 1, Extended Data Figure 1a, b) accounts for only 14.4% of the total 74 
length; this proportion varies between 14.4 and 26.9% of the total length for 75 
tetrapodomorphs including Devonian tetrapods (Acanthostega, Ichthyostega; see 76 
Supplementary Information); with an average proportion of 21.38% (S.D. = 3.12). 77 
The distance between the paired fins (41.16% of the total length) is among the 78 
greatest for these forms (between 26.72 and 49.62), but most similar to Tiktaalik 79 
(43.0%) among advanced tetrapodomorphs (Supplementary Information). The 80 
average tetrapodomorph condition is around 38.21% (S.D. = 6.08). Elpistostege 81 
body proportions are closer to Tiktaalik than to Panderichthys and Devonian 82 
tetrapods.  83 

Here we describe the pectoral fin anatomy of Elpistostege and compare it 84 
with what is known of pectoral appendage anatomy in other tetrapodomorphs, 85 
especially other elpistostegalians and early tetrapods. Our descriptions elucidate 86 
important new tetrapod-like traits in the Elpistostege pectoral fin and provide the 87 
basis of a new phylogenetically-informed understanding of pectoral appendage 88 
evolution spanning the fish-tetrapod transition. 89 

Description of the pectoral girdle 90 

The pectoral girdle of Elpistostege consists of supracleithra, anocleithra, 91 
cleithra, well-developed scapulocoracoids, broad clavicles, and an interclavicle 92 
(Fig. 2; Extended Data Figure 1c). The clavicles, scapulocoracoids and 93 
interclavicle were elucidated from the CT-scans. The pectoral girdle is mostly 94 
articulated in situ on the left side of the body (Fig. 1a). It resembles that of 95 
Tiktaalik6, and in both taxa it is disconnected from the skull, as noted for 96 
Tiktaalik5,6, but not due to reduction in size of the dermal component. The 97 
ornamented supracleithra of Elpistostege (Extended Data Figure 1c) are smaller 98 
than in Tiktaalik. The elongate anocleithrum of Elpistostege (Fig. 2b; Extended 99 
Data Figure 1c) features a well-developed anterior process as in Tiktaalik, 100 
Panderichthys15 and Eusthenopteron. It is overlapped ventrally by the cleithrum 101 
and dorsally by the supracleithrum. The exposed area of the anocleithrum is 102 
ornamented. The overlapped area is broader than in stem-tetrapodomorph fishes 103 
like Gogonasus25. The cleithra (Fig. 2) are sub-triangular in shape, broad dorsally, 104 
with strongly inclined convex dorsal margins, yet narrowing ventrally to an apex, as 105 
in Tiktaalik. The scapulocoracoid (Fig. 2b-d) covers the entire ventral surface of the 106 
cleithrum and has a large supracoracoid foramen, similar to that of Tiktaalik6. The 107 
shape of the clavicle in Elpistostege (Fig. 2b-d) is intermediate between the 108 
rectangular one of Tiktaalik6 and the more triangular type of some Devonian 109 
tetrapods like Acanthostega23 and Ventastega26,27. The clavicles do not contact 110 
each other.  111 
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exoskeleton of the right fin was mechanically prepared before scan-
ning, which impeded the contrast and resolution (Fig.!3a). In com-
puted tomography scan imagery, the compression of the distal end of 
the endoskeleton results in the merging of boundaries among radials 
(Fig.!3c, d). We show both that compressed imagery and a restoration 
(Figs.!3c,d, 4a) based on moving the compressed elements slightly 
apart from each other, as would have been the case in life (Extended 
Data Fig.!4).

The humerus (Fig.!2b, c; 3c–e, Extended Data Fig.!2a–f) has a distinct 
L-shape with a weakly rounded proximal caput humeri similar to that 
in Tiktaalik, but differs from the latter in its broader head shape and 
right-angled entepicondyle (Fig.!5b). The entepicondyle is shorter 
than in Eusthenopteron34 and Panderichthys19,20, and ends near the pos-
terodorsal angle of the ulna. The ventral surface of the humerus has a 
prominent oblique ridge that starts near the scapulocoracoid articula-
tion and finishes at the end of the entepicondyle, as in Tiktaalik. The 
ridge is slightly shorter than in Panderichthys. The rectangular ulna has 
a weak depression on the ventral side, as in Tiktaalik and Panderich-
thys. By contrast, Eusthenopteron has a pronounced depression on the 
ventral side of the ulna34 and this depression is absent in Acanthostega 
and Ichthyostega35. The ulna of Elpistostege is much shorter than that 
of Panderichthys. The elongated radius attaches more proximally on 
the humerus than in Tiktaalik, similar to the condition in Panderichthys 
and Ichthyostega12.

The distal end of the radius shows a distinct irregular mass in the 
computed tomography images, which we interpret as a radiale (Fig.!3d) 
that has partially merged with the radius through compression.  

The ulnare is a large trapezoidal bone with an almost-straight distal 
edge, although its distal region is incomplete owing to breakage of the 
rock. Five radials articulate distally with the ulnare. The intermedium 
is a narrow rod, shorter than that in Eusthenopteron, Gogonasus and 
Tinirau. It is followed distally by a small rectangular element that is also 
present in both Tiktaalik5 and Panderichthys19. Both of these elements 
are highly reduced in basal tetrapods1,23,24.

Nineteen radials are preserved and are organized into six preaxial–
postaxial rows; the first of these rows articulates with the intermedium, 
and the last five articulate with the ulnare (Fig.!3, Extended Data Fig.!2g, 
h). We identify the main branching proximal radial that articulates with 
the ulnare as the A4 element that is seen in many other tetrapodomorph 
fishes; the narrow A5 element articulates distally with a robust A4. This 
is a similar pattern to that in Tiktaalik5 (Fig.!4) and in more-generalized 
forms such as Gogonasus36, except that the ulnare and A4 do not bear 
a large postaxial process in elpistostegalians. Small proximal radials 
are found on both sides of the A4, forming a curved distal joint in both 
Elpistostege and Tiktaalik. We note that although some radials have 
also been found in Panderichthys19 (Fig.!4) and Eusthenopteron34, they 
are not serially aligned to one another. In Tiktaalik, only two proximo-
distal rows of radials are preserved (a third row is potentially present 
on the basis of the articular facets of A5), whereas in Elpistostege four 
proximodistal rows of radials are preserved in the central portion of 
the appendage. We interpret the most-proximal two rows of radials in 
Elpistostege as carpals in addition to the row that includes the radiale, 
intermedium and ulnare, similar to numerous Carboniferous tetra-
pods that bear three rows of elements (the proximal, central and distal 
carpals)32; by contrast, in Tulerpeton only two carpal rows precede 
the digits (Fig.!4). The two most-distal rows of radials display a one-
to-one relationship and are interpreted as digits (that is, phalanges). 
Thus, Elpistostege has two identifiable digits that are composed of 
two non-branching endoskeletal elements that articulate one-to-one 
proximodistally, and—potentially—three more digits that are each 
composed of a single preserved element.

The exoskeleton of the pectoral fins (Fig.!3a–c) includes approxi-
mately 90!long, segmented and bifurcated lepidotrichia and 4–5-mm 
rhombic scales (which are smaller than the body scales). The scales of 
the leading edge of the fin are larger, thicker and more robust than the 
remaining scales of the fin. In addition, these leading-edge scales are 
elongated and rod-shaped. Lepidotrichia represent approximately half 
the area of the fin, which resembles the condition in Panderichthys.

The origin of the vertebrate hand
Several definitions of digits exist in the literature (see!Supplementary 
Information for discussion) but here we adopt a definition modified 
from refs. 37,38: parallel, segmented, non-branching endoskeletal ele-
ments that are relatively uniform in size and shape (distal radials or 
phalanges), and that articulate one-to-one proximodistally, at the distal 
end of vertebrate paired appendages. It is clear that radials located 
distal to the ulnare and radius arose more than once in stem tetrapods, 
but potentially only once as a series of small, evenly sized elements. 
The relatively uniform size and shape of the well-organized rows of 
small elements in elpistostegalians and early tetrapods is very distinct 
from the condition in rhizodonts, which possess larger robust radials 
of varying size39. The presence of several parallel elongated radials 
that are subequal in size and all of which articulate directly with the 
ulnare and intermedium is a condition found only in Elpistostege and 
Tiktaalik. The condition in Acanthostega is unknown because its carpals 
were most probably cartilaginous, whereas in Tulerpeton the carpals 
articulate with the radiale, intermedium and ulnare as well as directly 
on the ulna (a unique condition among all known vertebrates)31. The 
origin of tetrapod limbs is marked by an elaboration of distal endo-
chondral elements plus the loss of lepidotrichia; the presence of both 
digit-like distal endochondral elements and lepidotrichia in Elpistostege 
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Fig. 2 | Pectoral girdle and fin of E.!watsoni MHNM!06-2067. a, b, Computed 
tomography segmented images of pectoral girdle bones in dorsal (a) and 
ventral (b) view. c, Sketch interpretation. d, Computed tomogram of left 
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The kite-shaped ornamented interclavicle (Fig. 2b-d) has posterior margins 112 
slightly overlapped by the clavicles. A small, mainly unornamented interclavicle has 113 
been reported only in a few basal actinopterygians28 and osteolepiform 114 
sarcopterygians25,29. A broad interclavicle with large clavicular overlap areas is 115 
known in Tiktaalik6 and early limbed tetrapods, such as Ventastega30, 116 
Acanthostega29 and Tulerpeton31. The kite-shaped interclavicle in Elpistostege 117 
(Fig. 2b-d) is similar to Ventastega and Acanthostega, but lacks the posterior stalk 118 
seen in Ichthyostega and more derived tetrapods32. In contrast to early tetrapods, 119 
the sculpturing of the outer surface of the interclavicle of Elpistostege is composed 120 
of tubercles and pits, not radiating ridges, similar to most of its dermal bones.  121 

 Description of the pectoral fin  122 

The well-preserved pectoral fins of specimen MHNM 06-2067 (Fig. 3; 123 
Extended Data Figure 1d, e) are positioned under the body with their distal part 124 
dipping into the laminated sediment. The marginal fin webs of both pectoral fins 125 
have been only slightly damaged in vivo (Extended Data Figure 1e). Regenerated 126 
lepidotrichia are much smaller and thinner than others, with no sign of bifurcation. 127 
This condition is similar to regenerated lepidotrichia in Polypterus33. The pectoral 128 
fins of Elpistostege are large, approximately the same length as the pelvic fins, but 129 
three times the planar area. The proximal 50-60% of the pectoral and pelvic 130 
lepidotrichia are unsegmented, whereas the distal lepidotrichia are segmented, 131 
with the distal quarter being bifurcated (Fig. 3a, b; Extended Data Figure 1e). It has 132 

been mentioned that the pectoral5 and 133 
pelvic21 lepidotrichia of Tiktaalik are 134 
unsegmented. However, the preserved 135 
distal end of Tiktaalik lepidotrichia are large 136 
and flat, suggesting that the distal 137 
segments of the lepidotrichia were present, 138 
but not preserved. 139 

All endochondral elements of the 140 
pectoral fins were reconstructed from the 141 
CT scan of the left fin (Fig. 3); the right fin 142 
exoskeleton was mechanically prepared 143 
before scanning thus impeding the contrast 144 
and resolution (Fig. 3a). In CT scan 145 
imagery, the compression of the distal end 146 
of endoskeleton results in merging of 147 
boundaries among radials (Fig. 3c, d). We 148 
show both compressed imagery and a 149 
restoration based on moving the 150 
compressed elements slightly apart from 151 
each other, as in life (Extended Data Figure 152 
4).  153 

The humerus (Figs 2b, c; 3c-e; 154 
Extended Data Figure 2a-f) has a distinct L-155 



shape with a weakly rounded proximal caput humeri similar to Tiktaalik, but differs 156 
in its broader head shape and right-angled entepicondyle (Fig. 5b). The 157 
entepicondyle is shorter than in Eusthenopteron34 and Panderichthys15,16 ending 158 
near the posterodorsal angle of the ulna. The ventral surface of the humerus has a 159 
prominent oblique ridge starting near the scapulocoracoid articulation and finishing 160 
at the end of the entepicondyle, as in Tiktaalik. The ridge is slightly shorter than in 161 
Panderichthys. The rectangular ulna has a weak depression on the ventral side as 162 
in Tiktaalik and Panderichthys. It is much shorter than in Panderichthys. 163 
Eusthenopteron has a pronounced depression on the ventral side of the ulna34, 164 
whereas this depression is absent in Acanthostega and Ichthyostega35. The 165 
elongated radius attaches more proximally on the humerus than in Tiktaalik, similar 166 
to Panderichthys and Ichthyostega8.  167 

The distal end of the radius shows a distinct irregular mass in the CT images 168 
which we interpret as a radiale (Fig. 3d) that has partially merged with the radius 169 
through compression. The ulnare is a large trapezoidal bone with an almost 170 
straight distal edge, although its distal region is incomplete due to breakage of the 171 
rock. Five radials articulate distally with the ulnare. The intermedium is a narrow rod 172 
shorter than in Eusthenopteron, Gogonasus and Tinirau. It is followed distally by a 173 
small rectangular element that is also present in both Tiktaalik5 and 174 
Panderichthys15. Both of these elements are highly reduced in basal 175 
tetrapods1,23,24.  176 

 177 
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Nineteen radials are preserved, organized into six preaxial-postaxial rows, the 178 
first articulating with the intermedium and the last five articulating with the ulnare 179 
(Fig. 3; Extended Data Figure 2g, h). The main branching proximal radial 180 
articulating with the ulnare is identified as the A4 element seen in many other 181 
tetrapodomorph fishes; the narrow A5 element articulates distally with a robust A4. 182 
This is a similar pattern to Tiktaalik5 (Extended Data Figure 4) and more 183 
generalised forms like Gogonasus36 except that the ulnare and A4 do not bear a 184 
large postaxial process in elpistostegalians. Small proximal radials are found on 185 
both sides of A4, forming a curved distal joint in both Elpistostege and Tiktaalik. 186 
We note that while some radials have also been found in Panderichthys15 187 
(Extended Data Figure 4) and Eusthenopteron34, they are not serially aligned to 188 
one another. In Tiktaalik, only two proximo-distal rows of radials are preserved (a 189 
third row is potentially present based on the articular facets of A5), whereas in 190 
Elpistostege four proximo-distal rows of radials are preserved in the central portion 191 
of the appendage. The most proximal two rows of radials in Elpistostege are 192 
interpreted as carpals as well as the row including the radiale, intermedium and 193 
ulnare, similarly to numerous Carboniferous tetrapods bearing three rows of 194 
elements (proximal, central and distal carpals)32, whereas in Tulerpeton only two 195 
carpal rows precede the digits (Extended Data Figure 4). The two most distal rows 196 
of radials display a one-to-one relationship and are interpreted as digits 197 
(phalanges). Thus, Elpistostege has two identifiable digits (composed of two non-198 
branching endoskeletal elements articulating one-to-one proximodistally) and 199 
potentially three more digits each composed of a single preserved element. 200 

The exoskeleton of the pectoral fins (Fig. 3a-c) includes approximately 90 201 
long segmented and bifurcated lepidotrichia and 4-5 mm rhombic scales (smaller 202 
than body scales). Leading-edge scales are larger, thicker and more robust than 203 
the remaining scales of the fin. In addition, these leading-edge scales are 204 
elongated and rod-shaped. Lepidotrichia represent approximately half the area of 205 
the fin, resembling the condition in Panderichthys. 206 

 The origin of the vertebrate hand  207 

Several definitions of digits exist in the literature (see Supplementary Information 208 
for discussion) but here we adopt a definition modified from those of Coates37 and 209 
Stewart et al.38: parallel, segmented, non-branching endoskeletal elements 210 
relatively uniform in size and shape (distal radials or phalanges), and articulating 211 
one-to-one proximodistally, at the distal end of vertebrate paired appendages. It is 212 
clear that radials distal to the ulnare and radius arose more than once in stem-213 
tetrapods, but potentially only once as a series of small, evenly sized elements. 214 
The relatively uniform size and shape of the well-organised rows of small elements 215 
in elpistostegalians and early tetrapods (Extended Data Figure 7a, b) is quite 216 
distinct from the condition in rhizodonts (larger robust radials of varying size) 217 
(Extended Data Figure 7i, j). The presence of several parallel elongated radials, 218 
subequal in size and all articulating directly with the ulnare and intermedium, is a 219 
condition only found in Elpistostege and Tiktaalik. The condition in Acanthostega is 220 
unknown because the carpals are most likely cartilaginous, whereas in Tulerpeton 221 



carpals articulate with the radiale, intermedium and ulnare as well as directly on the 222 
ulna (a unique condition). The origin of tetrapod limbs is marked by an elaboration 223 
of distal endochondral elements plus the loss of lepidotrichia; the presence of both 224 
digit-like distal endochondral elements and lepidotrichia in Elpistostege 225 
demonstrates that the basic architecture of the vertebrate hand evolved while the 226 
pectoral appendage was still a 'typical' functioning aquatic fin. Homology between 227 
digits and fin distal radials has been asserted by palaeontologists from topologies 228 
observed in fossil fish fins15.  229 

Recent work by developmental biologists has shown that Hoxa13 and 230 
Hoxd13 genes play a fundamental role in the patterning of radials in fishes as well 231 
as the limb autopodium (carpals and digits) in tetrapods39. An “early” and “late” 232 
phases of HoxA and HoxD transcription play a role in specifying the proximal and 233 
distal segments, respectively, during paired appendage development. Early phase 234 
of Hoxa and Hoxd genes are expressed in the stylopod and zeugopod in Polyodon, 235 
Lepisosteus and tetrapods, and late phase of Hox was recognized in the autopod 236 
of Lepisosteus, Neoceratodus and tetrapods39-41. In addition, although lepidotrichia 237 
and digits are not homologous in terms of morphology, the cells and regulatory 238 
processes involved in the patterning of distal elements beneath both the apical 239 
ectodermal fold and ridge share a deep homology that may be common to jawed 240 
vertebrates42. These developmental findings suggest a deep homology between 241 
digits and distal fin region including radials. 242 

Elpistostege exhibits a pectoral autopodium intermediate between fishes and 243 
tetrapods in simultaneously having carpals and aligned radial elements that can be 244 
considered primitive tetrapod digits, but capped distally by lepidotrichia. While 245 
digits and carpals were previously thought to be a de novo specialization unique to 246 
typical tetrapods43, the emergence of carpals and digits within the fin of 247 
elpistostegalians (with dermal fin rays) is not unexpected, as the discovery of the 248 
tetrapod humerus-ulna-radius pattern was first identified in Eusthenopteron over a 249 
century ago44. It is possible that the potential ability of the pectoral fin to bear 250 
weight whilst in shallow water or on land, as proposed for Tiktaalik5, fostered 251 
increasing evolutionary innovation of the distal fin endoskeleton in 252 
elpistostegalians. Expanding the number of preaxial-postaxial radial rows 253 
increases the width of the 'hand' and offers greater support for lifting the body, 254 
whereas increasing the number of proximo-distal rows of carpals and phalanges 255 
results in more planes of flexion through the 'wrist' area within the pectoral 256 
appendage. Recent research on laboratory-reared Polypterus demonstrated that 257 
exposing fish to higher levels of terrestrialization can drive phenotypic plasticity in 258 
the pectoral girdle to develop more robust phenotypes45. The pectoral fin of 259 
Elpistostege is largely digitate, only requiring loss of lepidotrichia to enable freer 260 
movement of the radial elements to resemble the fully digitate condition seen in 261 
typical tetrapods.  262 

Elpistostege as sister group to digitate tetrapods  263 

The phylogenetic data matrix (202 characters coded for 43 taxa) was based on 264 
Zhu et al.46 (169 characters), with 13 characters from Daeschler et al.20, 11 265 



characters from Swartz47 and five additional characters to capture newly described 266 
features of the anatomy of Elpistostege (Supplementary Information). We corrected 267 
or updated 275 cell codings based on new publications and personal observations 268 
of 33 taxa; in addition, we completely recoded Elpistostege. Phylogenetic analyses 269 
were performed using parsimony in PAUP*48 and undated Bayesian approaches in 270 
MrBayes49 (see Supplementary Information for methods). Both analyses support 271 
the novel arrangement where Elpistostege alone is the sister taxon to tetrapods 272 
(Fig. 4; Extended Data Figures 5, 6), although support is not strong. In contrast, 273 
Daeschler et al.20 placed Tiktaalik as either the sister taxon to tetrapods or sharing 274 
this position with Elpistostege, which was poorly known at the time. In our analysis, 275 
additional characters (including the presence of digits), place Elpistostege closer to 276 
tetrapods than any other sarcopterygian taxa. 277 

 278 

 279 

Fig. 4 highlights trends in certain key features of the pectoral appendage across 280 
the fish-tetrapod transition. Extended Data Figure 4 shows the increasing number 281 
of distal radials and patterning of rows of these radials in the fin-to-hand transition. 282 
Elpistostege shares with tetrapods a pectoral appendage with at least two digits 283 
composed of at least two parallel subequal unbranched radials articulating in a 284 
one-to-one relationship. Extended Data Figure 4 illustrates the position of the 285 
ectepicondyle and areas of major muscle attachment on the dorsal side of the 286 
humerus. It is clear that the humerus of Elpistostege is closer to that of the putative 287 
tetrapod ANSP 2135035,50 in its large dorsal scapula-humeral muscle attachment 288 
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Fig. 4 | Comparative anatomy of pectoral limb endoskeleton and humerus of 
stem-tetrapod fish and early!tetrapods. a, b, Comparison of the anatomy of 
the pectoral limb endoskeleton (a) and humerus (b) of stem-tetrapod fish 
(Panderichthys, Tiktaalik and Elpistostege) and an early tetrapod (Tulerpeton). 
Proximodistal rows of radials or digits are shown colour-coded according to 
the scheme in Fig.!4. Red arrows in b indicate the ectepicondyle. Panderichthys 
data are from ref. 13; Tiktaalik data are from ref. 4; Acanthostega data are from 
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muscles; sup.rid, supinator ridge; rd.ext, attachment area for radial extensors; 
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undated Bayesian and parsimony approaches. Bayesian analysis (left) was 
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area, and higher radial articulation surface. It is closer to other tetrapods in having 289 
a more robust and posteriorly positioned ectepicondyle and its slightly broader 290 
dorsal caput region. We note that in having a larger ulnare ossification than other 291 
elpistostegalians, it diverges from the trend in tetrapods to reduce the relative size 292 
of that element. The presence of the ossified radiale does not appear until the node 293 
below Elpistostege; the two large radials of Sauripterus most likely appeared 294 
independently (Extended Data Figure 7).   295 

In summary, Elpistostege further blurs the line between fish and tetrapods, 296 
showing a greater number of tetrapod novelties than any other 'fish'. Our analyses 297 
place it crownward of Tiktaalik, at the node immediately below unequivocally 298 
digitate tetrapods. If one adopts an apomorphy-based interpretation of 299 
Tetrapoda13,14, and considers the parallel, unbranched distal radials in the 300 
Elpistostege fin to be true digits, then Elpistostege would represent the earliest and 301 
most primitive known tetrapod. Its pectoral fin anatomy provides a new window into 302 
how fish developed digit-like structures within typical fins still retaining lepidotrichia, 303 
whilst still occupying an aquatic lifestyle. The typical hand pattern, formed by serial 304 
rows of digits in tetrapods, began its assembly within advanced sarcopterygian fish 305 
fins, possibly driven by increasing evolutionary lability as these fishes began to 306 
foray into shallow water or briefly onto land.  307 

Online content 308 

X-ray computed tomography. A preliminary CT-scan Siemens SOMATOM (INRS 309 
Centre Eau Terre Environnement, Quebec, Canada) was performed in order to 310 
precisely localize the specimen in the sediment and to access rapidly the state of 311 
preservation. The 18 blocks containing the complete specimen were scanned 312 
individually with a high energy CT-scan at the University of Texas at Austin. 313 
Smaller blocks were also scanned with a micro-CT scan SkyScan 1173 (Bruker-314 
micro-CT, 2011, Belgium). Specimen MHNM 06-538 was scanned with a high-315 
resolution micro CT at the Australian National University at Canberra (Australia). 316 
Projection images were reconstructed using NRecon (Version 1.6.6.0, SkyScan, 317 
Bruker-microCT, 2011, Belgium). All scan data were segmented in Avizo 7.1., 318 
Mimics v.19, and Drishti v.2.6.3. The pectoral fin was segmented independently in 319 
Avizo 7.1. (IB), Mimics vs.18 and 19 (AC), and Drishti v.2.6.3 (RN).   320 

Phylogenetic analyses. Morphological data are deposited in MorphoBank. The 321 
complete character-by-taxon matrix, PAUP* and MrBayes scripts, and full trees, 322 
are presented in Supplementary Information and Dryad. 323 
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Extended Data Fig. 1 | Complete specimen of E.!watsoni MHNM 06-2067, with 
close-up views of skull, anocleithrum and supracleithrum, and pectoral 
fins. a, Complete prepared specimen in dorsal view (high-resolution image).  
b, Close-up view of main skull block!8, showing spiracles and tabular horns. 

Photograph with ammonium chloride whitening. c, Close-up view of right 
anocleithrum and supracleithrum (scl). Photograph with ammonium chloride 
whitening. d, Ventral view of pectoral fins from blocks!8, 9 and 10.
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Extended Data Fig. 2 | Pectoral-fin endoskeleton of E.!watsoni MHNM!06-
2067, restored using Mimics v.18 from micro-computed tomography data. 
a–f, Views of the left humerus: a, dorsal; b, preaxial (anteroventral); c, oblique 
preaxial; d, ventral; e, dorsal; f, ventral (distal) view. g, h, Close-up view of distal 
pectoral-fin elements in ventral (g) and dorsal (h) views. cap, caput humeri;  

d.rad, distal radials; ect.f, ectepicondyle foramen; h.r, humeral ridge; lat.d, 
latissimus dorsi process; m.pec, pectoralis muscle; rad, radius; rad.!1–6, 
preaxial–postaxial radial rows 1–6; rad.f, radial facet; sh.d, scapula–humeral 
depression; ul.f, ulnar facet.
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Extended Data Fig. 3 | E.!watsoni lower jaw features restored from micro-
computed tomography data. a, b, MHNM!06-2067 in lateral view. a, Whole jaw. 
b, Close-up view of anterior region, individual bones and teeth segmented 
using Mimics v.18. c, d, MHNM!06-538, left lower jaw in dorsal view (c), and right 

lower jaw and symphyseal area of left jaw in dorsal view (d), volume rendered 
using Drishti v.2.6. ad.f, adsymphysial fang; adp, adsymphysial plate; cor.f, 
coronoid fang; den.f, dentary fang; pmx, premaxilla; pra, prearticular; sym, 
symphysis.
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Extended Data Fig. 4 | Phylogenetic relationships of Elpistostege and other 
tetrapodomorphs. Core tetrapods shown in red, elpistostegalian-grade taxa 
in blue and outgroups in grey. a, Undated Bayesian analysis using MrBayes49. 
Majority-rule consensus of 32,000 post-burnin trees (mean log-likelihood of 
1,694.88). Numbers at nodes refer to posterior probabilities. 

See!Supplementary Information for full details of analysis, and the executable 
MrBayes script. b, Parsimony analysis using PAUP*48. Strict consensus of all 
216!most-parsimonious trees (445!steps). Numbers at nodes denote bootstrap 
percentages, based on 200!replicates. See!Supplementary Information for full 
details of analysis and the executable PAUP* script.


