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All living tetrapods have a one-to-two branching pattern in the
embryonic proximal limb skeleton, with a single element at the
base of the limb (the humerus or femur) that articulates distally
with two parallel radials (the ulna and radius or the tibia and
fibula). This pattern is also seen in the fossilized remains of stem-
tetrapods, including the fishlike members of the group, in which
despite the absence of digits, the proximal parts of the fin skeleton
clearly resemble those of later tetrapods. However, little is known
about the developmental mechanisms that establish and canalize
this highly conserved pattern. We describe the well-preserved pelvic
fin skeleton of Rhizodus hibberti, a Carboniferous sarcopterygian
(lobe-finned) fish, and member of the tetrapod stem group. In this
specimen, three parallel radials, each robust with a distinct morphol-
ogy, articulate with the femur. We review this unexpected morphol-
ogy in a phylogenetic and developmental context. It implies that the
developmental patterning mechanisms seen in living tetrapods,
now highly constrained, evolved from mechanisms flexible enough
to accommodate variation in the zeugopod (even between pectoral
and pelvic fins), while also allowing each element to have a unique
morphology.
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The evolution and developmental patterning of the tetrapod
limb has been the subject of intense research in recent de-

cades (1–9). Limbs arose as a modification of the paired fins of
sarcopterygian fishes, and the skeletal morphology is well known
in several of the fish-like members of the tetrapod stem group,
including such Paleozoic genera as Gogonasus (10, 11), Eusthe-
nopteron (12), Panderichthys (3, 5), and Tiktaalik (4, 9). De-
velopmental data are available from a living sister taxon of the
tetrapods, the Australian lungfish Neoceratodus (13).
Research into the evolution of skeletal patterning of limbs has

focused principally on the origin of the autopod (the ankle/wrist
and digits) (1, 3, 5, 14–19). In contrast, the pattern in the prox-
imal part of the skeleton has been seen as substantially conserved
across the fish-tetrapod transition (4, 20), comprising a single
basal element (the humerus or femur) articulating distally with
paired elements (the radius and ulna or tibia and fibula).
Pelvic material of stem-tetrapods is rare (compared with pectoral

material), and few examples have been described to date (9, 20).
Specimen MCZ 11916 from the Museum of Comparative Zoology,
Harvard University is a large oil shale nodule from the Asbian
Wardie Shales (Viséan, Early Carboniferous, 339.4–336 Mya) of
Wardie Beach near Edinburgh, United Kingdom (21) (Fig. 1)
containing a near-complete skeleton of the rhizodontid stem-
tetrapod Rhizodus hibberti (22, 23) (SI Appendix, Fig. S1).
Rhizodus is the largest known sarcopterygian fish (24, 25) and
MCZ 11916 was a medium-sized individual, ∼3.5 m long. Both
pelvic fins are articulated and are preserved in natural association
with the spine, and the dorsal and anal fins (Fig. 2 and SI Ap-
pendix, Fig. S1B). This exceptional preservation offers a unique
insight into the morphology of the pelvic region at an early stage
of tetrapod evolution.

Results
Pelvic Girdle. The pelvic girdle of MCZ 11916 comprises a single,
long bone on each side, and would have been ∼120 mm long in
life. The shaft of the right pelvis is incomplete, but the distal ends
of both left and right bones are well preserved and associated
with their respective fin skeletons. Each pelvis has a robust pubic
ramus with a posterior-facing acetabulum, flanked by lateral
(“iliac”; ref. 12) and mesial flanges (Fig. 2B and SI Appendix, Fig.
S2), similar to those described for other fishlike stem-tetrapods
(Fig. 3A) (9, 12, 24). The pubic ramus is fairly straight and len-
ticular in cross-section for much of its length. Anteriorly it ter-
minates in jagged, unfinished bone, suggesting that the shaft
continued as cartilaginous tissue. The outer (lateral) surface of
the shaft is smooth except for a process near the base of the
mesial flange (more pronounced on the right pelvis). The inner
(mesial) surface bears a shallow longitudinal ridge anteriorly.
Posteriorly, the shaft thickens to a mesial buttress, triangular in
cross-section, encompassing the acetabulum. The acetabulum
itself not well preserved (it was likely cartilaginous and not fin-
ished bone), and its shape cannot be determined with any cer-
tainty. The mesial flange is a robust triangular area of bone. The
iliac process is broken off at its base on the left side, but on the
right side it is a large, flat flange with a rounded tip.

Pelvic Fins. Both pelvic fins show a well-preserved femur, ∼45 mm
long (Figs. 2 and 4). It is a wide bone with distinct preaxial and
postaxial edges, similar in proportion to that of Eusthenopteron,
the only other fishlike stem-tetrapod for which a detailed

Significance

The fossil fish Rhizodus hibberti, a member of the tetrapod
stem group, shows a unique skeletal pattern in the pelvic fin.
Rather than the highly conserved one-to-two pattern of a fe-
mur, tibia, and fibula (seen in all known tetrapods, including
the extinct, fishlike members of the group), the fin of Rhizodus
comprises a femur articulating distally with three bones, each
with a distinct morphology. This reveals an early stage in the
evolution of limb development, in which the processes pat-
terning the proximal parts of the embryonic fin/limb (the sty-
lopod and zeugopod) were not constrained in the way seen in
living tetrapods and could produce more varied skeletal pat-
terns in the adult.

Author contributions: J.E.J. designed research; J.E.J., C.J.T., and P.E.A. performed research;
J.E.J., G.W.S., T.H., C.J.T., and P.E.A. analyzed data; and J.E.J., G.W.S., T.H., C.J.T., and
P.E.A. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence should be addressed. Email: jon@rhizodus.com.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1810845115/-/DCSupplemental.

Published online November 5, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1810845115 PNAS | November 20, 2018 | vol. 115 | no. 47 | 12005–12010

EV
O
LU

TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810845115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810845115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810845115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810845115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810845115/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1810845115&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jon@rhizodus.com
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810845115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810845115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1810845115


description is available (Fig. 3B) (12, 26). The ventral face bears
two muscle attachment processes and a longitudinal fossa (Fig. 4
B–D, F, and G). A similar fossa is seen in Eusthenopteron (Fig.
3B) (12, 26), and there is also a longitudinal ridge in the same
position as one of the processes seen in Rhizodus (26). The femur
terminates distally in an expanded region of unfinished bone,
divided into three facets, each of which articulates with a robust
endoskeletal fin radial. These three radials have distinct indi-
vidual morphologies, which match perfectly between the left and
right fins. The most external (anatomically anterior) radial tapers
slightly distally and does not appear to have articulated with more
distal radials. The middle radial has a waisted shaft, and the in-
ternal (anatomically posterior) radial bears a thick postaxial
flange. Both the middle and internal radials have expanded distal
ends, and on the right fin they both articulate with a single distal
radial of similar size; on the left fin, the three radials contact the
edge of the nodule, and nothing more distal is preserved. All these
radials are essentially cylindrical “long” bones (sensu refs. 7, 17,
18, and 20), with a complete periosteum along their shafts.

The unfinished bone at the proximal and distal ends of the
femur and radials is similar in its preservation to the bones of
a pectoral fin of Rhizodus from the same locality (NMS G
1972.27.434c) (25). The bone degrades and merges with the
matrix, so it is often difficult to demark the end of the bone with
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Fig. 1. Map of Wardie Beach, Edinburgh, United Kingdom (55.98N, 3.21W).
Although the original collection notes are vague (22), all more recent dis-
coveries of Rhizodus material at Wardie have been made in the large ex-
posure of bed 2 (21). Data from ref. 21.
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Fig. 2. R. hibberti MCZ 11916 pelvic region. (A) Overview of the pelvic region in dorsal view; anterior is to the left. (B) Interpretative sketch, highlighting the
right pelvic skeleton (purple) and left pelvic skeleton (brown). Uncolored bones belong to the spine and first dorsal fin. Red boxes indicate the areas seen in
Fig. 4 and SI Appendix, Fig. S3. I., illiac flange of pelvis; Mes., mesial flange of pelvis. The specimen was dusted with ammonium chloride to improve contrast.
In the interpretative sketch, thick outlines indicate natural margins, narrow lines indicate damaged margins, and diagonal hatching indicates damaged
surfaces or reconstructed outlines.
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Fig. 3. Eusthenopteron foordi, pelvic fin and girdle. (A) Right pelvic fin and
girdle in dorsal view. Note that the long pubic ramus is not shown. Repro-
duced by permission of The Royal Society of Edinburgh from ref. 12. (B)
Reconstruction of the left femur in posteroventral view. (C) Reconstruction
of the left femur in dorsolateral view. Reproduced with permission from ref.
26. I., illiac flange of pelvis; Mes., mesial flange of pelvis; Art. Fib., articulation
for the fibula; Art. Tib., articulation for the tibia; Cap. Hum., caput humeri; Fib.
fla., postaxial flange on the fibula; Fibe., fibulare; Int., intermedium.
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Fig. 4. R. hibberti MCZ 11916, 3D computer models of the pelvic fins based on CT scans. (A) Left pelvic fin, stereo pair in dorsal view. (B) Left pelvic fin, stereo
pair in ventral view. (C) Left pelvic fin, stereo pair in posteroventral view. (D) Left pelvic fin, stereo pair in proximoventral view. (E) Right pelvic fin, stereo pair
in dorsal view. (F) Right pelvic fin, stereo pair in ventral view. (G) Right pelvic fin, stereo pair in posteroventral view. Dist., distal endoskeletal radials (1,
anterior; 2, posterior); Fem., femur; Foss., longitudinal fossa on ventral face of femur; Post.flan., postaxial flange on distal endoskeletal radial 3; Posterovent.
proc., posteroventral process of femur; Prox., proximal endoskeletal radials (1, anterior; 2, middle; 3, posterior); Vent.proc., ventral process of femur.
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any precision. This is most readily interpreted as the decayed
remains of cartilaginous joint surfaces.
Numerous scales and lepidotrichia were preserved in associ-

ation with the fin endoskeletons. The basal segments of the
lepidotrichia are very long and overlap the whole endoskeleton
distal to the femur. This is similar to the condition observed in
rhizodontid pectoral fins (25, 27–29). Most of the lepidotrichia
were removed during preparation (to expose the endoskeleton),
although one was left in situ to demonstrate the high degree of
overlap with the endoskeleton (SI Appendix, Fig. S3 G and H).

Discussion
Phylogenetic Context. Within the sarcopterygian crown group
(including tetrapods), a single basal bone articulating with two
radials appears to be the primitive morphology for both the
pectoral fin/limb (the humerus, ulna, and radius) (30) and the
pelvic fin/limb (the femur, tibia, and fibula). This pattern can be
identified in the only living groups of sarcopterygian fishes, the
coelacanths (31) and lungfishes (13), although in lungfishes the
two developing radials fuse together late in ontogeny (13, 32, 33).
In fossil crown group sarcopterygian fishes, there are numer-

ous well-preserved examples of the (adult) morphology of the
pectoral fin endoskeleton, but in contrast, only a handful of fossil
sarcopterygian fishes have well-preserved pelvic fin endoskele-
tons (9, 12, 34, 35). Nevertheless, all cases, there is a single basal
bone articulating with two radials.
In the very few species in which the endoskeleton of both the

pectoral and pelvic fins are known, there are clear differences
between endoskeletal patterns distal to the two radials (20). For
example, in the porolepiform Glyptolepis (Fig. 5), a stem-lungfish
(35), the pelvic fin endoskeleton is short and asymmetrical,
whereas the pectoral fin is long and symmetrical, similar to the
pectoral fin of the living lungfish Neoceratodus (13).
In Rhizodus, in addition to the pelvic girdle and fin of MCZ

11916 described above, the pectoral girdle and fin endoskeleton
is known from several specimens (24, 25). It shows the general
tetrapod pattern of a humerus articulating with a radius and
ulna, with the ulna articulating distally with an ulnare and

intermedium. All the bones are robust, and the fin is much larger
overall than the pelvic fin: parts of the pectoral fin are preserved
on MCZ 11916, allowing cross-scaling with more complete pec-
toral specimens (cf. ref. 9).
The endoskeleton of the pectoral fin (but not the pelvic fin) is

known is several other rhizodontid genera, including Screbinodus
(25), Strepsodus (25, 27), Barameda (29), and Sauripterus (16,
28). In all cases, it is very similar to that of Rhizodus. Finally,
while the pelvic fin endoskeleton of the basal rhizodontid Goo-
loogongia has been reconstructed with paired radials (36) the
actual morphology is unknown (37).
It should be noted that trichotomous articulations are seen in

the pectoral and/or pelvic fins of numerous fossil sarcopterygian
fin skeletons, including Tiktaalik (4) and several rhizodontids
(24, 25, 28), as well as in Neoceratodus and the living coelacanth.
However, these trichotomies only ever occur in the distal en-
doskeleton (i.e., distal to the two radials).

Developmental Context. The proximal bones of the tetrapod limb
form from an initially continuous bifurcating chondrogenic
condensation that forms in a proximal-to-distal progression. In-
dividual skeletal elements are generated through segmentation,
yielding three distinct limb segments: the stylopod, zeugopod,
and autopod. The condensation in the stylopod ultimately forms
the humerus in the forelimb or the femur in the hindlimb, while
those in the zeugopod ultimately form the ulna and radius in the
forelimb or the tibia and fibula in the hindlimb. The con-
densations in the autopod give rise to the more distal skeletal
elements.
Of the living sarcopterygian fishes, only the Australian lungfish

Neoceratodus lends itself to developmental analysis, and only the
pectoral fin has been studied in detail (13). Here the pattern of
condensation is somewhat different from that of tetrapods.
Nevertheless, the fin has a clear anatomic stylopod and zeugo-
pod (13, 32, 38, 39; see also ref. 40 for comparisons with fossil
material), which lends support to the view, based on the adult
skeletal patterns discussed above, that there are direct one-to-one

Glyptolepis Rhizodus Eusthenopteron Panderichthys Acathostega

Post. fla. Fib. fla.

Ulne. fla.

Fig. 5. Pectoral (Top) and pelvic (Bottom) skeletons of representative fossil taxa, with a cladogram to show their interrelationships: Glyptolepis, a stem-
lungfish (35), Rhizodus, a rhizodontid (24, 25), Eusthenopteron, an “osteolepiform” (12), Panderichthys, an elpistostegid (3, 5) and Acanthostega, an early
tetrapod (2). For each taxon, the pelvic and pectoral skeletons are shown to the same scale, highlighting their relative sizes. Bones formed in the stylopod are
colored pink (humerus and femur), and bones formed in the zeugopod are colored yellow (ulna and fibula), blue (radius and tibia), or green (fused or
uncertain). More distal bones are white, and reconstructed elements are shaded gray. In the pelvic fin of Panderichthys, it is uncertain whether the most distal
element comprises a single, broad bone or several smaller bones like the distal end of the pectoral fin. Data from ref. 37. Fib. fla., postaxial flange on the
fibula; Post. fla., postaxial flange on the posterior radial; Ulne. fla., postaxial flange on the ulnare.
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homologies between the bones that develop in these regions in
sarcopterygian fins and tetrapod limbs.
While it is impossible to establish such one-to-one homologies

between the three radials in the pelvic fin skeleton of Rhizodus
and the tibia and fibula seen in other sarcopterygian fishes and
tetrapods, it does seem likely that the femur and the adjacent
three radials represent the products of a stylopod and zeugopod,
respectively. The only concern with this interpretation stems
from the fact that a trichotomous articulation has formed in the
putative zeugopod, something entirely unknown in any sarcop-
terygian fish or tetrapod.
Some insights can be gained from experimental embryology,

where it is has proven possible to generate limbs with three ra-
dials in the zeugopod. This is most clearly seen when Shh-
producing ZPA tissue is taken from the posterior of a donor limb
bud and grafted to an anterior location along the distal margin
of a host limb bud. Shh plays key roles both in patterning
the anterior-posterior axis of the limb (41, 42) and in driving
expansion of the limb bud tissue (43). In various species, in-
cluding chicks and axolotls, grafts of ZPA tissue (or the im-
plantation of a bead carrying Shh protein) causes mirror-image
duplications of the autopod elements of the host limb, but can

also result in a broader zeugopod containing three radials if
done at a sufficiently early developmental stage (Fig. 6). Sig-
nificantly, the space between each of the three radials is similar
to the space between the two radials in a normal zeugopod,
implying that the zeugopod skeleton is established through a
reiterative mechanism, and that the wider the primordial field,
the more radials that will form.
The major difference between these experimental cases

and the pelvic fin of Rhizodus is that the former involves
mirror-image duplications—either ulna-radius-ulna, with an
axis of symmetry through the radius, or radius-ulna-ulna, with
an axis of symmetry between the two ulnas (Fig. 6) (44–48)—
while the latter contains three unique and distinct radials.
This suggests that in all likelihood, the broadening of the
zeugopod primordium in Rhizodus necessary for producing
the increased number of radials seen in the adult was not
caused simply by an ectopic anterior expression of Shh in the
pelvic finbud.
Finally, in some experimental ZPA grafts, the distal end of the

humerus expands to become a triangular flange (Fig. 6B), similar
to the expanded distal femur of Rhizodus, indicating that even
without additional regulatory changes, it is possible for the shape
of the developing stylopod cartilage to alter to accommodate the
need to articulate with additional distal radials.

Conclusion
The pelvic fin endoskeleton of R. hibberti, with a trichotomous
articulation distal to the femur, is unique and unexpected. It is in
stark contrast to the more general form of the endoskeleton of
its pectoral fin. The patterning mechanisms that gave rise to the
trichotomous articulation remain unclear; a change in Shh ex-
pression may have been involved but is unlikely to have been
sufficient on its own to generate the observed morphology.
Rhizodus may offer a glimpse of an early stage of zeugopod

evolution, before the bifurcating process seen in living tetrapods
became canalized in both pectoral and pelvic limbs. The fact that
the pectoral fin skeleton of Rhizodus resembles that of more
derived tetrapods suggests that the bifurcating mechanism be-
came established in the pectoral fin first and was only later
coopted to the pelvic fin. This also could help explain the dif-
fering pectoral and pelvic fin endoskeleton patterns seen in other
fish-like stem-tetrapod species (Fig. 5).

Materials and Methods
MCZ 11916 was mechanically prepared by J.E.J. using a pneumatic pen and
mounted needle under a dissection stereo microscope. Broken parts were
glued, and exposed bones were consolidated using a solution of Paraloid B72
in acetone. Micro computed tomography (CT) scans were obtained at the
Imaging and Analysis Centre at the Natural History Museum, London, and 3D
models were produced using Avizo 9.3.
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