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The tail of the earliest known articulated fully
skeletonized vertebrate, the arandaspid Saca-
bambaspis from the Ordovician of Bolivia, is
redescribed on the basis of further preparation of
the only specimen in which it is most extensively
preserved. The first, but soon discarded, recon-
struction, which assumed the presence of a long
horizontal notochordal lobe separating equal
sized dorsal and ventral fin webs, appears to have
considerable merit. Although the ventral web is
significantly smaller than the dorsal one, the
presence of a very long notochordal lobe bearing a
small terminal web is confirmed. The discrepancy
in the size of the ventral and dorsal webs rather
suggests that the tail was hypocercal, a condition
that would better accord with the caudal
morphology of the living agnathans and the other
jawless stem gnathostomes.

Keywords: Vertebrata; Arandaspida; Ordovician;
caudal fin

1. INTRODUCTION

The anatomy of the earliest known articulated
vertebrate possessing an extensive dermal skeleton,
Sacabambaspis janvieri (Gagnier, Blieck & Rodrigo,
1986), from the Ordovician (Llanvirn and Caradoc) of
South America, has been described in detail by Gagnier
(1993a), on the basis of several specimens from the
locality of Sacabambilla, Cochabamba area, Bolivia.
Although the head armour, body scales and histology of
this ‘ostracoderm’ (armoured jawless vertebrate) are
now relatively well known (Gagnier 1993a,b; Sansom
et al. 2005), the morphology of its caudal fin remains a
puzzle and has been interpreted in a number of different
ways. Further preparation of the only specimen that
displays the caudal fin web now allows its reconstruc-
tion, which lends support to Gagnier’s (1989) long
debated reconstruction although with some modifi-
cation, and provides clear evidence for the structure of
the oldest recorded ostracoderm tail fin.

2. MATERIAL AND METHODS

The material considered comes from the Ordovician (Caradoc)
Anzaldo Formation of Bolivia. The articulated Sacabambaspis material
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from Sacabambilla consists of a number of three-dimensional
specimens preserved in a very large concretion and, at least, six
dorsoventrally flattened specimens preserved in a large sandstone
slab. The specimens are housed in the Museo de Historia Natural
Alcide d’Orbigny (MHNC), Cochabamba and (as a temporary
deposit) in the Museum National d’Histoire Naturelle, Paris. The
specimen MHNC 1182 (figure la), which displays the caudal fin,
comes from the sandstone slab and has been further prepared by
removing a small part of the overlying head shield of another,
neighbouring, articulated specimen (MHNC 1180). The dermoskele-
ton of the caudal region has been removed with dilute hydrochloric
acid, an elastomer cast of the resulting external mould made,
whitened with magnesium and photographed.

3. PREVIOUS INTERPRETATIONS

The overall morphology of Sacabambaspis has pre-
viously been reconstructed on the basis of a dozen of
more or less complete articulated specimens. These
show elongate, dorsally flattened and ventrally
inflated head shields, and a trunk covered with
elongated flank scales arranged in chevrons. Based
upon a single specimen (MHNC 1182, which forms
the basis for the current study), Gagnier recon-
structed the tail region as having a symmetrical caudal
fin web with an elongate cylindrical process emerging
from the rear, originally interpreted as a horizontal
notochordal lobe, analogous to that of the living
coelacanth. This early reconstruction of the tail by
Gagnier (1989, fig. 2) (Blieck er al. 1991, fig. 10a;
Gagnier & Blieck 1992, fig. 3) still appears in some
popular illustrations. Gagnier (1993a) mentioned a
second specimen (MHNC 1186) that may display
part of the tail, but the latter only shows a poorly
informative patch of fin web.

Shortly after Gagnier’s first descriptions, this
interpretation of the tail was questioned (Soehn &
Wilson 1990; Sansom er al. 2001), because no other
fossil or living jawless vertebrate possesses a caudal
fin with a long, axial, notochordal lobe, and owing to
issues over the preservation of the tail region in this
single specimen. The posterior extremity of the
presumed notochordal lobe of the specimen MHNC
1182 was partly covered by the head shield of
another Sacabambaspis specimen (MHNC 1180;
figure 1a). Therefore, it was assumed that the minute
square-shaped scales of the presumed notochordal
lobe were in fact not part of the tail, but merely the
impression of either an isolated epibranchial plate
(figure 1g) or the shield margin of another, under-
lying, specimen. Subsequent reconstructions of
Sacabambaspis thus show (as dashed lines) a leaf
shaped, isocercal caudal fin, ending with an incom-
plete axial lobe (Gagnier 1992, fig. 4, 1993a, fig. 4;
Janvier 1996, figs 1.1, 4.25()).

4. DESCRIPTION

Considering the importance of this unique source of
information about the structure of the tail in Ordovi-
cian vertebrates, since no other caudal fin is known to
date in Ordovician fully skeletonized vertebrates, we
decided to further prepare this specimen at the cost
of the destruction of a small part of the overlying
head shield MHNC 1180 that hid it. As described by
Gagnier (1993a,b) and reiterated here, the body
scales of MHNC 1182 (figure 1la) are exposed in
ventral view and pass progressively to large patches of
minute, elongated scales arranged in rows, which
clearly indicate the presence of caudal fin webs

This journal is © 2006 The Royal Society
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Figure 1. Sacabambaspis janvieri Gagnier et al. 1986, Ordovician (Caradoc), Anzaldo Formation, Sacabambilla Bolivia.
(@) Specimens MHNC 1182 and 1180 in ventral view, caudal region outlined (thick white line) and median ventral ridge
indicated (thin white line). (b—f, &) Elastomer cast of a portion of the counterpart of MHNC 1182 and 1180. (b) General
view of the caudal region of MHNC 1182 and part of the ventral shield of MHNC 1180 (partly removed to expose the
tip of the notochordal lobe). (¢) Explanatory drawing of the part of the caudal region in (b). (d) Ventral and dorsal fin
webs. (e) Detail view of the parallel scale series in the presumed dorsal web. (f) Detail view of the proximal part of the
notochordal lobe; compare with the epibranchial plate of MHNC 1011 illustrated in (g). (&) Posterior end of the
notochordal lobe and adjacent fin ray-like scale rows of the terminal fin web. Scale bars, (a) 100 mm, (b—%) 10 mm.
Abbreviations: brpl, branchial plates; bsc, body scales; ?dfw, probable dorsal fin web or epichordal lobe; epl, epibranchial
plate; le, leading edge of the fin web; movr, median ventral ridge; ncl, notochordal lobe; zfw, terminal fin web; Pufw,
probable ventral fin web or anal fin.

(figure 1b,c—¢). The posterior extension of the body cylindrical squamation composed of slightly disjunct,
axis (originally interpreted as the notochordal lobe) is square-shaped scales (ncl, figure 1f,k), and ends
definitely not part of an underlying epibranchial plate posteriorly with a small web covered with elongated
or shield margin (figure 16—f, /). It continues poster- scales that are similar to those of the larger two webs
iorly over about 7 cm, in the form of a roughly situated more anteriorly (zfw, figure 14).

Biol. Lett. (2007)
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Figure 2. (a) Reconstruction of the caudal region in
Sacabambaspis janvieri, assuming a moderately hypocercal
condition, and the presence of a small ventral web. Same
abbreviations as for figure 1. (b) Distribution of the hypo- and
epicercal conditions of the tail in one of the current phyloge-
nies of the major living and fossil vertebrate taxa. The position
of the notochord (grey) is entirely hypothetical in the
anaspids, heterostracans, osteostracans and the thelodonts
Furcacauda and Loganellia. (Acrania as sister group to
vertebrates; tree topology after Sansom ez al. 2005.) See text
for the characters at nodes (after Wilson & Caldwell 1993;
Janvier 1996; Donoghue ez al. 2000; Zhang & Hou 2004).

5. RESULTS AND DISCUSSION

Gagnier’s (1989) first reconstruction of the tail of
Sacabambaspis, though subsequently discarded, is
largely confirmed here, although with some significant
modifications. The tail consists of relatively large dorsal
and ventral webs and an elongated notochordal lobe,
the posterior end of which is bordered by a small fin
web (figure 2a). This tail structure clearly differs from
that of heterostracans, which are currently grouped
with arandaspids and astraspids in the clade Pteraspido-
morphi (Gagnier 19935, 1995; Donoghue & Smith
2001; Sansom er al. 2005), in which the caudal fin
looks diphycercal (i.e. symmetrical) and strengthened
by a few large radials (figure 2b; Janvier 1996).

Biol. Letz. (2007)

Despite these new data about the tail structure in
Sacabambaspis, there remain some questions regarding
its morphology, because the specimen MHNC 1182 is
exposed in ventral aspect (figure la—), but the caudal
fin seems essentially exposed in lateral aspect. The tail
must have been twisted at the level of the tail pedicle,
and part of the fin web obscures the proximal part of
the notochordal lobe (figure 1b,d). The scales of the
median ventral ridge (mor, figure 1¢) seem to be in
continuity with the smaller mass of fin web scales
(Pyfw, figure 1c¢) and, further back, the notochordal
lobe, suggesting a considerable discrepancy in the size
of the two fin webs. The actual outline of the larger,
and presumably dorsal, mass of the fin web scale
(?dfw, figure 1¢) is unclear, except for the anterior part
of its leading edge (le, figure 1l¢,d), which has been
collapsed laterally.

A possibility is that the tail of Sacabambaspis may
have been isocercal, with almost equal-sized webs
extending dorsal and ventral to a horizontal notochordal
lobe, as initially reconstructed by Gagnier (1989),
and much like the tail of coelacanths, certain onycho-
donts, the primitive actinopterygian Dialipina, and
certain fossil chondrichthyans, among crown-group
gnathostomes (Janvier 1996; Schultze & Cumbaa
2001). This condition could be regarded as primitive
for vertebrates, as it vaguely resembles the isocercal
tail of cephalochordates, whose median fins are never-
theless not supported by cartilaginous radials
(figure 2b). However, a more plausible interpretation
that accounts for the discrepancy in fin web sizes and
the relative position of the notochordal lobe is that it
is moderately hypocercal (i.e. the caudal part of the
notochord tapers posteroventrally), with an epichor-
dal fin web extending dorsally to a smaller ventral
web, possibly homologous to the anal fin (figure 2a).
One may even wonder whether there are two webs, or
a single, large, dorsal one, collapsed over the noto-
chordal lobe during decay. The best proxy for the
caudal fin of Sacabambaspis could be that of thelo-
donts, such as Loganellia, which possess an elongated
notochordal lobe (figure 2b; Turner 1991). Indeed,
this proposition seems to be supported by the collapse
of the specimen itself, the fine scales within what we
describe as the dorsal fin web covers a considerably
greater area than the ventral fin web (figure 1¢), this
orientation being supported by the positioning of the
scale masses with respect to the presumed median
ventral ridge scales (muwr, figures 1c¢ and 2a).

A hypocercal interpretation would make more
sense in the light of the similar tail structure of most
fossil and living jawless vertebrates (myllokunmin-
giids, hagfishes, lampreys, euconodonts, anaspids,
most thelodonts; figure 2b); in all of these taxa, the
notochord shows a slight ventral flexure and the
notochordal lobe of the tail bends posteroventrally
(Janvier 1996; Donoghue et al. 2000, Zhang & Hou
2004). In hagfishes, the hypocercal condition is not
visible externally, but the tip of the notochord clearly
bends posteroventrally (figure 25). Osteostracans are
the only jawless vertebrates that share with gnathos-
tomes an epicercal tail; that is, the caudal part of
the notochord tapers posterodorsally (figure 26). The
apparently diphycercal, hand-shaped, aspect of the
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tail in heterostracans and furcacaudiform thelodonts
(e.g. Furcacauda; figure 2b; Wilson & Caldwell 1993;
Janvier 1996) may merely be a particular case of the
hypocercal condition, where the epichordal web and
the notochordal lobe have become equal in length.
However, the position of the notochord in these taxa
remains unknown.

This interpretation of the Sacabambaspis tail would
also better agree with the distribution of tail charac-
ters in current vertebrate phylogenies (e.g. Donoghue
& Smith 2001), where a hypocercal condition seems
to be the general condition for vertebrates
(1, figure 2b), subsequently modified into superficially
diphycercal (heterostracans, furcacaudiforms; 3, 4,
figure 2b) and actually epicercal (osteostracans, jawed
gnathostomes; 5, figure 2b) conditions. This,
however, implies that the anal fin (2, figure 2b),
possibly represented by the ventral web (if present) in
Sacabambaspis, has been lost in the other pteraspido-
morphs, galeaspids and osteostracans.
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