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Fusion of opisthosomal tergites to form a thoracetron has previously been considered a char-
acteristic of the xiphosuran superfamilies Euproopoidea Eller, 1938, and Limuloidea Zittel,
1885. Evidence is presented here that fusion also occurs in Bellinuroidea Zittel & Eastman,
1913. Results of a cladistic analysis of Palaeozoic xiphosuran genera indicate that Synziphosu-
rina Packard, 1886, is a paraphyletic assemblage of stem-group Xiphosura. Superfamily Pale-
olimulidae superfam. nov. is erected for families Paleolimulidae Raymond, 1944, and Moravu-
ridae Ptibyl, 1967. OChelicerata, cladistics, evolution.
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Horseshoe crabs (Xiphosura) have been held up as the
prime example of a ‘living fossil’ group — one that has
remained conservative in morphology and at low diver-
sity for much of its geological history (Fisher 1984). The
distinctive features of a large carapace concealing the pro-
somal appendages, fused opisthosomal tergites (a thora-
cetron), and a styliform tail spine, can be traced back to
Carboniferous times, when the group was apparently
much more diverse than today. Three distinct groups of
Carboniferous Xiphosura are generally recognized, the
superfamilies Bellinuroidea Zittel & Eastman, 1913,
Euproopoidea Eller, 1938, and Limuloidea Zittel, 1885.
The latter two groups share the possession of a thoracet-
ron, whilst bellinuroids have hitherto been distinguished
by their free opisthosomal tergites. During a restudy of
upper Palaeozoic Xiphosura by one of us (LIA), it was dis-
covered that all specimens that could be referred to Bell-
inurus Pictet, 1846 (Fig. 2J), and also Bellinuroopsis
Chernyshev, 1933 (Fig. 2M), have all post-opercular
tergites fused into a thoracetron (Anderson 1995). This
observation has important consequences for xiphosuran
taxonomy and phylogeny. We present here the evidence
for fusion in the opisthosoma of bellinuroids, followed by
a phylogenetic analysis of late Palaeozoic Xiphosura to
generic level. The character matrix relies to a large extent
on new information resulting from restudy of large num-
bers of late Palaeozoic xiphosurans, including all available
holotypes. Further details are given by Anderson (1996),
and taxonomic revisions will be published elsewhere. A
major conclusion of this study is that Synziphosurina
Packard, 1886, is a paraphyletic assemblage and the name

must be abandoned; xiphosurans with a thoracetron (and
other synapomorphies) are united herein in the order
Xiphosurida Latreille, 1802.

Material and methods

Terminology follows Selden & Siveter (1987) and Siveter
& Selden (1987). Fig. 2 shows reconstructions of a selec-
tion of xiphosuran taxa discussed in the text; see Selden &
Siveter (1987, Fig. 1) for drawings of other taxa. In Cheli-
cerata, the first somite (I) bears chelicerae, and somites
[1I-VI bear fully expressed limbs. Somite VII bears the chi-
laria in Limulus, in which animal the tergite is completely
lost. Somite VIII is termed the opercular segment in Xi-
phosura, and its tergite the opercular tergite. We restrict
the term free lobe to the lateral parts of the opercular seg-
ment when they have become distinctly set off from the
axial part of the opercular segment. Some authors recog-
nize a pre-cheliceral somite, the acron; if present then this
somite could be numbered 0. While Synziphosurina is
shown here to be a paraphyletic group, it is convenient to
use the term ‘synziphosurine’ in an informal sense to refer
to stem-group Xiphosura that lack a thoracetron (i.e. all
Xiphosura except Xiphosurida).

Institutional abbreviations are as follows: BMNH, The
Natural History Museum, London, UK; GSM, British
Geological Survey, Geological Survey Museum, Key-
worth, UK; MM, Manchester Museum, Manchester, UK;
NMW, National Museum of Wales, Cardiff, UK; RSM,
Royal Museum of Scotland, Edinburgh, UK; USNM, US
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National Museum, Smithsonian Institution, Washing-
ton, DC.

Cladistic analyses were carried out using MacClade 3.0
software (Maddison & Maddison 1992) on Apple Macin-
tosh computers. MacClade was used to input data, and
draw and manipulate trees on-screen, rather than provid-
ing solutions; this is because (a) the data are sparse (see
‘Discussion’, below) and (b) the program is primarily
designed for this type of analysis.

Opisthosomal fusion in Bellinurus

In his original description of Bellinurus, Pictet (1846) de-
scribed the posterior three opisthosomal segments as
fused, and the remainder of the opisthosoma unfused. Xi-
phosurans were then considered to be crustaceans closely
related to the trilobites, so it is likely that trilobite tagmo-
sis coloured Pictet’s perception of these animals. The su-
perfamily Bellinuroidea was erected by Zittel & Eastman
(1913), characterized by a variable number of fused pos-
terior segments in addition to free tergites in the opistho-
soma. Stermer (1955) considered fusion of all opisthoso-
mal tergites into a thoracetron to be characteristic of
Euproopoidea Eller, 1938, and Limuloidea Zittel, 1885.

Dix & Pringle (1930) described a number of new spe-
cies of Bellinurus from the South Wales coalfield. They
concurred with the generally accepted view of the unfused
state of most of the opisthosoma in Bellinurus, but intro-
duced complication by erecting new taxa characterized by
from 4 free tergites (B. truemani) to 7 (B. morgani). This
material (B. truemani NMW 29.197GI; B. morgani GSM
49362) was re-examined by LIA, and it was found that Dix
& Pringle had miscounted tergites (see Anderson 1996 for
details). Schultka (1994) compared a Namurian specimen
from Germany with the descriptions of Dix & Pringle
(1929) and assigned it to B. cf. truemani, believing only
the two most posterior tergites to be fused.

Eldredge (1974) divided Limulicina Richter & Richter,
1929, into two superfamilies, Bellinuracea and Limulacea,
on the basis of the state of fusion of the opisthosoma.
Inclusion of the family Euproopidae in the Limulacea
reflected his opinion that the lineage could be traced from
Euproops (Fig. 2K) through to Limulus. Fisher (1981) sub-
sequently showed this to be unlikely. In addition, Eld-
redge (1974) erected the infraorder Pseudoniscina for
Pseudoniscus (Fig. 2G) and some, unnamed early bellin-
urines.

Bergstrom (1975) described a weakly defined fulcral
node on the anterior side of each tergite of Bellinurus
koenigianus Woodward, 1872, which he believed fitted
into the next anterior tergite, in an analogous manner to
trilobites. This was probably a misinterpretation of the
spine-bearing axial nodes, which are seen clearly in
Euproops danae (Meek & Worthen, 1865), a related
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xiphosuran  (Anderson 1994). Bergstrom (1975)
described a microtergite (a term coined by Fisher in [itt. to
Bergstrom 1975) at the prosoma—opisthosoma boundary
which appeared to be fused to the opercular segment
(tergite 2). Examination of the holotype of B. koenigianus
(BMNH In 59227) and additional material of E. danae by
LIA confirms this observation.

Subsequent workers (e.g., Fisher 1982; Siveter & Selden
1987; Selden & Siveter 1987; Pickett 1993) followed ear-
lier interpretations in considering only the posterior three
opisthosomal tergites of Bellinurus to be fused, but did
not study the type material. Pickett (1993) interpreted the
unnamed bellinurines of Eldredge (1974) as being Bell-
inurus carterae Eller, 1940, Bellinurus alleganyensis Eller,
1938, and Bellinuroopsis rossicus Chernyshev, 1933, and
placed them in Kasibelinuridae Pickett, 1993. Anderson
(1995) first suggested the possibility of full opisthosomal
fusion in Bellinurus. Our re-examination of the type
material of the Upper Carboniferous Bellinuroidea clearly
demonstrates that all true members of the Bellinuroidea
exhibit full fusion of the opisthosoma into a thoracetron.

Criteria for the recognition of fusion

If the opisthosomal tergites of Bellinurus were unfused
then four criteria should be met:

1 On enrollment, the axial portions of the opisthosomal
tergites should show some degree of flexure in the ver-
tical plane, as seen in trilobites, synziphosurines
which use sphaeroidal enrollment such as Pseudonis-
cus, Legrandella (see Eldredge 1974) and Kasibelinurus
Pickett, 1993, and isopod crustaceans.

2 Fully or partially disarticulated free tergites should be
found in the rock matrix, as seen in eurypterids, aglas-
pidids (Hesselbo 1992), chasmataspids (Caster &
Brooks 1956) and trilobites.

3 Dorso-ventral compression of the tergites should
result in the asymmetrical disposition of the lateral
spines in the fossils (see Hesselbo 1992).

4 Distinct anterior and posterior boundaries to the
opisthosomal tergites should be visible in the fossils.

Observations

1 In Bellinurus, flexure of the body in enrolled speci-
mens always occurs at the prosoma-opisthosoma
junction. This can be seen clearly in specimens of en-
rolled Bellinurus trilobitoides (Fig. 1). Flexure involves
the microtergite and the posterior margin of the pro-
soma, resulting in occlusion of the prosoma onto the
opisthosoma (Fisher 1979) in a similar manner to that
in Euproops, which has a thoracetron. Bergstrom
(1975, p. 294) referred to Woodward’s (1878, p. 242)
mention of having seen an enrolled Bellinurus arcua-
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ward (1878, p. 242) saw a folded-up specimen, espe-
cially since he described it thus: ‘the body was found
to be doubled back upon the head, like an Ampyx or

Trinucleus.”

Examimation of more than one thousand Upper Car-
boniterous bellinurine specimens in muscuin collec-
tions revealed no free post-opercular opisthosomal
tergites. Where opisthosomata show damage, break-
age s across transverse ridge boundaries, not along
them. This s the case in both Euproopsand Bellinurus.
I the apisthosomal tergites of Bellinurus were free,
then it would be reasonable to expect that breakage
would result in disarticulation of tergites, which are
separated by lines of weakness. Disarticulated pro-
somata and opisthosomata have been identified, and
these seem to be more common in recently collected
material than in muscum collections, possibly as a re-

sult of collection bias.

E5Y)

In mostspecimens, the lateral opisthosomal spines re-
tain theor symmetrical relationships and act as asingle
unitwith the (fused) tergites during compression. On
the few specimens to show asymmetrical disposition
of lateral opisthoscimal spines, it has resulted not from
compression of free tergites but from extreme com-
paction and tectonic deformation in - coal-scam
roof-shale preservation. One example of this is the
holotvpe of Bellinurus carwayensis Dix & Pringle, 1930
(NMWV 29197.G3). Displacement of the genal spines
by compressional deformation is more common.
Compression tends to increase the angle between the
genal spine and the posterior margin of the prosom,
particularly in specimens where the carapace has dis-
articulated slightly from the opisthosoma and has
been compressed oblique to the bedding plane. Some
authors (e.g., Dix & Pringle 1930; Schultka 1994) used
the magnitude of this angle as a species diagnostic, but
it has been shown to be susceptible to taphonomic ef-
fects (Anderson 1994).

4 The first two transverse ridges of the opisthosoma in
Bellinurus (equivalent to the posterior edges of the

Fig. 1. Envolied specimens of Rellinurus trilobitoides Buckland, 1837;
Carboniferous (Westphalian A). GA. RSM GY 1911.6.2, Cosceley, West
Midlands, UK, <2, 5B MM LL11035, Bickershaw, Lancashire, UK, »2.

first two opisthosomal tergites) bifurcate laterally and

tus Baily, 1863, but there is no illustration of the spec-
imen, and it cannot be traced from the description.
Bergstrom (1975, Fig. 1) figured one specimen of Eu-
proops anthrax Prestwich, 1840 (BMNH I 2751), and
two of Pringlia birtwelli Woodward, 1872, in a coap-
tated position. He termed this form of enrollment
‘folding up’, and discussed the necessity for a microt-
ergite for this form of coaptation. Probably, Wood-

form the margins of the corresponding lateral spines,
cach bifurcation being surmounted by a small node.

Timing of opisthosomal fusion

Williams (1885) described a xiphosuran from the Upper
Devonian of Erie County, Pennsylvania, which he
thought had fused opisthosomal tergites. Because Bellinu-
rus was diagnosed at that time as having free tergites, he
assigned the new species to the genus Prestwichia, naming
it Prestwichia eriensis. Packard (1886) renamed this speci-
men Protolimulus eriensis because Prestwichia had been
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Fig. 2. Diagrammatic reconstructions of xiphosuran taxa mentioned in the text. All views are dorsal; magnifications are approximate. OA. Lenioncites,
Ordovician; x3.2. OB. Legrandella; Devonian; x0.255. OC. Weinbergina; Devonian; x0.32. OD. Bunodes, Silurian; x0.85. OL. Limuloides; Silurian;
x0.85. IF. Pasternakevia; Silurian; x0.85. OG. Pscudoniscus; Silurian; x0.85. TH. Cyamocephalus; Silurian; x0.85. O1. Kasibelinurus, Devonian; X0.255.
Q. Bellinurus, Carboniferous; x0.85. OK. Euproaps, Carboniferous; x0.64. CL. Liaumesaspis, Carbaniferaus; x0.85. OM. Bellinuroapsis, Carboniferous;
x0.6. GN. Rolfeia; Carboniferous; X0.425. DO. Paleolimulus; Carboniferous; x0.255. OP. Valloisella; Carboniferous; x17.

previously synonymised with Euproops (see Anderson
1994 for details of the synonymy). However,
re-examination of the specimen described originally by
Williams (1885) has shown that it is not a body fossil but
a trace fossil (Babcock et al. 1995). Caster (1930) figured
an additional specimen of Protolimulus eriensis from
Hanley quarry, Pennsylvania.

Eller (1940) described a new species, Bellinurus carterae
(see Pickett 1993 for explanation of this spelling of the
trivial name), from the same quarry as the fragment of
Protolimulus described by Caster (1930). Eller suggested
that Bellinurus carterac might be synonymous with Pro-
tolimulus.
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Pickett (1993) described Kasibelinurus (Fig. 2L) from
the Upper Devonian of New South Wales, Australia. He
noted that articulating half-rings, a character used by
Eldredge (1974) to define his new infraorder Pseudo-
niscina, were absent in this form, but pointed to the pres-
ence of articulating facets on the lateral margins of the
opisthosomal tergites as an indication of the unfused
nature of the opisthosoma. Examination of an enrolled
specimen of Kasibelinurus (USNM 484524), collected by
Mr Scott McKenzie (Erie County, PA), confirms Pickett’s
observation.

Examination of a photograph of the Upper Devonian
Bellinuroopsis rossicus Chernyshev, 1933, kindly lent to
the authors by Dr John Pickett (Sydney), clearly shows
that this form also has a fused opisthosoma, as evidenced
by the equal disposition of the lateral fixed spines and the
raised opisthosomal platform. Also, the presence of nodes
two-thirds of the way along the transverse ridges is a char-
acter which may link it to the Moravuridae Piibyl, 1967
(Siveter & Selden 1987) and Paleolimulidae Raymond,
1944. Bellinuroopsis clearly does not belong in Kasibelinu-
ridae Pickett, 1993. The fusion event must therefore have
occurred prior to the late Devonian. The paucity of Dev-
onian xiphosurid body fossils precludes further strati-
graphic constraint at present.

Functional morphology

The advantages of opisthosomal fusion are not entirely
clear. In favour of fusion are: reduced musculature, fewer
areas of soft cuticle which would be susceptible to preda-
tion, and possibly better occlusion than in sphaeroidal
enrollment. Fisher (1981) pointed out that fusion of the
posterior tergites to produce an O,—O,4 tagma would give
a larger area for the insertion of muscles to operate the
tail spine. The tail spine is vital to the survival of Limulus,
because it is used to fend off predators and to right the
overturned animal. It would be expected that increased
fusion would be correlated with a stronger and longer tail
spine with greater musculature. Lack of flexibility of the
thoracetron would make righting the overturned animal
more difficult and may also correlate with a new form of
enrollment.

Phylogenetic analysis

Taxa used in the analysis

This analysis is primarily concerned with the interrela-
tionships of late Palaeozoic Xiphosura. All post-Palaeo-
zoic taxa, which all belong to superfamily Limuloidea and
were reviewed by Hauschke & Wilde (1991), are excluded
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from the analysis. The exception is the Recent Limulus,
which is included to represent the Limuloidea.

Valloisella Racheboeuf, 1992 (Fig. 2P), originally
assigned to Euproopidae but moved to Paleolimulidae by
Anderson & Horrocks (1995) because it shows the diag-
nostic characters of the family, has a carinate axial ridge
on the opisthosoma, a character shared with all post-Pal-
aeozoic xiphosurans.

Elleria (Raymond, 1944) and Moravurus Ptibyl, 1967,
are known only from single isolated thoracetrons and so
are excluded from the analysis. Re-examination of Elleria
by LIA (in preparation) revealed characters that support
its assignment to Kasibelinuridae.

Raymond (1944) described two very similar xiphosu-
rid genera from the Upper Carboniferous of Mazon
Creek, Illinois: Liomesaspis and Pringlia. Restudy of these
forms (Anderson, in press) has indicated that the two
genera are synonymous, and Pringlia is a junior synonym
of Liomesaspis (Fig. 2L). Palatinaspis beimbaueri Malz &
Poschmann, 1993, from the Lower Permian of Germany,
was affiliated to Pringlia fritschi Remy & Remy, 1959,
from the German Stephanian. Study of the illustrations
in Malz & Poschmann (1993) suggest to us that Palati-
naspis is synonymous with Liomesaspis, and it is included
in the latter genus here. Specimens of Anacontium Ray-
mond, 1944, are too poorly preserved to be useful in the
analysis; this genus may be synonymous with Euproops or
Liomesaspis.

Bergstrom (1975) suggested that Neolimulus may be a
junior synonym of Pseudoniscus, a suggestion which our
study has supported. The defining character of the only
specimen of Neolimulus, ophthalmic ridges meeting at the
anterior margin of the carapace, results from the carapace
being compressed while loosely articulated with the
opisthosoma.

The unnamed synziphosurine from the early Silurian
(late Llandovery) of Waukesha, Wisconsin, figured by
Mikulic et al. (1985) was studied by LIA, and it appears to
be a poorly preserved example of Bunodes.

A number of Cambrian and Ordovician so-called
merostomoids with shovel-shaped carapaces (and few
other features), together with Chasmataspis, aglaspidids,
and Stermer’s (1972) strange arthropods Diploaspis and
Heteroaspis, show essentially plesiomorphic characters
with respect to the Xiphosura in the present study. They
are excluded from the analysis for the following reasons.
Chasmataspida Caster & Brooks (1956) was included in
Xiphosura by most authors (see Selden & Siveter 1987),
though Eldredge (1974) allied this group with the
Eurypterida. Chasmataspis exhibits the following charac-
ters: thirteen opisthosomal tergites, anteriorly positioned
eyes, lack of ophthalmic ridges, a carapace morphology
similar to aglaspidids, and a unique pattern of fusion of
opisthosomal tergites. Bergstrom (1975) included Diplo-
aspis Stormer, 1972, and Heteroaspis Stermer, 1972, with
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Chasmataspida. He considered the paddle-shaped swim-
ming leg of Diploaspis to have evolved independently
from that of eurypterids. He mentioned the non-chelate
nature of the walking appendages as a character that sep-
arates Diploaspis from all other xiphosurids and chas-
mataspids. He also considered that the anterior position
of the eyes and the lack of other carapace features in Het-
eroaspis indicate no close xiphosuran affinities. Anteriorly
positioned eyes are more common in eurypterids.
Removal of Heteroaspis and Diploaspis from Chasmatasp-
ida would render it a monotypic group.

The earliest recorded xiphosuran is Eolimulus Moberg,
1892, from the Cambrian of Sweden, but it is known only
from the carapace, so its identity is doubtful (Selden
1993). We include Paleomerus Stormer, 1955, and Lemon-
eites Flower, 1968 (Fig. 2A), as outgroups in the analysis.
The morphology of Paleomerus is fairly well known from
three specimens (Stermer 1956; Bergstrom 1971); this
animal was referred to Aglaspidida Walcott, 1911, by
Stermer (1955) and to Merostomoidea Stormer, 1944, by
Bergstrom (1971). Lemoneites (Fig. 2A) is from the Ordo-
vician of New Mexico. Flower (1968) placed it in Aglas-
pidida but remarked on the number of similarities with
Synziphosurina. Eldredge (1974) placed Lemoneites as
Xiphosura incertae sedis. Aglaspidids were removed from
Chelicerata by Briggs et al. (1979) on the grounds that
there were only four or five pairs of cephalic appendages,
the first of which was not demonstrably chelate. They did
not refer them to another higher taxon. Their removal
from Chelicerata was criticised by Bergstrom (1981) who
argued that the number of head segments (and hence
head appendages) was variable in early chelicerates and
other arthropods.

Characters and character states used in
the analysis

The characters used in the analysis are discrete; some are
multistate where it is clear that a homologous feature is
involved. Some characters occur outside the Xiphosura,
and therefore outside the scope of this study except
where they occur in the two outgroups, Lemoneites and
Paleomerus. All characters are treated as unordered in the
cladistic analysis, though character state polarity is dis-
cussed below.

Character 1 (thoracetron). — Fusion of opisthosomal ter-
gites IX—XVII, posterior to the opercular tergite (VIII),
produces a thoracetron, an apomorphy of Xiphosurida.
In Bellinuroopsis, the fused nature of the opisthosoma is
evidenced by the presence of transverse ridge nodes
(character 6) and the modified appearance of the opercu-
lar tergite (VIII) from the following tergites. The opercu-
lar tergite remains unfused in Rolfeia (Fig. 2N) and Bell-
inuroopsis (Fig. 2M) and separate from the thoracetron.
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Character 2 (metasoma). — Pseudotagmata may be recog-
nized in the opisthosoma of some early Xiphosura. A
metasoma may be formed from the three most posterior
opisthosomal segments, the sternites and tergites of which
are fused into cylindrical sclerites, clearly distinct from
the anterior mesosoma. Where epimera are absent, this
character is readily visible, but if epimera are present, as in
Pseudoniscus, Pasternakevia and Cyamocephalus (Fig. 2F,
G, H) for example, the distinction between mesosoma
and metasoma is obscure. The converging axial furrows of
the opisthosoma become parallel just anterior to the last
three tergites in some of these forms, but the distinction
between mesosoma and metasoma is not obvious, as it is
in Lemoneites, for example. Since the underside of the an-
imal cannot be seen, it is uncertain whether appendages
or a fused sternite is present. This character is, to some ex-
tent, linked with character 5.

The metasoma, where present, always consists of three
segments, but which somites are involved in its formation
is not clear. In the most plesiomorphic forms with a meta-
soma, such as Lemoneites, Legrandella and Weinbergina
(Fig. 2A, B, C), it is formed from the ninth to eleventh
opisthosomal segments (presumed somites XV-XVII). In
Bunodes and Limuloides (Fig. 2D, E) it is the eighth to
tenth opisthosomal segments. These would represent
somites XIV-XVT if a segment had been lost posterior to
the metasoma but XV-XVII if a segment had been lost
anterior to the metasoma. If the latter, then the metaso-
mas of Lemoneites, Legrandella and Weinbergina would be
homologous with those of Bunodes and Limuloides. This
would also suggest that either the hypertrophied tergite
VIII or the supposed double tergite XIII was indeed
formed by fusion of two tergites (Eldredge 1974; Selden &
Siveter 1987). Cyamocephalus clearly shows two fused
tergites (XII and XIII) which could be a further advance-
ment of this trend, but looking at Fig. 2A of Eldredge &
Plotnick (1974), there is an alternative possibility. These
authors suggested that the tail spine lying to one side of
the specimen was broken, its base remaining with the rest
of the body. It seems strange that the rigid tail spine
should break at its thickest point, yet the rest of the
exoskeleton remain fully articulated. If the spine base
were actually the posteriormost tergite, then Cyamoceph-
alus would represent a more primitive stage in which
fusion of tergites was still clearly visible. We have coded
the metasoma as absent (0) in Paleomerus, present (1)
only where it is distinct, and lost (2) elsewhere, thus
assuming homology.

Character 3 (tergite VII). — The first opisthosomal seg-
ment, expressing tergite VII, is reduced to a microtergite
and lacks lateral tergal fields in the apomorphic condition
(1). The plesiomorphic state (0) for this character is
shown by Lemoneites, which has a fully expressed tergite
with lateral fields. Eldredge (1974) reported that Legran-
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della had reduced epimera associated with the microter-
gite. Cyamocephalus also has short epimera on this seg-
ment (Eldredge & Plotnick 1974). The microtergite is lost
(2) in forms possessing a free lobe.

Character 4 (movable opisthosomal spines). — The pres-
ence of movable opisthosomal spines is an autapomor-
phy of suborder Limulina. Movable opisthosomal spines
are absent in all other genera, including Bellinuroopsis.
Dubbolimulus Pickett (1984) lacks movable spines, which
is interpreted here as an autapomorphy for this genus,
though it is possible that movable spines were present
but lost by disarticulation during biostratinomy. Inter-
estingly, Rolfeia lacks both fixed and movable spines on
the second opisthosomal tergite (IX) though they occur
on all more posterior tergites, and our preliminary obser-
vations of Paleolimulus longispinus Schram, 1979, show
that this animal has the same pattern of fixed and mova-
ble spines (contra Schram 1979, Fig. 2, but as hinted at by
Waterston 1985). Possibly, P. longispinus is actually a
Rolfeia, and the lack of spines on tergite IX is autapomor-
phic for the genus.

Character 5 (fixed lateral opisthosomal spines). — Opistho-
somal tergites in the outgroups of Xiphosura (e.g., Pale-
omerus) show no or very short epimera (0). Synzipho-
surines show short and broad (sag.) or longer, curved
epimera (1), depending on the width of the opisthosomal
axis (character 20). True lateral spines (2) are reinforced
by the continuation of the corresponding transverse ridge
of the thoracetron. Fixed lateral spines on the opisthoso-
ma occur in Bellinuroopsis, Rolfeia, Bellinurus and Eu-
proops. Loss of lateral spines (3) may be derived relative to
their presence; this occurs in Liomesaspis and some later
limuloids.

Character 6 (transverse ridge nodes). — Swollen nodes on
the transverse ridges of the opisthosoma occur in Bell-
inuroopsis, Xaniopyramis and Paleolimulus. Undescribed
specimens of Rolfeia (BMNH In 34941 and I 889) show
evidence of transverse nodes as well as longitudinal ridges
(see character 7). Presence of nodes is coded as 1, absence
as 0, though the absence of these nodes in limuloids prob-
ably reflects a secondary loss.

Character 7 (longitudinal opisthosomal ridges). — Longitu-
dinal ridges which link the transverse ridge nodes (form-
ing quadriradiate nodes) occur in Paleolimulus, Xani-
opyramis and Rolfeia. They are also useful as indicators of
full fusion of the opisthosomal tergites. Their presence in
Bellinuroopsis is not confirmed from study of the single
holotype specimen. Siveter & Selden (1987) reported that
‘probable homologues of the longitudinal pleural ridges
and associated nodes’ were present in Paleolimulus; our
re-examination of the holotype and new, additional ma-
terial has shown the presence of well defined longitudinal
ridges in this genus.
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Character 8 (pyramidal cheek node). — Siveter & Selden
(1987) cited the presence of a cheek node with an associ-
ated anteriorly running ridge in the Lower Carboniferous
Xaniopyramis as a possible autapomorphy for the genus.
Investigation of new specimens of Paleolimnulus show that
this character is also present in this form. The node ap-
pears to be absent in Rolfeia.

Character 9 (course of ophthalmic ridges). — Ophthalmic
ridges are absent in Paleomerus and Lemoneites (0). In
synziphosurines, the ophthalmic ridges bearing the com-
pound eyes are bowed outwards laterally (convex, 1). In
Euproops and Liomesaspis the ophthalmic ridges follow a
concave course to the cardiac lobe (2); this state is pre-
sumed to be synapomorphic for these two taxa.

Character 10 (cardiac lobe). — A cardiac lobe is absent
from Paleomerus (0) and cannot be confirmed in Lemon-
eites. In all other sufficiently well preserved xiphosurans
in this analysis a cardiac lobe is present (1).

Character 11 (posterior axial lobe). — The posterior three
segments (XIII-XV) of the thoracetron of xiphosurids
commonly lose their intersegmental divisions to form a
distinct triangular or trapezoidal area, here called the pos-
terior axial lobe (Fisher’s (1981) O,-O, tagma). In Bell-
inurus, Euproops and Liomesaspis the axial region of this
lobe is triangular and tapers posteriorly. The correspond-
ing region in Valloisella, Paleolimulus and Limulus is
broadly trapezoidal in shape.

Character 12 (ophthalmic spines). — Ophthalmic spines
are posterior elongations of the ophthalmic ridges, and we
consider their absence to be plesiomorphic, their presence
a novelty. Ophthalmic spines occur in Bellinurus, Eu-
proopsand Liomesaspis, but they are not always observable
(Anderson 1994), so they may yet be shown to occur in
other xiphosurids. Limulus and Paleolimulus bear up-
wardly pointing thorns at the posterior ends of the oph-
thalmic ridges; we considered these not to be homologous
with true ophthalmic spines.

Character 13 (posterior carapace margin). — The plesio-
morphic state (0) for the carapace is a straight posterior
margin. Derived states are gently (1) and strongly (2)
curved. Character 13 may be linked with character 14.

Character 14. — The carapace genal angles may be
rounded (0), pointed (1) or modified into genal spines
(2). Genal spines have a dorsal ridge which distinguishes
them from pointed genal angles. Character 14 may be
linked with character 13.

Character 15 (macrotergites). — A hypertrophied second
opisthosomal tergite (VIII) occurs in Bunodes, Limuloides
and Pasternakevia (Eldredge 1974; Selden & Drygant
1987).
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Character 16 (tergites XII-XIII). — Cyamocephalus ~ Cur-
rie, 1927, has fused sixth and seventh opisthosomal
tergites (Eldredge & Plotnick 1974). Stermer (1955),
Eldredge (1974), Stirmer & Bergstrom (1981), and
Selden & Siveter (1987) discussed possible fusion of the
last mesosomal tergite (XIII and XIV) in Bunodes and
Limuloides, but in all of the material we studied, these
tergites appear not to be fused.

Character 17 (metasomal epimera). — Epimera occur on
the metasomal tergites of Pseudoniscus, Weinbergina,
Cyamocephalus, Pasternakevia, Bunodes and Limuloides
and Kasibelinurus (1). (Note that these animals do not
necessarily show a clear distinction between mesosoma
and metasoma.) Since metasomal epimera are lacking in
Paleomerus and Lemoneites (0), their presence appears as
apomorphic within the scope of this analysis.

Character 18 (carapace margin). — The cuticular projec-
tions that produce a characteristic serrate anterior and an-
terolateral margin of the carapace of Limuloides are au-
tapomorphic for this taxon. The plesiomorphic state is a
smooth carapace rim.

Character 19 (precardiac lobe). —In Bunodes, Limuloides,
Kasibelinurusand Pseudoniscus, the cardiac lobe is divided
by a transverse groove forming an H-shaped area. Pickett
(1993), in describing Kasibelinurus, had access to relative-
ly uncrushed material and named the anterior portion of
this H-shaped area the precardiac lobe (1). In Legrandella
the cardiac lobe is broadly triangular in form and tapers
rapidly anteriorly; there is no evidence of a precardiac
lobe in this form. The shape of the cardiac lobe was re-
ported to be unknown in Weinbergina, however Stiirmer
& Bergstrom (1981) reconstructed the cardiac lobe of
Weinbergina as resembling that of Legrandella. The illus-
tration of Pasternakevia (Selden & Drygant, 1987, Fig 3a)
shows a faint H-shaped medial region on the carapace.
Re-examination of the holotype (BMNH I 16251) and an
additional specimen (BMNH I 25) of Cyamocephalus sug-
gests that it, too, has a precardiac lobe. Xiphosurids pos-
sess a much smaller node, bearing ocelli, anterior to the
apex of the cardiac lobe (2). Paleomerus lacks a cardiac,
and hence a precardiac, lobe (0).

Character 20 (opisthosomal axis). — Paleomerus and Lem-
oneites have no discernible axial region, which is thus
coded as 0 in this analysis. All other taxa show a vaulted
median axis, but the ratio of the width of the axial to the
lateral regions varies. Bunodes, Limuloides and Paster-
nakevia all have wide opisthosomal axes, with narrow lat-
eral areas (1). Pseudoniscus, Cyamocephalus, Kasibelinurus
and all xiphosurids have a narrow axis relative to the lat-
eral areas (2). The axis of Legrandella is about half the total
width of the opisthosoma, which is here coded as wide.

Character 21 (tail spine). — A short, basally wide, rapidly
tapering, tail spine is considered the plesiomorphic con-
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dition because it occurs in Paleomerus and all synzipho-
surines. In xiphosurids, the tail spine is longer and thinner
and can be equal to, or slightly longer than, the combined
length of the prosoma and opisthosoma.

Character 22 (loss of opisthosomal segments). — Lemonei-
tes, Legrandella and Weinbergina show evidence of eleven
segments in the opisthosoma (0). Ten segments are seen
in Pseudoniscus, Cyamocephalus, Bunodes, Limuloides and
Pasternakevia (1). Further loss of a segment resulted in a
segment count of nine in Kasibelinurus and all xiphosu-
rids (2). Since we are uncertain exactly which somites are
expressed as tergites, a simple count seems the easiest way
of scoring this character. The counting of opisthosomal
segments in Limulina is a little difficult because of the
trend towards loss of transverse ridges demarcating sepa-
rate segments on the lateral fields of the opisthosoma as
well as on the axis. Nevertheless, it is possible to count
opisthosomal segments by locating the paired apodemes
on either side of the axial ridge.

Character 23 (opisthosomal flange). — Fusion of the bases
of the fixed lateral spines to form an opisthosomal flange
is a synapomorphy of Euproops and Liomesaspis.

Character 24 (tergite VIII). — The plesiomorphic state for
this character is a freely articulating tergite (0). Incor-
poration of the opercular tergite (VIII) into the thora-
cetron is a synapomorphy of Bellinuridae and Eu-
proopidae (1). In Bellinuroopsis and Rolfeia the oper-
cular segment articulates freely with the thoracetron
(0). In Paleolimulus, Valloisella, Limulus and Xani-
opyramis, the opercular tergite has lost the axial part of
the tergite and forms the so-called free lobes, which are
fused to the thoracetron (2).

Character 25 (anterior medial carapace projection). — Both
Pseudoniscus and Legrandella possess a small median pro-
jection on the anterior edge of the carapace. This struc-
ture is not encountered in any other xiphosuran taxon
and is therefore considered to be derived in these taxa.

Character 26 (axial carina). — The plesiomorphic condi-
tion for the opisthosomal axis is a series of rounded
nodes, one per segment (0). In Valloisella and Limulus,
the axial lobes of individual tergites are barely distinguish-
able, and a continuous, carinate ridge runs the full length
of the opisthosoma (1).

Discussion

Nineteen taxa and 26 characters were used in this anal-
ysis. The resulting cladogram (Fig. 3) has a tree length
of 44 and a consistency index of 0.86. Fig. 3A shows all
character-state changes; Fig. 3B shows only those
changes that are unambiguous. There are a number of
unresolved trichotomies, some of which result from a
contest between two characters. In Fig. 3B, note the fol-
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Table 1. Data matrix of taxa and characters used in the cladistic analysis.

Character 1234567 89 1011121314151617181920212223242526
Paleomerus 000000000O00O0O00ODOOOOOOOOOOOOO
Lemoneites 0100100002 000000002 000000O0O0
Weinbergina 0110100011000000101100000°0
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Limuloides 011010001100001011110100°00 g § &
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Bellinurus 12102000111122000022120100 § 3 © =
Liomesaspis 121 03000211122000022121100 o 3 8§ 2 Is
Euproops 12102000211122000022121100 § 45 4 2 & 111
Bellinuroopsis 1 2102 100110022000022120000 S T S {7 e
Rolfeia 12112110112022000022120000 @ 22 3 Ia
Paleolimulus 122 13111112022000022120200 I 3 14,
Xaniopyramis 12213 111112022000022120200 . ° ]
Valloisella 12213000112022000022120201 T 1°
Limulus 122130001120220000221202201 +!
8 45
3 z:u a +13
8 8 35 114
© 5 E 9 ] 19
5 D [ ‘g
& @ & ¥ -FZ‘
©
§ g % 416 ——p
S 4 B T
g £ % ?,5 Iz e B g
3 2 S ’ 2 gt 9
% § 18 & > & S § 2 8
g g +_{-,-5 I 3 o £ 3 ¢ 3
g g & 8 € S 3
s -~ 115 S o T G
= +25 422 g 3§ a X 6
3 S é 5 1 ‘é —|£ 26
g Io 3 . & 8 +3
S o T o 23 R Q& 5
3 3 110 g S -+
S 3 T = £ & Ta
S IR [12 ]
2 & 120 Toa ‘F?_
5
10 = L1
19 Is @ 1s
A $ % g
2 8 3 114
s g £
S & © +17
s 3 & =2 119
N [0 o] %) r
g & & ¢ +*
g)) g 25 16 lz?
S T 2
T T B @ T4
o o S}
Fig. 3. Cladogram of Palaeozoic Xiphosura, based on g ® 7 1a§ 12,
data matrix in Table 1. Fat, horizontal bars with plain 2 \‘25 'tjﬂ—.‘
numerals mark unambiguous character state changes, s 3 . sal
thin horizontal bars with italic numerals mark ambigu- g 2 “g
ous character state changes. Numerals refer to characters 8 8 I
in Table 1 and the text. JA. All character state changes. ¢ 3 +20 B
[B. Unambiguous character state changes only.
lowing trichotomies: (1) at the base of the cladogram ported are: (1) the Xiphosura, where four character
(Paleomerus, Lemoneites, Xiphosura); (2) (Weinbergina, state changes differentiate the taxon from its outgroups;
Legrandella, Unnamed taxon 1); (3) (Pseudoniscus, and (2) the Xiphosurida, where seven character state
Cyamocephalus, Unnamed taxon 4). In general, there changes clearly separate this taxon from the stem-
are too few characters to fully explore the relationships group, the synziphosurines. Also, Bellinurina and
among these animals, especially among the synzipho- Limuloidea are each distinguished by three character

surines. However, nodes that are particularly well sup- state changes from other xiphosurids.
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Fig. 4. Evolutionary tree of
Palaeozoic Xiphosura and
outgroups derived from
cladogram (Fig. 3) and
stratigraphic record. Stand-
ard stages are drawn to scale;
names abbreviated as in
Benton (1993). Thick black
bars = published strati-
graphic record of taxon;
thick hollow bars = unpub-
lished record or published
record of xiphosuran unas-
signed to genus or reas-
signed herein (see text);
thick grey bars = range
extension between known
records. Thin horizontal
bars denote sister-group
relationships; thin vertical
bars represent ghost lineages
and range extensions con-
cordant with the cladogram
(see text for details).
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Evolutionary tree

Fig. 4 shows the cladogram in Fig. 3 superimposed on a
chart of the stratigraphic occurrence of the taxa used in
the analysis. Both published and unpublished strati-
graphic information is included for completeness;
unpublished records were given by Anderson (1996). The
youngest known Cyamocephalus, of Ludlow age, is from
the Welsh Borderland; Scottish specimens, from the
Waterhead Group, could be Llandovery in age (Walton
1965), but Selden & White (1983) referred these rocks, at
least in part, to the Ludlow stage.

The evolutionary tree was constructed using the con-
ventional reasoning as outlined by Smith (1994, Chapter
6). Basically, only monophyletic taxa are shown as sister
groups; taxa that lack unique apomorphies (and are
therefore defined on combinations of character states)
either require more information to resolve their true sta-
tus or are metataxa. Metataxa may be ancestors, so these
unresolved taxa are shown as possible ancestors in the
phylogenetic tree.

Lemoneites and Paleomerus are outgroups; Lemoneitesis
shown in Fig. 4 as a possible ancestor to Xiphosura. In the
trichotomy of Weinbergina, Legrandella and higher
Xiphosura (Unnamed taxon 1), note that Legrandella and
Unnamed taxon 1 have apomorphies, Weinbergina does
not. Weinbergina could be ancestral to Legrandella, and
together these two genera constitute Weinberginidae
Richter & Richter, 1929. Weinbergina could also be ances-
tral to Unnamed taxon 1 but, given the great age differ-
ence between Weinberginidae and the oldest member of
Unnamed taxon 1 (Bunodes), the common ancestor of
Weinberginidae is shown as a ghost lineage in Fig. 4. The
presence of weinberginids in the late Ordovician is likely.
The trichotomy of Pseudoniscus, Cyamocephalus and
higher xiphosurans (Unnamed taxon 5) cannot be
resolved because all three taxa have unique apomorphies
within the three-taxon problem, so the most recent of the
two taxa (Pseudoniscus + Unnamed taxon 5) are united as
sister taxon to the third (Cyamocephalus); the hypothe-
sized stem lineage is plesiomorphic with respect to all
three taxa. Note the possible ancestral relationships of
Kasibelinurus, Bellinuroopsis and Rolfeia. Kasibelinurus
appears to be ancestral to the Xiphosurida, and since
Pseudoniscus is Silurian, the stem of Unnamed taxon 5,
and possibly the genus Kasibelinurus, should also be
found in that period. The greatest number of character
state changes occurs between Kasibelinurus and Xiphosu-
rida, yet there is a larger stratigraphic gap between Kasibe-
linurus and the other synziphosurines. Kasibelinuruslacks
autapomorphies, which is why it appears on the diagram
as a possible ancestor to Xiphosurida. Should unique
characters be found to define Kasibelinurus as a discrete
taxonomic entity, then Kasibelinurus and Xiphosurida
would share a common ancestor some time before the
middle Devonian. It is possible that Kasibelinurus and the
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weinberginids are late representatives of a taxa which
originated in the lower Silurian or Ordovician. Fig. 4
clearly demonstrates the need for more fossils to be found
in Ordovician and Devonian strata if we wish to elucidate
further the relationships of these fascinating animals.

Revised classification

A revised classification of the taxa used in this analysis is
given below. The convention of the plesion (Patterson &
Rosen 1977) is used to reflect the cladogram accurately
(Fig. 3). An asterisk denotes that the taxon is plesiomor-
phic at the level of analysis and further information is
required to establish monophyly.

Class Xiphosura Latreille, 1802
Family Weinberginidae Richter & Richter, 1929
Weinbergina Richter & Richter, 1929*
Legrandella Eldredge, 1974
Unnamed taxon 1
Unnamed taxon 2
Bunodes Eichwald, 1854*
Limuloides Woodward, 1865
Unnamed taxon 3
Plesion Pasternakevia Selden & Drygant, 1987*
Unnamed taxon 4
Plesion Cyamocephalus Currie, 1927
Plesion Pseudoniscus Nieszkowski, 1859
Unnamed taxon 5
Plesion (Family) Kasibelinuridae Pickett, 1993*
Kasibelinurus Pickett, 1993*
Order Xiphosurida Latreille, 1802
Suborder Bellinurina Zittel & Eastman, 1913
Family Bellinuridae Zittel & Eastman, 1913*
Bellinurus Pictet, 1846*
Family Euproopidae Eller, 1938
Euproops Meek, 1867*
Liomesaspis Raymond, 1944
Unnamed taxon 6
Plesion Bellinuroopsis Chernyshev, 1933*
Unnamed taxon 7
Plesion (Family) Rolfeiidae Selden & Siveter,
1987*
Rolfeia Waterston, 1985*
Suborder Limulina Richter & Richter, 1929
Superfamily Paleolimuloidea, new
[Diagnosis: Limulina with a pyramidal
cheek node on the carapace]
Family Paleolimulidae Raymond, 1944*
Paleolimulus Dunbar, 1923*
Family Moravuridae P¥ibyl, 1967*
Xaniopyramis Siveter & Selden, 1987*
Superfamily Limuloidea Zittel, 1885
Plesion Valloisella Racheboeuf, 1992*
Family Limulidae Zittel, 1885
Limulus Miiller, 1785
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This classification differs fundamentally from previously
published schemes, principally because synziphosurines
are shown to be a paraphyletic group. They appear as a
stem lineage to the Xiphosurida, a name that is used here
in preference to infraorder Limulicina Richter & Richter,
1929, to which it is equivalent (Selden & Siveter 1987;
Pickett 1993). Lemoneites is excluded from Xiphosura as
perceived by Anderson (1996), because of the lack of oph-
thalmic ridges on the carapace and absence of an axial
ridge on the opisthosoma. Weinberginidae Richter &
Richter, 1929, is retained for Weinbergina and Legrandella
for the reasons discussed under Evolutionary tree, above.
Within Xiphosurida, suborder Bellinurina Zittel & East-
man, 1913, comprises the common Carboniferous xipho-
surid families Bellinuridae Zittel & Eastman, 1913, and
Euproopidae Eller, 1938. Sister group to Bellinurina is
Unnamed taxon 6, containing the metataxa Bellinuroopsis
and Rolfeia, and suborder Limulina Richter & Richter,
1929, a name that is used here in preference to superfami-
ly Limuloidea Zittel, 1885, to which it is equivalent
(Selden & Siveter 1987; Pickett 1993). Limuloidea is here
used for plesion Valloisella and Limulidae, and also in-
cludes all Mesozoic and Cenozoic xiphosurids (Pale-
olimulus fuchsbergensis Hauschke & Wilde, 1987, is not a
paleolimulid because it lacks the characteristic network of
transverse and longitudinal ridges on the thoracetron). A
new superfamily, Paleolimuloidea, is erected here for
families Paleolimulidae Raymond, 1944, and Moravuri-
dae Ptibyl, 1967.
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This study presents the results of a taxonomical investigation of deep-sea benthic foraminifera from
Cretaceous—Paleogene boundary (K-PgB) strata at Deep Sea Drilling Project (DSDP) Sites 525 and
527 from the Walvis Ridge area, South Atlantic Ocean. Sites 525 (Walvis Ridge) and 527 (Angola
Basin) represent different paleodepths, which were estimated to be about 1,100 and 2,700, respec-
tively, at the time of the K-PgB event. A total of 36 samples were analyzed across the K-PgB; 12
samples are from the lowermost Danian and 24 from the uppermost Maastrichtian. The sections
from the sites studied represent about 400 ka (about 200 ka before and after the K-Pg transition,
respectively).

The faunas at Sites 525 and 527 contain both calcareous and agglutinated benthic foraminifera,
and they are dominated by the suborder Rotaliina. A total of 132 taxa were identified at the generic
or specific level, and about 8% of the specimens encountered were not possible to identify, mostly
because to their poor state of preservation. The benthic foraminiferal faunas at Sites 525 and 527 are
¢ very similar to the Paleocene ‘Velasco-type’ fauna (Berggren & Aubert 1975), which is characterized
.é@y, among others, Gavelinella beccariiformis (White), Cibicidoides rubiginosus (Cushman), C.
cgensis (Cushman), Nuttallides truempyi (Nuttall), Nuttallinella florealis (White), Osangularia
isP§ensis (Cushman), Aragonia velascoensis (Cushman), nodosariids (Nodosaria velascoensis
nan, Dentalina limbata ' Orbigny), various agglutinated forms (Gaudryina pyramidata Cush-
’{?'Adn, Tritaxia aspera (Cushman), Marssonella trinitatensis Cushman & Renz), and various gyroi-

ids and buliminids, of which most are ‘relict’ upper Maastrichtian species that survived the K-
' dg) The Maastrichtian faunas at Sites 525 and 527 are dominated by Gavelinella beccariiformis
¢White) and Nuttallides truempyi (Nuttall), which maintained their dominance also in the lowermost
Danian. The total faunal diversity (number of taxa) at the shallower Site 525 on the Walvis Ridge is
somewhat higher (116 taxa) than the fauna (109 taxa) at the deeper Site 527 in the Angola Basin. The
faunal difference between the two sites is probably paleobathymetrically controlled, and it is more
pronounced in the Maastrichtian than in the Danian. Some Maastrichtian species that disappeared
at the K-PgB (Eouvigerina subsculptura (McNeil & Caldwell), Tritaxia aspera (Cushman), Loxosto-
mum sp., Bolivinoides draco (Marsson), B. decoratus (Jones), Pseudouvigerina plummerae Cushman,
Stensioeina pommerana Brotzen, and Sliteria varsoviensis Gawor-Biedowa) occur at the shallower Site
525 only. On the other hand, four species that survived the K-PgB (Globorotalites sp. B, Nuttallidessp.

A, Nuttallidessp. B, and Pullenia cf. cretacea Cushman) are common at the deeper Site 527 but absent
Pr\lce ‘ ] SD 2 9 O O at the shallower Site 525.

With regard to the K-PgB event recently reported about in the literature, it is generally agreed that

(excl. postage and handling). Available benthic foraminifera were not severely affected by this transition, compared to the mass mortality in

from Scandinavian University Press, other (planktic) marine organisms. Nevertheless, data in the literature suggest that benthic

> . foraminiferal paleocommunities responded differently to this transition depending on paleobathy-

Journals Customer Services, PO Box metric gradients, which influence interrelated ecological parameters such as the food flux to the sea
2959 Toyen, N-0608 Oslo, Norway floor and oxygen levels at the water—sediment interface and within the sediment itself.




