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OPEN ACCESS

Xiphosurans are aquatic chelicerates with a fossil record extending into the Early
Ordovician and known from a total of 88 described species, four of which are extant.
Known for their apparent morphological conservatism, for which they have gained
notoriety as supposed ‘living fossils’, recent analyses have demonstrated xiphosurans to
have an ecologically diverse evolutionary history, with several groups moving into non-
marine environments and developing morphologies markedly different from those of
the modern species. The combination of their long evolutionary and complex ecological
history along with their paradoxical patterns of morphological stasis in some clades and
experimentation among others has resulted in Xiphosura being of particular interest
for macroevolutionary study. Phylogenetic analyses have shown the current taxonomic
framework for Xiphosura—set out in the Treatise of Invertebrate Paleontology in 1955—
to be outdated and in need of revision, with several common genera such as Paleolimulus
Dunbar, 1923 and Limulitella Stormer, 1952 acting as wastebasket taxa. Here, an
expanded xiphosuran phylogeny is presented, comprising 58 xiphosuran species as part
of a 158 taxon chelicerate matrix coded for 259 characters. Analysing the matrix under
both Bayesian inference and parsimony optimisation criteria retrieves a concordant
tree topology that forms the basis of a genus-level systematic revision of xiphosuran
taxonomy. The genera Euproops Meek, 1867, Belinurus Kionig, 1820, Paleolimulus,
Limulitella, and Limulus are demonstrated to be non-monophyletic and the previously
synonymized genera Koenigiella Raymond, 1944 and Prestwichianella Cockerell, 1905
are shown to be valid. In addition, nine new genera (Andersoniella gen. nov., Macro-
belinurus gen. nov., and Parabelinurus gen. nov. in Belinurina; Norilimulus gen. nov. in
Paleolimulidae; Batracholimulus gen. nov. and Boeotiaspis gen. nov. in Austrolimulidae;
and Allolimulus gen. nov., Keuperlimulus gen. nov., and Volanalimulus gen. nov.
in Limulidae) are erected to accommodate xiphosuran species not encompassed by
existing genera. One new species, Volanalimulus madagascarensis gen. et sp. nov., is also
described. Three putative xiphosuran genera—Elleria Raymond, 1944, Archeolimulus
Chlupdc, 1963, and Drabovaspis Chlupdc, 1963—are determined to be non-xiphosuran
arthropods and as such are removed from Xiphosura. The priority of Belinurus Konig,
1820 over Bellinurus Pictet, 1846 is also confirmed. This work is critical for facilitating
the study of the xiphosuran fossil record and is the first step in resolving longstanding
questions regarding the geographic distribution of the modern horseshoe crab species
and whether they truly represent ‘living fossils’. Understanding the long evolutionary
history of Xiphosura is vital for interpreting how the modern species may respond to
environmental change and in guiding conservation efforts.
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INTRODUCTION

Xiphosurans, colloquially known as horseshoe crabs, are a clade of aquatic chelicerates
represented by four extant species (Lamsdell, in press) with an evolutionary history
stretching back 470 million years to the Ordovician (Rudkin, Young & Nowlan, 2008;
Van Roy et al., 2010). Horseshoe crabs are considered archetypal ‘living fossils’ due to their
low diversity and apparent morphological conservatism (Fisher, 1984; Fisher, 1990; Kin ¢
Blazejowski, 2014). However, their fossil record reveals that horseshoe crabs have in the
past exhibited a relatively high species diversity (Lamsdell, in press) and a greater variation in
both morphology and ecology (Lamisdell, 2016) than their modern representatives (Fig. 1).
Although three of the four modern horseshoe crab species are distributed mainly along
the coast of Indonesia and the Bay of Bengal, with one species extending into the South
and East China Seas, the American horseshoe crab Limulus polyphemus (Linnaeus, 1758) is
found on the Atlantic coast of North America and the Gulf of Mexico, hinting at a more
complex biogeographic history that is borne out by the global distribution of the horseshoe
crab fossil record (Fig. 2).

Although there have been several studies on the phylogenetic relationships of the extant
horseshoe crab species (Shishikura et al., 1982; Xia, 2000; Kamaruzzaman et al., 20115
Obst et al., 2012; Baek et al., 2014; Periasamy, Ingole ¢ Meena, 2017; Shingate et al., 2020),
analyses of fossil horseshoe crab phylogeny have until recently been limited. Anderson
& Selden (1997) undertook an analysis of Palaeozoic horseshoe crabs with a focus on
synziphosurines, which were at the time considered to be horseshoe crabs with freely
articulating body segments, although subsequent analysis has shown the synziphosurines
are a polyphyletic collection of euchelicerates that do not resolve within the xiphosuran
clade (Lamsdell, 2013; Lamsdell et al., 2015; Selden, Lamsdell & Liu, 2015). More recently,
phylogenetic analysis of extant and fossil limuloid xiphosurans suggested that molecular
rate estimates for the living species were significantly underestimating their divergence times
(Lamsdell & McKenzie, 2015). Subsequent analyses have expanded the taxon sampling to
encompass all major xiphosuran clades in order to study the relationship between ecological
occupation and morphological disparity (Lamsdell, 2016) and ecological occupation and
heterochronic trends (Larmsdell, 2020). These investigations suggested that a number of
xiphosuran genera were para- or polyphyletic, as well as inferring major revisions to
xiphosuran higher-level taxonomy. In particular, several Permian-Triassic freshwater
species were shown to resolve in a distinctive clade with the aberrant Austrolimulus, while
the genera Belinurus and Euproops resolved as paraphyletic and the genera Paleolimulus
and Limulitella were revealed to be polyphyletic wastebasket taxa.

Despite the systematic revisions necessitated by the retrieved phylogenetic topologies,
no major revision of xiphosuran taxonomy has been undertaken since the publication
of the chelicerate Treatise of Invertebrate Paleontology volume, within which Stormer
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Figure 1 Representatives of the diversity of fossil Xiphosura. (A) Lunataspis aurora (MM 1-4583 —
photo credit: Graham Young); (B) Kasibelinurus amicorum (NMS G.2007.271.A, latex cast of AM F68969
—photo credit: James Lamsdell); (C) Xaniopyramis linseyi (OUM E.03994 —photo credit: Eliza Howlett);
(D) Paleolimulus signatus (YPM IP 026324 —photo credit: Jessica Utrup); (E) Patesia randalli (FMNH
PE.56581 —photo credit: James Lamsdell); (F) Euproops danae (YPM IP 000125 —photo credit: Jessica
Utrup); (G) Belinurus carwayensis (NMW 29.197.G3 —photo credit: Lucy McCobb); (H) Prestwichianella
cambrensis (NMW 29.198.G1 —photo credit: Lucy McCobb); (I) Prestwichianella rotundata (YPM IP
428963 —photo credit: Jessica Utrup); (J) Belinurus morgani (BGS GSM49362 —photo credit: Michael
Howe); (K) Mesolimulus walchi (MNHN.F.A33516 —photo credit: Christian Lemzaouda); (L) Mesolimu-
lus tafraoutensis (MSNM 126844 —photo credit: Alessandro Gerassino); (M) Rolfeia fouldenensis (NMS
G.1984.67.1B —photo credit: Andrew Ross); (N) Victalimulus mcqueeni (NMV P22410B —photo credit:
Rolf Schmidt); (O) Austrolimulus fletcheri (AM F38274 —photo credit: Matthew McCurry); (P) Tachy-
pleus syriacus (MSNM 19352 —photo credit: Alessandro Gerassino). Images in (D, F), and (I) made avail-
able under a CCO0 license courtesy of the Yale Peabody Museum, image in (K ) made available as part of
the RECOLNAT (ANR-11-INBS-0004) program, images in (C), (G, H, J), and (M) made available under a
CC BY-NC-SA 3.0 license courtesy of the GB3D type fossils database (http://www.3d-fossils.ac.uk/). Scale
bars for A—C, F-I, K-P = 10 mm; D, E, ] = 5 mm.

Full-size G4l DOL: 10.7717/peerj.10431/fig-1
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Figure 2 Geographic distribution of modern and fossil horseshoe crabs. Fossil occurrences are derived
from Dunlop, Penney ¢ Jekel (2020) for body fossils, with additional trace fossil occurrences from Patel ¢
Shringarpure (1992), Rosa et al. (1994), Pickford (1995), Wignall & Best (2000), Mikulds ¢ Mertlik (2002),
Buta et al. (2005), Lermen (2006), Chakraborty ¢ Bhattacharya (2012), Hasiotis, Flaig & Jackson (2012),
Ferndndez & Pazos (2013), Naurstad (2014), Lerner & Lucas (2015), Alberti, Fiirsich ¢ Pandey (2017), and
Mujal et al. (2018). Limulus polyphemus is represented by YPM 1Z 055605 (male) and YPM 1Z 070174
(female), Carcinoscorpius rotundicauda by YPM IZ 055595 (male) and YPM IZ 055574 (female), Tachy-
pleus gigas by YPM 1Z 055578 (male) and YPM 1Z 055570 (female), and Tachypleus tridentatus by YPM
17 055581 (male) and YPM IZ 055576 (female). Photo credit for all specimens: James Lamsdell. Scale bars
= 50 mm.

Full-size & DOI: 10.7717/peerj.10431/fig-2

(1955) set out the taxonomic framework that was used for the next 60 years. While
the higher-level taxonomy of Xiphosura was updated to accommodate the phylogenetic
topology (Lamsdell, 2016), no in-depth diagnoses of the higher taxa was attempted,
and no diagnostic revision of genera was undertaken. Given that many paleobiological
meta-analyses operate at the genus level (Hendricks et al., 2014) and that Xiphosura is

a clade of particular interest to evolutionary biologists (Renwick, 1968; Barthel, 1974;
Fisher, 1981; Fisher, 1984; Fisher, 1990; Mattei et al., 2010; Faurby et al., 2011; Haug et al.,
2012; Kin ¢ Blazejowski, 2014; Moreau et al., 2014; Gopel & Wirkner, 2015; Lamsdell, 2016;
Lamsdell, 2020; Lamsdell, in press; Periasamy, Ingole & Meena, 2017; Shingate et al., 2020),
it is critical that the lower-level taxonomy of horseshoe crabs also be revised in line with
their phylogenetic relationships.

Here, I present a further expanded phylogenetic analysis of Xiphosura and revise the
taxonomy of the group down to the genus level. Revised diagnoses are presented for all
xiphosuran genera, and a new species of horseshoe crab from the Triassic of Madagascar
is named. A taxonomic revision such as this represents a necessary step towards full
integration of the extensive xiphosuran fossil record into study of the modern horseshoe
crab species, which are themselves under threat from numerous human activities including
harvesting as bait for eel and conch fisheries (Biarnchini, Sorensen ¢ Winn, 1981; Berkson &
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Shuster, 1999; Botton et al., 2015) and the biomedical industry (Rudloe, 1983), infringement
on their spawning grounds (Nelson et al., 2016; Pati et al., 2017), and the potential for a total
loss of breeding grounds due to human engineered stabilization of coastal environments
through groins, barriers and bulkheads which will halt the natural landward progression of
beach-marsh systems as sea level rises due to global temperature increases (Botton, Loveland
& Jacobsen, 1988; Botton, 2001; Berkson et al., 2009; Hsieh & Chen, 2009). Understanding
the evolutionary history of lineages can inform us how they have historically respond to
extinction pressures and potentially aid us in predicting the responses of modern species
to habitat loss and climate change, and could aid in guiding future conservation policy
(Dietl et al., 2015; Kosnik ¢ Kowalewski, 2016).

MATERIALS & METHODS

The phylogeny of Xiphosura was analyzed through an expanded version of the latest
iteration of the chelicerate character matrix of Lamsdell (2020), derived incrementally from
previous analyses of broader euchelicerate relationships (Lamisdell, 2013; Lamsdell, 2016;
Lamsdell ¢ McKenzie, 2015; Lamsdell et al., 2015; Selden, Lamsdell ¢~ Liu, 2015). The matrix
comprises 259 characters coded for 158 taxa and is available in the online MorphoBank
database (O’Leary ¢ Kaufman, 2012) under the project code p3497 (accessible from
https://morphobank.org/index.php/Projects/ProjectOverview/project_id/3497) as well as
in the Supplementary Information. The species considered in this analysis have been
studied over the last decade from both direct observation of the specimens and study of
high-definition images. Over this time, species within the collections of the Yale Peabody
Museum, Chicago Field Museum, American Museum of Natural History, British Museum
of Natural History, University of Manchester Geological Museum, Senckenberg Museum
in Frankfurt, British Geological Survey in Nottingham, and National Museums of Scotland
in Edinburgh were observed directly.

Morphological terminology for character definitions follows Selden ¢ Siveter (1987),
Lamsdell (2013), Lamsdell (2016) and Lamsdell (2020) —see Fig. 3 for a basic overview of
major terms. The number of Xiphosura (sensu Lamsdell, 2013, Lamsdell, 2016) sampled
within the matrix was increased to 58 through the incorporation of the newly described
species Stilpnocephalus pontebbanus Selden, Simonetto & Marsiglio, 2019, Tasmaniolimulus
patersoni Bicknell, 2019 and Volanalimulus madagascarensis gen. et sp. nov., and the
previously unsampled species Moravurus rehori Pribyl, 1967, Pickettia carteri (Eller, 1940),
Mesolimulus sibiricus Ponomarenko, 1985, and Shpineviolimulus jakovlevi (Glushenko &
Ivanov, 1961). Three new characters (character 16, the lateral eyes being enlarged and
bulbous; character 79, pleura of seventh postantennular segment exhibiting curved,
lobe-like posterior margin; and character 84, thoracetron lateral margin crenulate) were
also added. The recently described species Xiphosuroides khakassicus Shpinev ¢ Vasilenko,
2018 was excluded from the analysis due to the species being known only from very
early (embryological) instars, the inclusion of juveniles as terminal taxa in phylogenies
having been shown to destabilize tree topologies (Lamsdell & Selden, 2013; Lamsdell &
Selden, 2015). Two other newly described species, Sloveniolimulus rudkini Bicknell et al.,
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Figure 3 Basic morphological terminology of horseshoe crabs as demonstrated by Limulus polyphe-
mus (YPM IZ 070174). Photo credit: James Lamsdell.
Full-size G4l DOI: 10.7717/peerj.10431/fig-3

2019 and Albalimulus bottoni Bicknell ¢ Pates, 2019, were not included as both species
are known from single, poorly preserved specimens lacking diagnostic characters. Three
additional species of interest were found to be unsuitable for inclusion in the analysis:
Prolimulus woodwardi Fric, 1899 is known from several specimens but none preserve
details beyond general body outline; Paleolimulus jurassenensis Chernyshev, 1933 is known
from a single specimen preserving little of the details of the prosoma or thoracetron;
and Limulitella volgensis Ponomarenko, 1985 is known from multiple specimens that again
preserve little detail of the dorsal morphology. Finally, the enigmatic arthropod and possible
xiphosurid Duraznovis gallegoi Lara et al., 2020 has recently been reinterpreted as the head
of a cicadomorph insect (Fu & Huang, 2020), and so was not included in the analysis.
Tree inference was performed as in Lamsdell (2020), via Bayesian inference through
Markov-Chain Monte Carlo analyses implemented in MrBayes 3.2.7a (Huelsenbeck ¢
Ronquist, 2001). The dataset was analyzed through four independent runs of 100,000,000
generations and four chains each under the maximum likelihood model for discrete
morphological character data with gamma-distributed rate variation among sites (Mkv +
I": Lewis, 2001). Characters were treated as unordered with equal weighting (Congreve ¢
Lamsdell, 2016). Trees were sampled every 100 generations, resulting in 1,000,000 trees per
run, with the first 250,000 sampled trees (25,000,000 generations) of each run discarded as
burn-in. The 50% majority rule consensus tree was calculated from the remaining 750,000
sampled trees across all four runs, representing the optimal summary of phylogenetic
relationships given the available data (Holder, Sukumaran & Lewis, 2008). The frequency at
which a clade occurred among the sampled trees included in the consensus tree was used to
calculate posterior probabilities. The matrix was also analyzed under maximum parsimony
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using TNT (Goloboff, Farris & Nixon, 2008) (made available with the sponsorship of the
Willi Hennig Society). The search strategy employed 100,000 random addition sequences
with all characters unordered and of equal weight (Congreve & Lamsdell, 2016), each
followed by tree bisection-reconnection (TBR) branch swapping (the mult command in
TNT). Jackknife (Farris et al., 1996), Bootstrap (Felsenstein, 1985) and Bremer (Bremer,
1994) support values were also calculated in TNT. Bootstrapping was performed with 50%
resampling for 1,000 repetitions, while jackknifing was performed using simple addition
sequence and tree bisection-reconnection branch swapping for 1,000 repetitions with 33%
character deletion.

The electronic version of this article in Portable Document Format (PDF) will represent
a published work according to the International Commission on Zoological Nomenclature
(ICZN), and hence the new names contained in the electronic version are effectively
published under that Code from the electronic edition alone. This published work
and the nomenclatural acts it contains have been registered in ZooBank, the online
registration system for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be
resolved and the associated information viewed through any standard web browser by
appending the LSID to the prefix http://zoobank.org/. The LSID for this publication
is: urn:lsid:zoobank.org:pub:3653AFDA-318D-4A1D-9E24-4F9F3D30C424. The online
version of this work is archived and available from the following digital repositories: Peer],
PubMed Central and CLOCKSS.

RESULTS

Analysis of the character matrix resulted in a phylogenetic hypothesis concordant with
that of Lamsdell (2020), with Bayesian inference and maximum parsimony once again
retrieving a congruent tree topology (Fig. 4). Lunataspis (Fig. 1 A) resolves as the most basal
xiphosuran, befitting its stratigraphic occurrence in the Ordovician, with Kasibelinurus
amoricum (Fig. 1B) in turn positioned as the sister taxon to Xiphosurida, comprising all
other xiphosurans. Xiphosurida is split into two large clades, Belinurina and Limulina.
Within Belinurina, the genera Belinurus and Euproops are once more demonstrated to
be paraphyletic, with Belinurus grading towards Euproops, which in turn grades towards
a clade composed of the highly paedomorphic taxa Liomesaspis, Anacontium, Pringlia,
and Alanops. The non-monophyly of Belinurus and Euproops is now well-supported and
validates the practice of earlier researchers to assign Belinurus and Euproops species to up
to five different genera (Baily, 1859; Cockerell, 1905; Raymond, 1944; Fig. 5).

Limulina is composed primarily of three clades; Paleolimulidae, Austrolimulidae, and
Limulidae. Tasmaniolimulus is confirmed as a member of Austrolimulidae, resolving as
the sister taxon to a clade comprising the majority of the austrolimulids (Psammolimulus,
Dubbolimulus, Vaderlimulus, Austrolimulus, ‘Paleolimulus’ fuchsbergensis (Fig. 6B), and
Limulitella sensu stricto). The newly described Volanalimulus madagascarensis gen. et sp.
nov. (Fig. 6E) is placed at the base of the tachypleine limulid clade, which includes the
extant Carcinoscorpius and Tachypleus along with the extinct Heterolimulus. Heterolimulus
is again retrieved as a distinct genus to Tachypleus and Casterolimulus once again resolves
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Figure 4 Bayesian phylogeny of xiphosurans, with taxonomic assignments of major clades shown.
Bayesian posterior probabilities are shown below each node. As well as the higher taxa labelled in the fig-
ure, two important clades are Xiphosurida (comprising Belinurina and Limulina) and Limuloidea (com-
posed of Valloisella, Austrolimulidae, and Limulidae). The topology of the strict consensus tree derived

from the parsimony analysis is identical to that of the Bayesian phylogeny shown here.
Full-size &l DOI: 10.7717/peer;j.10431/fig-4

as sister taxon to Victalimulus within Limulidae rather than an austrolimulid (following
Lamsdell, 2020, contra Lamsdell ¢ McKenzie, 2015; Lamsdell, 2016).

Several limulid genera are confirmed as polyphyletic, corroborating the results
of previous analyses (Lamsdell ¢» McKenzie, 2015; Lamsdell, 2016; Lamsdell, 2020).
Paleolimulus, as historically defined, includes species resolving both within Paleolimulidae
and Austrolimulidae. The type species, Paleolimulus signatus (Beecher, 1904) (Fig. 1D), and
Paleolimulus kunguricus Naugolnykh, 2017 comprise the only true members of Paleolimulus,
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Figure 5 Diagrammatic representation of belinurine genera comprised of species previously assigned
to Belinurus or Euproops. Diagrammatic representation of belinurine genera comprised of species previ-
ously assigned to Belinurus (A-D) or Euproops (E-G). A, Belinurus, as represented by Belinurus bellulus; B,
Koenigiella, as represented by Koenigiella reginae; C, Macrobelinurus, as represented by Macrobelinurus ar-
cuatus; D, Parabelinurus, as represented by Parabelinurus lunatus; E, Euproops, as represented by Euproops
danae; ¥, Andersoniella, as represented by Andersoniella longispina; G, Prestwichianella, as represented by
Prestwichianella anthrax.

Full-size & DOI: 10.7717/peerj.10431/fig-5

with ‘Paleolimulus’ woodae Lerner, Lucas ¢ Mansky, 2016 (Fig. 6A) representing a distinct
genus within Paleolimulidae. ‘Paleolimulus’ longispinus Schram, 1979 (Fig. 6C), meanwhile,
resolves at the base of the austrolimulids and represents another new genus. The genus
Limulitella resolves as an austrolimulid and contains the type species, Limulitella bronni
Schimper, 1853, and the recently described Limulitella tejraensis Blazejowski et al., 2017.
Two other Limulitella species resolve within the Limulidae; ‘Limulitella’ henkeli Fritsch,
1906 as the congeneric sister species to Yunnanolimulus luopingensis Zhang et al., 2009, and
‘Limulitella’ vicensis Bleicher, 1897 (Fig. 6D) representing a new genus closely related to
Mesolimulus, Victalimulus, and Casterolimulus. Patesia randalli (Beecher, 1902), previously
considered a species of Kasibelinurus, resolves as a distinct genus at the base of the
Belinurina. Finally, Limulus is shown to be polyphyletic, with several fossil species resolving
outside of the clade including the living type species, Limulus polyphemus (Linnaeus, 1758).
‘Limulus’ darwini Kin ¢ Blazejowski, 2014 is congeneric with Crenatolimulus paluxyensis
Feldmann et al., 2011, while ‘Limulus’ woodwardi Watson, 1909 (Fig. 6F) resolves as a novel
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Figure 6 Representatives of newly named xiphosurid genera, excluding belinurines. (A) Norilimulus
woodae (NSM 005GF045.374 —photo credit: Allan Lerner); (B) Batracholimulus fuchsbergensis (SMF VII
1311 —photo credit: Norbert Hauschke) (C) Boeotiaspis longispinus (ROM IP 45851 —photo credit: David
Rudkin); (D) Keuperlimulis vicensis (MAN 8240 —photo credit: Lukds Laibl); (E) Volanalimulus madagas-
carensis (TUCP Ch.5 —photo credit: Carsten Brauckmann); (F) Allolimulus woodwardi (MMUP L.8627 —
photo credit: David Gelsthorpe). Images in B and D reproduced from Bicknell ¢ Pates (2020) under a CC
BY 4.0 license. Scale bars for A =2 mm; B =2 mm; C-F = 10 mm.

Full-size Gl DOI: 10.7717/peerj.10431/fig-6

genus with close affinities to Victalimulus and Casterolimulus. Limulus coffini Reeside ¢
Harris, 1952 remains as the only extinct species demonstrably assignable to the genus.

The consistency of the tree topology over five years of analyses along with the concordant
tree topologies retrieved via Bayesian inference and parsimony optimality criteria provide
a strong rationale for a systematic revision of the genus-level taxonomy of Xiphosura,
building upon previous higher-level taxonomic revisions (Lamsdell ¢» McKenzie, 2015;
Lamsdell, 2016).

Systematic Palaeontology

Subphylum CHELICERATA Heymons, 1901
Class XIPHOSURA Latreille, 1802
[=MEROSTOMATA Dana, 1852]

Included taxa. Lunataspis Rudkin, Young ¢» Nowlan, 2008; Kasibelinuridae Pickett, 1993;
Xiphosurida Latreille, 1802.

Distribution. Ordovician—recent; worldwide. Fossil representatives known from every
major continent, including fossil trackways in Antarctica (see Fig. 2).
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Emended diagnosis. Chelicerata with unfused appendage VII; cardiac lobe extending
anteriorly beyond the posterior half of carapace; vaulted prosomal shield covering
appendages dorsally and laterally; width of opisthosomal axis equal to that of cardiac
lobe; segments VIII-XIV fused into thoracetron (after Lamsdell, 2016).

Remarks. Elleria Raymond, 1944, comprising the single species Elleria morani (Eller, 1938a),
is known from a single incomplete specimen interpreted as a partial thoracetron. The
specimen comes from the Upper Devonian of the marine Venango Formation and so
could be important as one of the few Devonian xiphosurans known; however, the ring-like
morphology of the axial region, complete with axial nodes, and the curvature of the
tergite boundaries are not comparable to any known xiphosuran. Instead, Elleria morani
most likely represents a damaged trilobite pygidium, and as such it is here removed from
Xiphosura. Other putative xiphosurans from the Middle Ordovician of the Czech Republic,
Archeolimulus hanusi Chlupdc, 1963 and Drabovaspis complexa Chlupdc, 1963, are bradoriid
arthropods and are also excluded from Xiphosura.

Lunataspis Rudkin, Young & Nowlan, 2008
(Fig. 1A)

Type and only species. Lunataspis aurora Rudkin, Young ¢ Nowlan, 2008.

Distribution. Ordovician; Canada.

Emended diagnosis. Xiphosura with lunate prosomal shield; ophthalmic ridges weak,
flanking low cardiac lobe; posterior margin of prosomal shield bowed forward in shallow,
blunt V-shaped embayment between broad-based genal spines; subpentagonal thoracetron
composed of seven tergites; metasoma composed of three tergites; telson lanceolate,
depressed triangular in cross section.

Family KASIBELINURIDAE Pickett, 1993

Type genus. Kasibelinurus Pickett, 1993.

Included genus. Pickettia Bicknell, Lustri & Brougham, 2019.

Distribution. Devonian; Australia and United States.

Emended diagnosis. Xiphosura with triangular thoracetron, narrowing evenly towards the
posterior and terminating in enlarged pretelson.

Kasibelinurus Pickett, 1993

(Fig. 1B)
Type and only species. Kasibelinurus amicorum Pickett, 1993.
Distribution. Devonian; Australia.
Emended diagnosis. Kasibelinurid with broad prosomal shield possessing short genal
spines; cardiac lobe defined by strongly impressed cardiac furrow; thoracetron triangular,
narrowing evenly towards the posterior; thoracetron lacking axial nodes.

Pickettia Bicknell, Lustri ¢ Brougham, 2019

Type and only species. Bellinurus carteri Eller, 1940.

Distribution. Devonian; United States.

Emended diagnosis. Kasibelinurid with broad prosomal shield possessing short genal
spines; cardiac lobe defined by strongly impressed cardiac furrow; thoracetron triangular,
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narrowing evenly towards the posterior; thoracetron axis equal in width to ophthalmic
ridges; thoracetron lacking axial nodes.

Order XIPHOSURIDA Latreille, 1802

Included taxa. Belinurina Zittel in Zittel ¢ Eastman, 1913; Limulina Richter ¢» Richter, 1929.
Distribution. Devonian—recent; worldwide.

Emended diagnosis. Xiphosura with sagittal keel on prosomal shield; postabdomen
comprising a single segment (after Lamsdell, 2016).

Suborder BELINURINA Zittel in Zittel ¢ Eastman, 1913

Included taxa. Belinuridae Zittel in Zittel ¢ Eastman, 1913.

Distribution. Devonian—Permian; Canada, Czech Republic, France, Germany, Italy, Korea,
Poland, Russia, Ukraine, United Kingdom, and United States.

Emended diagnosis. Xiphosurida with trunk doublure dorsally delineated by furrow;
tergopleurae present on posterior tergites; thoracetron lacking moveable spines; tergites
expressed dorsally on thoracetron (after Lamsdell, 2016).

Family BELINURIDAE Zittel in Zittel ¢» Eastman, 1913
[=EUPROOPIDAE Eller, 1938b; =LIOMESASPIDAE Raymond, 1944]

Type genus. Belinurus Konig, 1820 [=Bellinurus Pictet, 1846; =Steropis Baily, 1859].
Included genera. Alanops Racheboeuf, Vannier ¢ Anderson, 2002; Anacontium Raymond,
1944; Andersoniella gen. nov.; Euproops Meek, 1867; Koenigiella Raymond, 1944; Liomesaspis
Raymond, 1944; Macrobelinurus gen. nov.; Parabelinurus gen. nov.; Patesia Bicknell & Smith,
20205 Prestwichianella Cockerell, 1905 [=Prestwichia Woodward, 1867]; Pringlia Raymond,
1944 [=Palatinaspis Malz ¢ Poschmann, 1993]; Prolimulus Fric, 1899; Stilpnocephalus
Selden, Simonetto ¢ Marsiglio, 2019; Xiphosuroides Shpinev ¢ Vasilenko, 2018.
Distribution. Devonian—Permian; Canada, Czech Republic, France, Germany, Italy, Korea,
Poland, Russia, Ukraine, United Kingdom, and United States.

Emended diagnosis. As for Belinurina.

Remarks. The genera Belinurus and Euproops, as have been defined over the past few
decades, are paraphyletic. Redefining both Belinurus and Euproops to be monophyletic
validates a number of previously synonymised genera, with Prestwichianella and the new
genus Andersoniella accommodating species with a prior assignment to Euproops while
Koenigiella accommodates species that had been placed within Belinurus. Two new genera,
Macrobelinurus and Parabelinurus, incorporate the remainder of the former Belinurus
species. Conversely, the genus Xiphosuroides is most likely a synonym of one of the other
belinurine genera, however as it is currently only known from embryological instars and
does not co-occur with any other belinurine genera it is currently impossible to determine
to which genus Xiphosuroides khakassicus belongs.

Alanops Racheboeuf, Vannier ¢ Anderson, 2002

Type and only species. Alanops magnificus Racheboeuf, Vannier ¢ Anderson, 2002.
Distribution. Carboniferous; France.

Emended diagnosis. Belinurid with subhemispherical prosomal shield lacking ophthalmic
ridges and ophthalmic spines; lateral eyes located in antemesial position on the prosomal
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shield; cardiac lobe poorly differentiated, posteriorly bound by shallow furrows, effaced
anteriorly; lacking sagittal keel on prosomal shield; genal spines reduced to small cornua;
thoracetron subtriangular, strongly vaulted; tergite boundaries exhibiting no lateral
expression; opisthosomal axis displaying four segments, with conical opisthosomal boss
posteriorly; apodemal pits present on thoracetron; thoracetron lacking tergopleural fixed
spines; trunk doublure not dorsally delineated by furrow; telson long, styliform.

Anacontium Raymond, 1944

Type and only species. Anacontium carpenteri Raymond, 1944 [=Anacontium brevis
Raymond, 1944].

Distribution. Permian; United States.

Emended diagnosis. Belinurid with lateral eyes located in antemesial position on the
prosomal shield; ophthalmic ridges bowing axially posterior to the lateral eyes; lacking
sagittal keel on prosomal shield; cardiac lobe effaced anteriorly; genal spines reduced to
small cornua; tergite boundaries exhibiting no lateral expression.

Andersoniella gen. nov.

Type species. Euproops longispina Packard, 1885.

Included species. Andersoniella sp.

Etymology. Named for Lyall I. Anderson, who revitalised fossil horseshoe crab research in
the 1990s and made invaluable contributions towards resolving the taxonomy of Euproops
species.

Distribution. Carboniferous; Germany and United States.

Diagnosis. Belinurid with lateral eyes located in antemesial position on the prosomal shield;
ophthalmic ridges bowing axially posterior to the lateral eyes; cardiac lobe bordered by
dorsal furrows; ophthalmic spines positioned at posterior of ophthalmic ridges, elongated
and extending over thoracetron; tergopleural fixed spines expanded proximally, forming
opisthosomal flange; conical opisthosomal boss present.

Remarks. Andersoniella sp., the undescribed species referred to as ‘piesproops’ (Haug

et al., 2012; Haug ¢ Rotzer, 2018; Haug ¢ Haug, 2020), resolves as a genus distinct to
either Euproops or Prestwichianella. Andersoniella longispina shares the same combination
of characters as ‘piesproops’ that differentiate Andersoniella from Euproops and
Prestwichianella, specifically the antemesial position of the eyes combined with the pleural
spines extending beyond the opisthosomal flange (Fig. 5F), and is selected as type species
given the ‘piesproops’ has not yet received a formal name and description.

Belinurus Konig, 1820

[=Bellinurus Pictet, 1846; =Steropis Baily, 1859]

(Figs. 1G, 1))
Type species. Belinurus bellulus Konig, 1820.
Included species. Belinurus carwayensis Dix ¢ Pringle, 1929; Belinurus concinnus Dix &
Pringle, 1929; Belinurus grandaevus Jones ¢ Woodward, 1899; Belinurus kiltorkensis Baily,
1969; Belinurus morgani Dix ¢ Pringle, 1930; Belinurus pustulosus Dix ¢ Pringle, 1929;
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Belinurus silesiacus (Roemer, 1883); Belinurus sustai (Prantl ¢& Priibyl 1956); Belinurus
trechmanni Woodward, 1918; Belinurus trilobitoides (Buckland, 1837).

Distribution. Carboniferous; Canada, Czech Republic, Germany, and United Kingdom.
Emended diagnosis. Belinurid with axis of first thoracetron tergite medially inflated;
thoracetron ovoid to semi-circular in outline; thoracetron fixed tergopleural spines
elongate, needle-like.

Remarks. The taxonomic priority of Belinurus and its misspelling Bellinurus has been in
flux for almost 200 years. Recently, Haug ¢ Haug (2020) argued that the assumption by
Morris (1980) that Belinurus was proposed in an unpublished monograph by Konig and
that Bellinurus Pictet, 1846 had priority is mistaken, and that Konig’s monograph was
published prior to the work of Pictet. Baily (1863) confirms that Konig’s monograph was
indeed published in 1820, and so the name Belinurus Kionig, 1820 clearly has priority. As
such, the correct spelling of the family containing Belinurus is Belinuridae, as determined
by Article 35.4.1 of the International Code of Zoological Nomenclature (International
Commission on Zoological Nomenclature, 1999).

Baily (1859) proposed the new genus Steropis to accommodate the newly described
species ‘Steropis’ arcuatus along with the existing species Belinurus trilobitoides, ‘Limulus’
anthrax, and ‘Limulus’ rotundus but assigned no types species. Morris (1980) subsequently
assigned Belinurus trilobitoides as the type, following Article 69.1 of the International Code
of Zoological Nomenclature (International Commission on Zoological Nomenclature, 1999).

Euproops Meek, 1867

(Fig. 1F)
Type and only species. Bellinurus danae Meek ¢ Worthen, 1865 [=Euproops amiae
Woodward, 1918; =Euproops darrahi Raymond, 1944; =Euproops graigolae Dix ¢ Pringle,
1929; =Euproops gwenti Dix ¢ Pringle, 1929; =Euproops islwyni Dix ¢ Pringle, 1929;
=Euproops kilmersdonensis Ambrose & Romano, 1972; =Euproops laevicula Raymond, 1944;
=Euproops meeki Dix ¢ Pringle, 1929; =Euproops nitida Dix ¢» Pringle, 1929; =Euproops
packardi Willard ¢ Jones, 1935; =Prestwichia (Euproops) scheeleana Ebert, 1892; =Euproops
thompsoni Raymond, 1944; =Prestwichianella zalesskii Chernyshev, 1927].
Distribution. Carboniferous; Russia, Ukraine, and United States.
Emended diagnosis. Belinurid with ophthalmic ridges bowing axially posterior to the lateral
eyes; cardiac lobe bordered by dorsal furrows; ophthalmic spines positioned at posterior
of ophthalmic ridges, elongated and extending over thoracetron; tergopleural fixed spines
expanded proximally, forming opisthosomal flange; conical opisthosomal boss present.
Remarks. Euproops was the most speciose xiphosuran genus, however a dozen species have
since been shown to be synonyms of the type species Euproops danae (Anderson, 1994; Haug
et al., 2012), and the majority of the remaining species should be assigned to the genus
Prestwichianella (Fig. 5E). Euproops now comprises only Euproops danae, a cosmopolitan
species known from multiple localities across Europe and North America.

Koenigiella Raymond, 1944
Type species. Bellinurus reginae Baily, 1863.
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Included species. Koenigiella baldwini (Woodward, 1907); Koenigiella koenigianus
(Woodward, 1872); Koenigiella longicaudatus (Woodward, 1907); Koenigiella truemani
(Dix & Pringle, 1929) .

Distribution. Carboniferous; Germany, Poland, and United Kingdom.

Diagnosis. Belinurid with ophthalmic ridges slightly bowing axially posterior to the lateral
eyes; genal spines drawn out, equal in length to thoracetron; thoracetron axis broad, equal
in width to ophthalmic ridges; thoracetron subtriangular in outline; thoracetron fixed
tergopleural spines elongate, needle-like.

Remarks. Koenigiella represents the other main clade within the ‘Belinurus’ grade
belinurines, comprising belinurines lacking ophthalmic spines with a subtriangular
thoracetron (Fig. 5B).

Liomesaspis Raymond, 1944

Type and only species. Liomesaspis laevis Raymond, 1944 [=Palatinaspis beimbaueri Malz ¢
Poschmann, 1993; =Pringlia bispinosa Raymond, 1944; =Pringlia demaisterei Vandenberghe,
1960; = Pringlia fritschi Remy ¢ Remy, 1959; =Pringlia leonardensis Tasch, 1961].
Distribution. Carboniferous—Permian; France, Germany, United Kingdom, and United
States.

Emended diagnosis. Belinurid with rounded prosomal shield; lateral eyes located in
antemesial position on the prosomal shield; ophthalmic ridges bowing axially posterior
to the lateral eyes; cardiac lobe effaced anteriorly; genal spines reduced to small cornua;
ophthalmic spines positioned at posterior of ophthalmic ridges, elongated and extending
over thoracetron; tergite boundaries exhibiting no lateral expression; apodemal pits present
on thoracetron; thoracetron lacking tergopleural fixed spines; conical opisthosomal boss
present.

Macrobelinurus gen. nov.

Type and only species. Steropis arcuatus Baily, 1859.

Etymology. Macro, meaning long, affixed to Belinurus (meaning needle-tailed), in reference
to the extreme length of the telson and the morphological similarity of the genus to
Belinurus Konig, 1820.

Distribution. Carboniferous; United Kingdom.

Diagnosis. Belinurid with ophthalmic ridges bowing axially posterior to the lateral
eyes; ophthalmic spines positioned at posterior of ophthalmic ridges; thoracetron fixed
tergopleural spines elongate, needle-like.

Remarks. Macrobelinurus arcuatus is an isolated species that resolves intermediate between
the ‘Belinurus’ grade belinurines and species showing greater affinity to the ‘Euproops’
morphotype. Macrobelinurus retains the narrow, elongate tergopleural spines and does not
possess an opisthosomal boss, but exhibits the axial bowing of the ophthalmic ridges and
development of ophthalmic spines characteristic of ‘Euproops’ grade belinurines (Fig. 5C).

Parabelinurus gen. nov.

Type species. Enthomolithus lunatus Martin, 1809.
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Included species. Parabelinurus iswariensis (Chernyshev, 1928); Parabelinurus lacoei
(Packard, 1885); Parabelinurus metschetensis (Chernyshev, 1928); Parabelinurus stepanovi
(Chernyshev, 1928).

Etymology. From the Greek ma pa (similar) and Belinurus due to its close similarities to
the genus Belinurus Konig, 1820.

Distribution. Carboniferous; Russia, Ukraine, and United States.

Diagnosis. Belinurid with ophthalmic ridges bowing axially posterior to the lateral eyes;
ophthalmic spines positioned at posterior of ophthalmic ridges; thoracetron fixed
tergopleural spines elongate, needle-like; conical opisthosomal boss present; terminal
tergopleural projections fused directly to opisthosomal boss.

Remarks. Parabelinurus comprises species previously assigned to Belinurus that are closest
morphologically to the ‘Euproops’ grade belinurines, possessing an opisthosomal boss
and ophthalmic spines (Fig. 5D). The combination of these characteristics with elongate,
needle-like tergopleural spines, axially bowing ophthalmic ridges, and ophthalmic spines
mark these species as comprising a distinct genus within Belinurina. The thoracetron is also
markedly circular in outline when compared to Macrobelinurus, Belinurus, and Koenigiella.
The fusion of the terminal tergopleural projections to the opisthosomal boss potentially
serves as a synapomorphy for the genus.

Patesia Bicknell ¢ Pates, 2020

(Fig. 1E)
Type and only species. Prestwichia randalli Beecher, 1902 [=Belinurus alleganyensis Eller,
1938b).
Distribution. Carboniferous; United States.
Emended diagnosis. Belinurid with thoracetron fixed tergopleural spines elongate, needle-
like; intratergal ridges present on thoracetron segments; pretelson comprised of two
segments.
Remarks. Patesia randalli has been recognized as representing a distinct genus of xiphosurid
for almost a decade (Lamsdell, Xue ¢ Selden, 2013). Recently, the species was redescribed
as a stem xiphosurid having diverged prior to the split between Belinurina and Limulina
(Bicknell & Smith, 2020). The diagnosis given for the genus, based solely on the type
material, interpreted a number of characteristics (such as fixed pleural spines) as absent
although the corresponding regions are not preserved on the material studied. Additional
material in the process of being described confirms Patesia as a member of Belinurina and
forms the basis for the emended diagnosis.

Prestwichianella Cockerell, 1905

[=Prestwichia Woodward, 1867 (preoccupied)]

(Figs. 1H, 11)
Type species. Limulus anthrax Prestwich, 1840.
Included species. Prestwichianella bifida (Siegfried, 1972); Prestwichianella cambrensis (Dix
¢ Pringle, 1929); Prestwichianella rotundata (Prestwich, 1840); Prestwichianella mariae
(Cronier ¢ Courville, 2005); Prestwichianella (2) orientalis (Kobayashi, 1933).
Distribution. Carboniferous; France, Germany, Korea, Poland, and United Kingdom.
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Emended diagnosis. Belinurid with lateral eyes located in antemesial position on the
prosomal shield; ophthalmic ridges bowing axially posterior to the lateral eyes; ophthalmic
spines positioned at posterior of ophthalmic ridges, elongated and extending over
thoracetron; cardiac lobe with quadrate anterior expansion; tergopleural fixed spines
expanded proximally, forming opisthosomal flange; pleural spines reduced beyond
opisthosomal flange; conical opisthosomal boss present.
Remarks. Prestrichianella is comprised of species previously included within Euproops that
have reduced pleural spines and laterals eyes located antemesially on the prosomal shield
and plot phylogenetically closest to the highly paedomorphic belinurines such as Alanops
and Pringlia (Fig. 5G).

Pringlia Raymond, 1944

Type and only species. Prestwichia birtwelli Woodward, 1872.

Distribution. Carboniferous; United Kingdom.

Emended diagnosis. Belinurid with lateral eyes located in antemesial position on the
prosomal shield; lacking sagittal keel on prosomal shield; lacking ophthalmic ridges;
cardiac lobe effaced anteriorly; genal spines reduced to small cornua; tergite boundaries
exhibiting no lateral expression; apodemal pits present on thoracetron; thoracetron lacking
tergopleural fixed spines; trunk doublure not dorsally delineated by furrow; conical
opisthosomal boss present.

Remarks. Pringlia shows strong similarities to Prolimulus Fric, 1899, and the two genera
may be synonyms, in which case the genus Prolimulus would have priority. However, the
available material of Prolimulus is too incomplete to warrant a broader taxonomic revision
at this time.

Prolimulus Fric, 1899

Type and only species. Prolimulus woodwardi Fric, 1899.

Distribution. Carboniferous; Czech Republic.

Emended diagnosis. Belinurid with genal spines reduced; tergite boundaries exhibiting no
lateral expression; thoracetron lacking tergopleural fixed spines.

Remarks. The available specimens of Prolimulus are poorly preserved, and express little
in the way of characteristics other than a general round outline to the prosoma and
thoracetron and a lack of genal and pleural spines. The available material appears to show
a strong affinity to Alanops and Pringlia, and there could be an argument for synonymising
Prolimulus with one of these genera. Lacking more complete material of Prolimulus,
however, it is considered best to currently retain all three as valid genera within Belinuridae.

Stilpnocephalus Selden, Simonetto ¢ Marsiglio, 2019

Type and only species. Stilpnocephalus pontebbanus Selden, Simonetto ¢ Marsiglio, 2019.
Distribution. Carboniferous; Italy.

Emended diagnosis. Belinurid with large, highly vaulted, strongly effaced prosomal shield,
lacking ophthalmic ridges, genal spines, and ophthalmic spines.

Xiphosuroides Shpinev & Vasilenko, 2018
Type and only species. Xiphosuroides khakassicus Shpinev ¢ Vasilenko, 2018.
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Distribution. Carboniferous; Russia.
Emended diagnosis. Belinurid with embryonic prosomal shield rounded pentagonal in
shape and elongated genal spines; embryonic cardiac lobe narrow; embryonic thoracetron
with narrow axis and elongated posterior pleural spines.
Remarks. Xiphosuroides, known only from embryonic individuals, is most likely a junior
synonym of one of the other belinurid taxa. However, Xiphosuroides is the only xiphosurid
known from its type locality, and given the lack of embryonic individuals known from any
other belinurine genus it would be imprudent to synonymise Xiphosuroides at this time,
and so it is retained here as Belinurina incertae sedis.

Suborder LIMULINA Richter ¢ Richter, 1929

Included taxa. Bellinuroopsis Chernyshev, 1933 [=Neobelinuropsis Eller, 1938a]; Limuloidea
Zittel, 1885; Paleolimulidae Raymond, 1944; Rolfeiidae Selden ¢ Siveter, 1987.
Distribution. Devonian—recent; worldwide.

Emended diagnosis. Xiphosurida with the tergites of somites XIV-XV fused; articulating
flange present on lateral region of prosomal/opisthosomal joint (after Lamsdell, 2016).

Bellinuroopsis Chernyshev, 1933
[= Neobelinuropsis Eller, 1938a]

Type and only species. Bellinuroopsis rossicus Chernyshev, 1933.

Distribution. Devonian; Russia.

Emended diagnosis. Limuline with wedge-shaped cardiac lobe; thoracetron rounded,
composed of eight segments with pleural spines; transverse ridge nodes present on
thoracetron.

Family ROLFEIIDAE Selden ¢ Siveter, 1987

Type and only genus. Rolfeia Waterston, 1985.

Distribution. Carboniferous; United Kingdom.

Emended diagnosis. Limulina with transverse ridge nodes present on thoracetron;
thoracetron with moveable lateral spines (after Lamsdell, 2016).

Rolfeia Waterston, 1985

(Fig. 1IM)
Type and only species. Rolfeia fouldensis Waterston, 1985.
Distribution. Carboniferous; United Kingdom.
Emended diagnosis. Rolfeiid with lateral eyes positioned at apex of ophthalmic ridge that
subsequently turns inwards; rounded thoracetron; opercular tergite distinct and produced
into enlarged free lobes; thoracetron composed of six segments with enlarged pleural
spines; moveable spines present, small.

Family PALEOLIMULIDAE Raymond, 1944
[=MORAVURIDAE Pribyl, 1967]

Type genus. Paleolimulus Dunbar, 1923.
Included genera. Moravurus Pribyl, 1967; Norilimulus gen. nov.; Xaniopyramis Siveter ¢
Selden, 1987.
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Distribution. Carboniferous—Permian; Canada, Czech Republic, Russia, United Kingdom,
and United States.

Emended diagnosis. Limulina with pyramidal cheek node; interophthalmic ridges on
prosomal shield; thoracetron with free lobes; moveable lateral spines present on
thoracetron; transverse ridge nodes present on thoracetron (after Lamsdell, 2016).

Moravurus Pribyl, 1967.

Type and only species. Moravurus rehori Pribyl, 1967.

Destribution. Carboniferous; Czech Republic.

Emended diagnosis. Paleolimulid with semi-crescentic thoracetron; abaxial ridge present
along length of thoracetron; pleura reduced.

Norilimulus gen. nov.

(Fig. 6A)
Type and only species. Paleolimulus woodae Lerner, Lucas ¢ Mansky, 2016.
Etymology. From the Greek vwptg (early), referring to its occurrence as the oldest known
paleolimulid, and -limulus, which has become something of a traditional epithet for fossil
horseshoe crab species.
Distribution. Carboniferous; Canada.
Diagnosis. Paleolimulid with narrow genal spines; broad genal grooves ending in triangular-
shaped termination; lacking interophthalmic ridges on prosomal shield; pleura of free lobe
developed into a laterally extended distal spine; abaxial ridge present along length of
thoracetron.
Remarks. Norilimulus is distinct from Paleolimulus in lacking interophthalmic ridges on its
prosomal shield. The overall condition of the prosoma and thoracetron is more similar to
Moravurus and Xaniopyramis, however the lack of transverse ridge nodes mark the genus
as distinct from the other paleolimulids.

Paleolimulus Dunbar, 1923

(Fig. 1D)
Type species. Prestwichia signata Beecher, 1904 [=Paleolimulus avitus Dunbar, 1923].
Included species. Paleolimulus (?) juresanensis Chernyshev, 1933; Paleolimulus kunguricus
Naugolnykh, 2017.
Distribution. Carboniferous—Permian; Russia and United States.
Emended diagnosis. Paleolimulid with interophthalmic ridges clustered around anterior of
cardiac lobe; thoracetron markedly triangular.
Remarks. The species Paleolimulus (2) juresanensis, from the Permian of Russia, is known
from a single poorly preserved specimen. While the general outline of the body is consistent
with that of Paleolimulus, only the telson is preserved in any detail and the species is retained
within the genus only with reservations.

Xaniopyramis Siveter & Selden, 1987

(Fig. 1C)
Type and only species. Xaniopyramis linseyi Siveter ¢ Selden, 1987.
Distribution. Carboniferous; United Kingdom.
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Emended diagnosis. Paleolimulid with narrow genal spines; fourth axial ridge of thoracetron
extended abaxially into a transverse pleural ridge; abaxial ridge present along length of
thoracetron; pleural spines reduced, moveable spines long and narrow.

Superfamily LIMULOIDEA Zittel, 1885

Included taxa. Valloisella Racheboeuf, 1992; Austrolimulidae Rick, 1955; Limulidae Zittel,
1885.

Distribution. Carboniferous—recent; worldwide.

Emended diagnosis. Limulina with thoracetron showing no lateral expression of individual
tergites; moveable spines present on thoracetron; thoracetron with free lobes (after Lamsdell,
2016).

Valloisella Racheboeuf, 1992

Type and only species. Valloisella lievinensis Racheboeuf, 1992.

Distribution. Carboniferous; France and United Kingdom.

Emended diagnosis. Limuloid with elongate prosomal shield; genal spines elongate, narrow;
opisthosomal axis hourglass-shaped, with carinate medial ridge running along its length;
opisthosoma possessing six pairs of moveable spines.

Family AUSTROLIMULIDAE Riek, 1955
[=DUBBOLIMULIDAE Pickett, 1984]

Type genus. Austrolimulus Riek, 1955.

Included genera. Batracholimulus gen. nov.; Boeotiaspis gen. nov.; Dubbolimulus Pickett,
1984; Limulitella Stormer, 1952 [= Limulites Schimper, 1853]; Panduralimulus Allen ¢
Feldmann, 2005; Psammolimulus Lange, 1922; Shpineviolimulus Bicknell, Naugolnykh ¢
Brougham, 2020; Tasmaniolimulus Bicknell, 2019; Vaderlimulus Lerner, Lucas ¢ Lockley,
2017.

Distribution. Carboniferous—Triassic; Australia, France, Germany, Tunisia, Russia, Ukraine,
and United States.

Emended diagnosis. Limuloidea with apodemal pits present on thoracetron; thoracetron
lacking tergopleural fixed spines; posteriormost thoracetron tergopleurae swept back and
elongated to form ‘swallowtail’; axis of thoracetron bearing dorsal keel (after Lamsdell,
2016).

Austrolimulus Riek, 1955
(Fig. 10)

Type and only species. Austrolimulus fletcheri Riek, 1955.

Distribution. Triassic; Australia.

Emended diagnosis. Austrolimulid with elongate, laterally oriented genal spines equal
in length to the prosoma and thoracetron combined; enlarged, bulbous lateral eyes;
ophthalmic ridges subdued anterior to lateral eyes; thoracetron smaller than prosomal
shield, triangular without dorsal keel, lacking pleural spines or posterior ‘swallowtail’.
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Boeotiaspis gen. nov.
(Fig. 6C)

Type and only species. Paleolimulus longispinus Schram, 1979.

Etymology. Named after the Boeotian shield carried by warriors in ancient Greece, which
the animal resembles with its broadly symmetrical prosoma and thoracetron. The suffix
aspis meaning shield is applied, although the aspis was of a design distinct to the Boeotian
shield.

Distribution. Carboniferous; United States.

Diagnosis. Austrolimulid with semi-circular prosomal shield; genal spines short but
marginally splayed; thoracetron rounded; fixed pleural spines present; moveable spines
greatly elongated; pretelsonic segment flanked by pair of elongating spines but not
developed into ‘swallowtail’.

Remarks. ‘Paleolimulus’ longispinus is another species that has long been in need of a distinct
generic assignment (Waterston, 1985; Anderson & Selden, 1997; Babcock & Merriam, 2000;
Lamsdell, 2016; Lamsdell, 2020; Lerner, Lucas ¢ Mansky, 2016; Lerner, Lucas & Lockley,
2017), a situation rectified here.

Batracholimulus gen. nov.

(Fig. 6B)
Type and only species. Paleolimulus fuchsbergensis Hauschke ¢» Wilde, 1987.
Etymology. From the Greek Batpa xog (frog), given the frog-like countenance afforded
by the enlarged, posteriorly positioned lateral eyes, and -limulus.
Distribution. Triassic; Germany.
Diagnosis. Austrolimulid with short, splayed genal spines; enlarged, bulbous lateral eyes
located posteriorly on prosomal shield; thoracetron triangular, gently curving after first
few segments; lateral ridge running along fulcrum; small ‘swallowtail’ present.
Remarks. ‘Paleolimulus’ fuchsbergensis has been recognized to represent a novel genus
of austrolimulid for several years (Anderson ¢ Selden, 1997; Babcock ¢ Merriam, 2000;
Lamsdell, 2016; Lamsdell, 2020; Lerner, Lucas & Mansky, 2016; Lerner, Lucas ¢ Lockley,
2017) and is finally elevated as such here.

Dubbolimulus Pickett, 1984

Type and only species. Dubbolimulus peetae Pickett, 1984.

Distribution. Triassic; Australia.

Emended diagnosis. Austrolimulid with semi-circular prosomal shield; prosomal shield
shallow, splayed; enlarged, bulbous lateral eyes; ophthalmic ridges subdued anterior to
lateral eyes; genal spines short; thoracetron small, approximately equal in total width to
the ophthalmic ridges; thoracetron lateral margin smoothly curved, lacking pleural spines.

Limulitella Stormer, 1952
[= Limulites Schimper, 1853 (preoccupied)]
Type species. Limulites bronni, Schimper, 1853 [=Limulus sandbergeri Kirchner, 1923].

Included species. Limulitella (?) liasokeuperensis (Braun, 1860); Limulitella tejraensis
Blazejowski et al., 2017; Limulitella (?) volgensis Ponomarenko, 1985.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 21/45


https://peerj.com
http://dx.doi.org/10.7717/peerj.10431

Peer

Distribution. Triassic; France, Germany, Tunisia, and Russia.

Emended diagnosis. Austrolimulid with enlarged, bulbous lateral eyes; thoracetron
subtriangular, showing no expression of individual tergites; lateral ridge running along
fulcrum; abdominal segment not differentiated dorsally by groove.

Remarks. Both Limulitella (?) volgensis and Limulitella (?) liasokeuperensis, from the Triassic
of Russia and Germany respectively, are of uncertain generic affinity, being fragmentarily
preserved. The morphology of the cardiac lobe in both species may support an assignment
to Limulitella, however this is not enough to assign them to the genus without reservation.

Panduralimulus Allen ¢ Feldmann, 2005

Type and only species. Panduralimulus babcocki Allen ¢~ Feldmann, 2005.

Distribution. Permian; United States.

Emended diagnosis. Austrolimulid with violin-shaped cardiac lobe; ophthalmic ridge
parabolic, smoothly curving; thoracteron free lobes pronounced, posteriorly directed;
thoracetron lacking pleural spines except posteriormost pair, which are elongated.

Psammolimulus Lange, 1922

Type and only species. Psammolimulus gottingensis Lange, 1922.

Distribution. Triassic; Germany.

Emended diagnosis. Austrolimulid with elongated genal spines extending to posterior of
thoracetron; enlarged, bulbous lateral eyes; thoracetron trapezoidal, showing no expression
of individual tergites; free lobe produced into distinct cornua; moveable spines short, robust;
lacking pleural spines except for posteriormost pair, which are enlarged.

Shpineviolimulus Bicknell, Lustri & Brougham, 2019

Type and only species. Paleolimulus jakovlevi Glushenko ¢ Ivanov, 1961.

Distribution. Permian; Ukraine.

Emended diagnosis. Austrolimulid with semi-circular prosomal shield; genal spines short
but marginally splayed; occipital lobes inflated, extend to tips of genal spines; fixed pleural
spines absent; pretelsonic segment flanked by pair of elongating spines but not developed
into ‘swallowtail’.

Tasmaniolimulus Bicknell, 2019

Type and only species. Tasmaniolimulus patersoni Bicknell, 2019.

Distribution. Permian; Australia.

Emended diagnosis. Austrolimulid with genal spines extending posteriorly to posterior
margin of thoracetron without substantial splay; ophthalmic ridges forming prominent
‘m’ shape; thoracetron smaller than cephalothorax.

Vaderlimulus Lerner, Lucas ¢ Lockley, 2017

Type and only species. Vaderlimulus tricki Lerner, Lucas & Lockley, 2017.

Distribution. Triassic; United States.

Emended diagnosis. Austrolimulid with semicircular prosoma; enlarged, bulbous lateral
eyes; ophthalmic ridges subdued anterior to lateral eyes; large posterolaterally directed
genal spines terminate approximately in-line with the telson boss; thoracetron length
slightly more than half that of the prosoma, lacking dorsal keel; free lobes laterally extend
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to a distance that is approximately equal to thoracetron length; pleural spines absent except
for posterior pair which are short and broad; telson at least equal in length to the remainder

of the body.
Family LIMULIDAE Zittel, 1885

[=MESOLIMULIDAE Starmer, 1952; =HETEROLIMULIDAE Via Boada ¢ De
Villalta, 1966)

Type genus. Limulus Miiller, 1785 [=Monoculus Linnaeus, 1758; =Xiphosura Gronovius,
1764).
Included genera. Allolimulus gen. nov.; Carcinoscorpius Pocock, 1902; Casterolimulus
Holland, Erickson ¢ O’Brien, 1975; Crenatolimulus Feldmann et al., 2011; Heterolimulus Via
Boada & De Villalta, 1966; Keuperlimulus gen. nov.; Mesolimulus Stormer, 1952; Tachypleus
Leach, 1819; Tarracolimulus Romero ¢ Via Boada, 1977; Victalimulus Riek ¢ Gill, 1971;
Volanalimulus gen. nov.; Yunnanolimulus Zhang et al., 2009.
Distribution. Triassic—recent; Australia, Bangladesh, China, France, Germany, India,
Indonesia, Japan, Lebanon, Madagascar, Malaysia, Morocco, Myanmar, Philippines,
Poland, Russia, Singapore, Spain, Taiwan, Thailand, United Kingdom, United States, and
Vietnam.
Emended diagnosis. Limuloidea with thoracetron showing no expression of individual
tergites; axis of thoracetron bearing dorsal keel; apodemal pits sometimes present (after
Lamsdell, 2016).

Allolimulus gen. nov.

(Fig. 5F)
Type and only species. Limulus woodwardi Watson, 1909.
Etymology. The name translates as “other Limulus”, reflecting the initial misidentification
of the type species as a species of Limulus.
Distribution. Jurassic; United Kingdom.
Diagnosis. Limulid with broad, shallow prosomal shield; lateral eyes located on posterior
third of prosomal shield; cardiac lobe with well-defined median ridge with rounded cross
section, lacking protuberances or spines; cardiac lobe flanked by deep axial furrows; genal
spines short, with genal facet expanding distally.
Remarks. Allolimulus exhibits close affinity to the Cretaceous limulids Casterolimulus and
Victalimulus, with the cardiac lobe flanked by deep axial furrows and bearing a median
ridge with rounded cross section.

Carcinoscorpius Pocock, 1902

Type and only species. Limulus rotundicauda Latreille, 1802.

Distribution. Recent; Bangladesh, India, Indonesia, Malaysia, Myanmar, Singapore, and
Thailand.

Emended diagnosis. Limulid with shallow, semi-circular prosomal shield; genal groove
terminating at proximal third of genal spine; small ophthalmic spines present at posterior
of ophthalmic ridges; pleura of free lobe reduced, terminating before thoracetron margin;
posteriormost fixed pleural spines on thoracetron broad, with the distal angle of the spine
equal to or greater than 90 degrees; telson with ventral groove.
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Casterolimulus Holland, Erickson ¢ O’Brien, 1975

Type and only species. Casterolimulus kletti Holland, Erickson & O’Brien, 1975.

Distribution. Cretaceous; United States.

Emended diagnosis. Limulid with shallow prosomal shield; ophthalmic ridges curving
medially towards the cardiac lobe anteriorly but becoming effaced before reaching it; cardiac
lobe with well-defined median ridge with rounded cross section, lacking protuberances
or spines; width of cardiac lobe less than one third of cardiac lobe length; cardiac lobe
flanked by deep axial furrows, angled obliquely toward the anterior end of the median
ridge; margins of genal spines subparallel to central axis, becoming laterally more oblique
toward their tips.

Crenatolimulus Feldmann et al., 2011

Type species. Crenatolimulus paluxyensis Feldmann et al., 201 1.
Included species. Crenatolimulus darwini (Kin ¢ Blazejowski, 2014) comb. nov.
Distribution. Jurassic—Cretaceous; Poland and United States.
Emended diagnosis. Limulid with highly vaulted prosomal shield; posterior rim of prosomal
shield prominent and depressed; rectangular cardiac lobe; genal groove terminating at
proximal third of genal spine; pleura of free lobe reduced, terminating before thoracetron
margin; thoracetron with scalloped lateral margins and crenulate flanks.
Remarks. ‘Limulus’ darwini, from the Jurassic Kcynia Formation of Poland, has never
been resolved explicitly as a member of Limulus in any phylogenetic analysis, instead
forming a polytomy with Limulus and Crenatolimulus (Lamsdell, 2016; Lamsdell, 2020).
An undescribed species of Crenatolimulus has been documented as co-occurring with
‘Limulus darwini (Kin et al., 2013; Blazejowski, 2015; Blazejowski et al., 2019), and the
two have been considered to be conspecific previously (Tashman, 2014). The holotype
of ‘Limulus’ darwini (ZPAL X.10-BXA) actually exhibits scalloping on the left lateral
margin of the thoracetron (the right margin is not preserved), confirming both species
of limulid in the Kcynia Formation to be conspecific and necessitating its transferal to
Crenatolimulus.

Heterolimulus Via Boada & De Villalta, 1966

Type and only species. Heterolimulus gadeai Via Boada & De Villalta, 1966.

Distribution. Triassic; Spain.

Emended diagnosis. Limulid with genal groove terminating at proximal third of genal spine;
pleura of free lobe reduced, terminating before thoracetron margin; thoracetron width
constant for anterior half; posteriormost fixed pleural spines on thoracetron broad, with
the distal angle of the spine equal to or greater than 90 degrees; lateral ridge running along
fulcrum; telson with ventral groove.

Remarks. Heterolimulus has previously been considered to be a synonym of Tachypleus
(Diedrich, 2011; Lamsdell ¢~ McKenzie, 2015; Lamsdell, 2016), but is here shown to be a
distinct genus, representing the sister taxon to a clade comprising the genera Tachypleus
and Carcinoscorpius.
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Keuperlimulus gen. nov.
(Fig. 6D)

Type and only species. Limulus vicensis Bleicher, 1897
Etymology. Named for the Keuper lithostratigraphic unit, which comprises the Carnian—
Norian in Central Europe, from which the type species is found.
Distribution. Triassic; France.
Diagnosis. Limulid with broad, semi-circular prosomal shield; ophthalmic ridges converging
steadily anteriorly; cardiac lobe elongated, extending to anterior third of prosomal shield;
cardiac lobe flanked by deep axial furrows; pleura of free lobe reduced, terminating before
thoracetron margin; thoracetron lacking axial nodes.
Remarks. Another species previously assigned to the wastebasket taxon of Limulitella.
While the type species of Limulitella resolves as an austrolimulid, Keuperlimulus vicensis is
a limulid with close affinities to Mesolimulus and the clade including Victalimulus.
Limulus Miiller, 1785
[=Monoculus Linnaeus, 1758; =Xiphosura Gronovius, 1764]

Type species. Monoculus polyphemus Linnaeus, 1758 [=Limulus cyclops Fabricius, 1793;
=Limulus occidentalis Lamarck, 1801; =Limulus albus Bosc, 1802; =Limulus sowerbii Leach,
18155 =Limulus americanus Leach, 1819].

Included species. Limulus coffini Reeside ¢ Harris, 1952; ‘Limulus’ priscus Miinster, 1839.
Distribution. Cretaceous—recent; United States.

Emended diagnosis. Limulid with heavily domed prosomal shield; rectangular cardiac lobe;
genal groove terminating at proximal third of genal spine; pleura of free lobe reduced,
terminating before thoracetron margin; free lobe folded back on itself and expanded
anteriorly, resulting in wedge-shaped morphology; appendage III not modified into
claspers in males.

Remarks. ‘Limulus’ priscus is poorly preserved and displays no diagnostic characteristics.
The thoracetron appears much smaller than the prosoma and the species almost certainly
does not belong within Limulus, however it is currently impossible to assign it to any other
genus with any confidence and the species may be considered a nomen dubium.

Mesolimulus Stormer, 1952
(Figs. 1K, 1L)

Type species. Limulus walchi Desmarest, 1822 [=Limulus brevicauda Miinster in Van
Der Hoeven, 1838; =Limulus brevispina Minster in Van Der Hoeven, 1838; =Limulus
intermedius Miinster in Van Der Hoeven, 1838; =Limulus ornatus Minster in Van Der
Hoeven, 1838; =Limulus sulcatus Miinster in Van Der Hoeven, 1838; =Limulus giganteus
Miinster, 1840].

Included species. Mesolimulus crispelli Via, 1987; Mesolimulus sibiricus Ponomarenko, 1985;
Mesolimulus tafraoutensis Lamsdell et al., 2020.

Distribution. Triassic—Cretaceous; Germany, Morocco, Spain, and Russia.

Emended diagnosis. Limulid with prosoma wider than long; cardiac lobe narrow with
scalloped margins, parallel sided with keel developed into median cardiac ridge with
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rounded cross section, flanked by deep axial furrows; thoracetron wider than long, bearing
apodemal pits; pleura of free lobe reduced, terminating before thoracetron margin;
thoracetron margins bearing five moveable and six fixed spines; lateral ridge running along
fulcrum.

Tachypleus Leach, 1819

Type species. Limulus gigas Miiller, 1785 [=Limulus heterodactylus Latreille, 1802; =Limulus
moluccanus Latreille, 1802; =Limulus viriscens Latreille, 1806; =Limulus latreillii Leach,
1819; =Limulus macleaii Leach, 1819; =Tachypleus hoeveni Pocock, 1902].

Included species. Tachypleus tridentatus Leach, 1819 [=Limulus longispina Van Der Hoeven,
1838]; Tachypleus syriacus Woodward, 1879; Tachypleus decheni Zinken, 1862.
Distribution. Cretaceous—recent; Bangladesh, China, Germany, India, Indonesia, Japan,
Lebanon, Malaysia, Myanmar, Philippines, Singapore, Taiwan, Thailand, and Vietnam.
Emended diagnosis. Limulid with lateral eyes positioned at apex of ophthalmic ridge that
subsequently turns inwards; genal groove terminating at proximal third of genal spine;
small ophthalmic spines present at posterior of ophthalmic ridges; axial portion of free
lobe segment of thoracetron bearing large spine; posteriormost fixed pleural spines on
thoracetron broad, with the distal angle of the spine equal to or greater than 90 degrees;
telson with ventral groove.

Tarracolimulus Romero ¢~ Via Boada, 1977

Type and only species. Tarracolimulus reiki Romero ¢ Via Boada, 1977.

Distribution. Triassic; Spain.

Emended diagnosis. Limulid with relatively short genal spines; ophthalmic ridges and cardiac
lobe pronounced, ophthalmic ridges effaced anterior to cardiac lobe; interophthalmic ridges
on prosomal shield; thoracetron triangular in shape, narrowing evenly posteriorly; pleura
of free lobe reduced, terminating before thoracetron margin; pleural spines present, angled
posteriorly; six pairs of moveable spines present.

Victalimulus Riek ¢» Gill, 1971
(Fig. IN)

Type and only species. Victalimulus mcqueeni Riek ¢ Gill, 1971.

Distribution. Cretaceous; Australia.

Emended diagnosis. Limulid with cardiac lobe bearing well-defined median ridge with
rounded cross section, bearing three protuberances or spines; width of cardiac lobe less
than one third of cardiac lobe length; cardiac lobe flanked by deep axial furrows, converging
anteriorly; ophthalmic ridge defined for a moderate distance anterior to the lateral eye,
not converging strongly anteriorly; outer margin of genal spine parallel to median axis
of body; thoracetron with strongly convex margins, free lobe distinct; pleura of free lobe
reduced, terminating before thoracetron margin; apodemal pits present; marginal spines
long, directed posteriorly.
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Volanalimulus gen. nov.

(Fig. 6E)
Type and only species. Volanalimulus madagascarensis sp. nov.
Etymology. The name is derived from the Malagasy word volana, meaning moon, in
reference to the broad crescentic shape of the prosomal shield.
Distribution. Triassic; Madagascar.
Diagnosis. Limulid with genal groove terminating at proximal third of genal spine;
pleura of free lobe reduced, terminating before thoracetron margin; thoracetron bearing
longitudinal ridges along fulcrum; apodemal pits present; posteriormost fixed pleural
spines on thoracetron broad, with the distal angle of the spine equal to or greater than 90
degrees.
Remarks. Hauschke, Wilde ¢» Brauckmann (2004) described a limulid from the Lower
Triassic of Madagascar, comparing the species to Limulitella but leaving it in open
nomenclature. While one of the two available specimens is poorly preserved, the other
displays details of the external dorsal surface of the prosoma, thoracetron and telson and
possesses a unique suite of characteristics that show it to be a distinct species. Furthermore,
phylogenetic analysis resolves the new species as a novel genus.

Volanalimulus madagascarensis sp. nov.
(Fig. 6E)
cf. Limulitella sp. Hauschke, Wilde ¢ Brauckmann, 2004 Figs. 2 and 3

Holotype. TUCP Ch 5, almost complete specimen comprising prosoma, thoracetron and
proximal portion of telson in dorsal view.

Additional material. Paratype, MSNM No. I 11170, part and counterpart of prosoma,
thoracetron and telson in ventral view. Possibly exhibiting soft tissue preservation, but
details overall lacking.

Etymology. Named after Madagascar, the region from which it is found.

Distribution. Triassic; Madagascar.

Diagnosis. As for genus.

Description. See Hauschke, Wilde ¢ Brauckmann (2004) for a full description of the
specimens.

Yunnanolimulus Zhang et al., 2009

Type species. Yunnanolimulus luopingensis Zhang et al., 2009.

Included species. Yunnanolimulus henkeli (Fritsch, 1906) comb. nov.

Distribution. Triassic; China and Germany.

Emended diagnosis. Limulid with gently vaulted semi-circular prosomal shield; cardiac lobe
tapering gradually forward; ophthalmic ridges distinct, not meeting in front of cardiac
lobe; genal spines triangular, posteriorly directed; thoracetron subtriangular, slightly wider
than cardiac lobe, tapering backward gradually; axis distinct, with median keel; subaxial
ridges running along length of thoracetron; transverse ridge nodes present on thoracetron;
six pairs of moveable spines present; abdominal segment demarcated dorsally by groove;
telson long, triangular in cross-section.
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Remarks. Yunnanolimulus henkeli has previously been assigned to Limulitella, however
phylogenetic analysis has retrieved it as the sister species to Yunnanolimulus luopingensis.
The available characteristics of Y. henkeli, namely the gradually tapering cardiac lobe,
posteriorly directed triangular genal spines, subtriangular thoracetron, and subaxial ridges
all correspond well to Yunnanolimulus. As such, the species is transferred to the genus
herein.

Incertae sedis
Albalimulus Bicknell ¢» Pates, 2019

Type and only species. Albalimulus bottoni Bicknell ¢» Pates, 2019.

Distribution. Carboniferous; United Kingdom.

Emended diagnosis. Xiphosurid with pustulose cuticular ornament.

Remarks. Albalimulus bottoni is known from a single specimen preserved in part and
counterpart. The available material shows only the general outline of the animal with a
number of deformation wrinkles on its surface, some of which may represent structures
such as lateral eyes and ophthalmic ridges. The most distinctive feature of the taxon is
the patchily pustular ornamentation located on parts of the thoracetron and prosoma.
Pustulose ornamentation is otherwise known only from Belinurus pustulosus, although it
is worth noting that the majority of fossil horseshoe crabs do not preserve the cuticle, and
in those that do it is finely granular (Lamsdell et al., 2020). Ornamentation is known to
remain at a relatively constant size during the ontogeny of eurypterids (Lamsdell ¢ Selden,
2013) and given the exceedingly small size of Albalimulus bottoni (the holotype being only
12.5 mm long) it is possible that the pustules are actually granules on a juvenile individual.
Other traits of Albalimulus bottoni point towards its being a juvenile; the broad-based
telson, short genal spines, and general lack of dorsal features are all reminiscent of modern
xiphosurids during the first six or seven molts (Lamsdell, 2020). Albalimulus being such
an early instar places it in the same position as Xiphosuroides, as it is likely that it may
represent a synonym of an existing genus of Carboniferous horseshoe crab. Rolfeia (which
has a body length of at least 60 mm) is also known from the Tournaisian of Scotland and
is a potential candidate, however no other horseshoe crabs are currently known from the
Ballagan Formation alongside Albalimulus and so no synonymy is suggested at this time.
Like Xiphosuroides, Albalimulus should be considered incertae sedis; however, the lack of
morphological features precludes its assigned to any group beyond Xiphosurida.

Sloveniolimulus Bicknell et al., 2019

Type and only species. Sloveniolimulus rudkini Bicknell et al., 2019.

Distribution. Triassic; Slovenia.

Emended diagnosis. Xiphosurid with semi-circular prosomal shield; genal spines indented,
deflected away from thoracetron.

Remarks. Sloveniolimulus is known from only a single, poorly preserved specimen displaying
little more than the outline of the animal. The establishment of a new genus and species was
justified based on the deflection of the genal spines away from the thoracetron, however the
pliability of limulid carapaces post mortem is well documented (Babcock & Chang, 1997;
Babcock, Merriam ¢ West, 2000) and the utility of genal spine angle as a diagnostic traitin a
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specimen not preserving any other identifiable features is suspect. As such, Sloveniolimulus
rudkini can be considered at best as incertae sedis within Xiphosurida, and might even need
to be classified as nomen dubium unless additional, better preserved material comes to

light.

DISCUSSION

Macroevolutionary and macroecological studies of Xiphosurida have recognized ecological
(Lamsdell, 2016) and heterochronic (Lamsdell, 2020) trends within the group, with
belinurines and austrolimulids occupying non-marine environments and exhibiting
concerted shifts to paedomorphic and peramorphic modes of evolution respectively.
These trends hold up to the addition of more taxa into the analysis, including the recently
described belinurine Stilpnocephalus and austrolimulid Tasmaniolimulus, both of which
are known from non-marine strata. While Tasmaniolimulus closely resembles other early
austrolimulids (Bicknell, 2019), Stilpnocephalus is at first glance a very aberrant belinurine,
being larger than the other species in the group and with a highly effaced prosomal shield
(Selden, Simonetto & Marsiglio, 2019). Evaluating Stilpnocephalus within a phylogenetic
context demonstrates that its unusual morphology is a continuation of the trends observed
in Liomesaspis and Alanops, which display a general decrease in the size of the lateral
eyes, reduction of the genal and ophthalmic spines, and progressive effacement of the
ophthalmic ridges and cardiac furrows (Racheboeuf, Vannier ¢» Anderson, 2002).

Previous analyses of xiphosuran phylogeny have suggested that synziphosurines,
previously considered stem Xiphosura, are a polyphyletic assemblage of stem euchelicerates,
Xiphosura, and species more closely related to eurypterids and arachnids (Lamsdell, 2013;
Lamsdell, 2016). Subsequent discoveries of synziphosurines with thirteen opisthosomal
segments (Lamsdell et al., 2015) and a metastoma (Selden, Lamsdell ¢ Liu, 2015),
chasmataspidid and eurypterid characteristics, have reinforced the hypothesis that most
synziphosurines do not resolve within the clade Xiphosura and this revised understanding
of their relationships continues to be supported here. This results in a 61 million year
gap in the xiphosuran fossil record between their first occurrences in the Ordovician and
their next subsequent record in the Upper Devonian (Lamsdell, in press). Xiphosuran
diversity peaks in the Carboniferous with the radiation of the belinurines; of the 45
known Carboniferous species, 37 belong within Belinurina. The number of recognised
valid belinurine species has decreased over the last couple of decades, with twelve species
synonymized with Euproops danae by Anderson (1994). Subsequently, Haug et al. (2012)
have suggested that several other Euproops species may be synonyms, representing different
ontogenetic stages. Most recently, some small specimens assigned to Belinurus have also
been suggested to be juvenile instars of Euproops (Haug ¢ Haug, 2020). Differentiating
between juvenile stages and distinct species is further complicated by heterochronic trends
within Belinurina (Haug ¢ Rotzer, 2018; Lamsdell, 2020), and further studies of individual
species ontogeny will likely be required to provide a final resolution to the issue. Including
multiple ontogenetic stages of a single species within a phylogeny has been demonstrated
to destabilise the resulting tree topology (Lamsdell ¢ Selden, 2013; Lamsdell & Selden,
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2015), with juveniles resolving stemward relative to the adults. This stemward slippage
is also associated with the collapsing of internal phylogenetic nodes into polytomies, due
to the mosaic nature of character change and the resulting conflicts in character states
between erroneously included juvenile ‘ontospecies’ and valid species (Lamisdell & Selden,
2013). The high degree of resolution in the current phylogeny would suggest that the
number of ‘ontospecies’ included, if any, is at a minimum, while most species are known
from individuals of approximately equivalent size (with some notable exceptions, such as
Albalimulus). This suggests that, while individual specimens may have been mis-assigned
(as identified by Haug ¢» Haug, 2020), the genera recognized herein are valid and the
diversity of Belinurina, though maybe not as high as currently projected, is still greater
than that of other xiphosurid clades.

CONCLUSIONS

Xiphosuran phylogenetic relationships have proven robust to the addition of new taxa
and analysis under different optimality criteria, with tree topology concordant between
Bayesian and parsimony analysis, over seven years of study and with the incorporation of
120 additional species since the initial iteration of the current phylogenetic matrix. The
long stability of the current phylogenetic hypothesis indicates its suitability in forming
the basis of an updated taxonomy of Xiphosura. Bringing xiphosuran taxonomy in
line with our phylogenetic understanding of the group ensures that the higher taxa
within the group represent true biological units (clades), which is necessary for ensuring
the accuracy of meta analyses that rely upon the hierarchical taxonomic framework

to infer organismal relationships (Larmsdell et al., 2017). This taxonomic update also
lays the groundwork for the eventual revision of the chelicerate volume of the Treatise
on Invertebrate Paleontology. The updated taxonomy and phylogenetic framework will
facilitate exploration of fundamental questions surrounding horseshoe crab evolution,
including why the modern species exhibit their disjunct geographic distribution, whether
horseshoe crabs genuinely exhibit constant slow rates of morphological evolution over
their evolutionary history as assumed by their frequent categorization as ‘living fossils’, and
how a lineage with only a handful of species is likely to respond to climate perturbations
in the future.

Institutional abbreviations

AM Australian Museum, Sydney, New South Wales, Australia
BGS British Geological Survey, Nottingham, England, UK
FMNH Field Museum of Natural History, Chicago, Illinois, USA
MAN Muséum-Aquarium de Nancy, Lorraine, France

MM Manitoba Museum, Winnipeg, Manitoba, Canada

MMUP Manchester Museum, Manchester, England, UK

MNHN Museum National d’Histoire Naturelle, Paris, France
MSNM Museo Civico di Storia Naturale di Milano, Milan, Italy
NMS National Museums of Scotland, Edinburgh, Scotland, UK
NMV Museums Victoria, Carlton, Victoria, Australia

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 30/45


https://peerj.com
http://dx.doi.org/10.7717/peerj.10431

Peer

NMwW National Museum of Wales, Cardiff, Wales, UK

NSM Nova Scotia Museum, Halifax, Nova Scotia, Canada

OUM Oxford University Museum of Natural History, Oxford, England, UK

ROM Royal Ontario Museum, Toronto, Ontario, Canada

SMF Senckenberg Forschungsinstitut und Naturmuseum, Frankfurt am Main,
Germany

TUCP Technische Universitit Institut fiir Geologie und Paldontologie, Clausthal-
Zellerfeld, Germany

YPM Yale Peabody Museum, New Haven, Connecticut, USA

ACKNOWLEDGEMENTS

I am grateful to Amanda Falk (Centre College) for assisting with the etymology of
Boeotiaspis. Maryam Akrami (Royal Ontario Museum), Carsten Brauckmann (Technische
Universitit Institut fiir Geologie und Paldontologie), Jean-Bernard Caron (Royal Ontario
Museum), Sylvain Charbonnier (Muséum National d’Histoire Naturelle), Alessandro
Garassino (Museo Civico di Storia Naturale di Milano), David Gelsthorpe (Manchester
Museum), Mike Howe (British Geological Survey), Eliza Howlett (Oxford University
Museum), Allan Lerner (Albuquerque, New Mexico), Lucy McCobb (National Museum
of Wales), Matthew McCurry (Australian Museum), Stephen Pates (Harvard University),
Andrew Ross (National Museums Scotland), David Rudkin (Royal Ontario Museum),
Rolf Schmidt (Museums Victoria), Jessica Utrup (Yale Peabody Museum), and Graham
Young (Manitoba Museum) provided access to specimen images. I am immensely thankful
to the reviews by Julien Kimmig (Penn State University), Jason Dunlop (Museum fir
Naturkunde, Berlin), Allan Lerner, and editor Peter Wilf (Penn State University) for their
thoughts and comments that greatly improved the manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This research was supported by National Science Foundation CAREER award EAR-
1943082 ‘Exploring environmental drivers of morphological change through phylogenetic
paleoecology’. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the author:

National Science Foundation CAREER award EAR-1943082 ‘Exploring environmental
drivers of morphological change through phylogenetic paleoecology’.

Competing Interests
The author declares that there are no competing interests.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 31/45


https://peerj.com
http://dx.doi.org/10.7717/peerj.10431

Peer

Author Contributions

e James C. Lamsdell conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Data for this study are available at MorphoBank P3497 and in the Supplementary Files.

Available at https://morphobank.org/index.php/Projects/ProjectOverview/project_id/
3497.

Specimens figured in the manuscript are accessioned at the Australian Museum,
Sydney, New South Wales, Australia (AM F68969, AM F38274); British Geological Survey,
Nottingham, England, UK (BGS GSM49362); Field Museum of Natural History, Chicago,
Illinois, USA (FMNH PE.56581); Muséum-Aquarium de Nancy, Lorraine, France (MAN
8240); Manitoba Museum, Winnipeg, Manitoba, Canada (MM [-4583); Manchester
Museum, Manchester, England, UK (MMUP L.8627); Museum National d’Histoire
Naturelle, Paris, France (MNHN.F.A33516); Museo Civico di Storia Naturale di Milano,
Milan, Italy (MSNM 126844, MSNM i9352); National Museums of Scotland, Edinburgh,
Scotland, UK (NMS G.2007.271.A, NMS G.1984.67.1B); Museums Victoria, Carlton,
Victoria, Australia (NMV P22410B); National Museum of Wales, Cardiff, Wales, UK
(NMW 29.197.G3, NMW 29.198.G1); Nova Scotia Museum, Halifax, Nova Scotia, Canada
(NSM 005GF045.374); Oxford University Museum of Natural History, Oxford, England,
UK (OUM E.03994); Royal Ontario Museum, Toronto, Ontario, Canada (ROM IP45851);
Senckenberg Forschungsinstitut und Naturmuseum, Frankfurt am Main, Germany (SMF
VII I 311); Technische Universitit Institut fiir Geologie und Paldontologie, Clausthal-
Zellerfeld, Germany (TUCP Ch.5); and Yale Peabody Museum, New Haven, Connecticut,
USA (YPM IP 026324, YPM IP 000125, YPM IP 428963, YPM 1Z 055605, YPM 1Z 070174,
YPM 1Z 055595, YPM 1Z 055574, YPM 17 055578, YPM 1Z 055570, YPM 1Z 055581, YPM
17 055576, YPM 1Z 070174).

New Species Registration
The following information was supplied regarding the registration of a newly described
species:
Publication LSID: urn:lsid:zoobank.org:pub:3653AFDA-318D-4A1D-9E24-
4F9F3D30C424
Allolimulus: urn:lsid:zoobank.org:act:236EACF3-BC00-4F40-9D3A-D595983FDDYF
Andersoniella: urn:lsid:zoobank.org:act:71A1F53C-1C4E-4D3C-B6E0-F9144141D617
Batracholimulus: urn:lsid:zoobank.org:act:65347E99-A7FF-4426-9F97-E5CB78A41ADD
Boeotiaspis: urn:lsid:zoobank.org:act:03CDF266-1553-486D-8310-61E585D2C81F
Keuperlimulus: urn:lsid:zoobank.org:act:10A6B1A6-7C1C-4767-B16B-76 DAF1FE3938
Macrobelinurus: urn:lsid:zoobank.org:act: DEAES8OE8-F135-43FE-A19A-24BA7CCDF603
Norilimulus: urn:lsid:zoobank.org:act:177CF385-D4E4-442B-9E96-D0C896B6B86C
Parabelinurus: urn:lsid:zoobank.org:act:5F50A91F-ABAE-4BE8-924C-09EEC51B1F8C

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 32/45


https://peerj.com
http://dx.doi.org/10.7717/peerj.10431#supplemental-information
https://morphobank.org/index.php/Projects/ProjectOverview/project_id/3497
https://morphobank.org/index.php/Projects/ProjectOverview/project_id/3497
http://dx.doi.org/10.7717/peerj.10431

Peer

Volanalimulus: urn:lsid:zoobank.org:act: AA6B8DC3-9FBB-4ED9-91DA-DAA797AC54A9
Volanalimulus madagascarensis: urn:lsid:zoobank.org:act:4AB258D3-3487-4CA6-9C59-
D29CDBAOF5FB.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10431#supplemental-information.

REFERENCES

Alberti M, Fiirsich FT, Pandey DK. 2017. First record of a xiphosuran trackway
(Kouphichnium isp.) from the Jurassic of India. Paldontologische Zeitschrift
91:113-126 DOI 10.1007/s12542-016-0331-7.

Allen JG, Feldmann RM. 2005. Panduralimulus babcocki n. gen. and sp. a new limulacean
horseshoe crab from the Permian of Texas. Journal of Paleontology 79:595-600.

Ambrose T, Romano M. 1972. New Upper Carboniferous Chelicerata (Arthropoda)
from Somerset, England. Palaeontology 15:569-578.

Anderson LI. 1994. Xiphosurans from the Westphalian D of the Radstock Basin,
Somerset Coalfield, the South Wales Coalfield and Mazon Creek, Illinois. Proceedings
of the Geologists’ Association 105:265-275 DOI 10.1016/S0016-7878(08)80179-4.

Anderson LI, Selden PA. 1997. Opisthosomal fusion and phylogeny of Palaeozoic
Xiphosura. Lethaia 30:19-31.

Babcock LE, Chang W. 1997. Comparative taphonomy of two nonmineralized arthro-
pods: Naraoia (Nektaspida; Early Cambrian, Chengjiang Biota, China) and Limulus
(Xiphosurida; Holocene, Atlantic Ocean). Bulletin of National Museum of Natural
Science 10:233-250.

Babcock LE, Merriam DF. 2000. Horseshoe crabs (Arthropoda: Xiphosura) from the
Pennsylvanian of Kansas and elsewhere. Transactions of the Kansas Academy of
Science 103:76-94 DOI 10.2307/3627941.

Babcock LE, Merriam DF, West RR. 2000. Paleolimulus, an early limuline (Xiphosurida),
from Pennsylvanian—Permian Lagerstitten of Kansas and taphonomic comparison
with modern Limulus. Lethaia 33:129-141 DOI 10.1080/00241160025100017.

Baek SY, Choi EH, Jang KH, Ryu SH, Park SM, Suk HY, Chang CY, Hwang UW.

2014. Complete mitochondrial genomes of Carcinoscorpius rotundicauda and
Tachypleus tridentatus (Xiphosura, Arthropoda) and implications for chelicerate
phylogenetic studies. International Journal of Biological Sciences 10:479-489

DOI 10.7150/ijbs.8739.

Baily WH. 1859. On a crustacean from the coal-measures, with some remarks on the
genus Limulus. Journal of the Geological Society of Dublin 8:89-91.

Baily WH. 1863. Remarks on some Coal Measures Crustacea belonging to the genus
Belinurus, Kénig, with description of two new species from Queen’s County, Ireland.

Annals and Magazine of Natural History 11:107-114 DOI 10.1080/00222936308681390.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 33/45


https://peerj.com
http://dx.doi.org/10.7717/peerj.10431#supplemental-information
http://dx.doi.org/10.7717/peerj.10431#supplemental-information
http://dx.doi.org/10.1007/s12542-016-0331-7
http://dx.doi.org/10.1016/S0016-7878(08)80179-4
http://dx.doi.org/10.2307/3627941
http://dx.doi.org/10.1080/00241160025100017
http://dx.doi.org/10.7150/ijbs.8739
http://dx.doi.org/10.1080/00222936308681390
http://dx.doi.org/10.7717/peerj.10431

Peer

Baily WH. 1969. On fossils obtained at Kiltorcan Quarry, Co. Kilkenny. British Associa-
tion Report 39:73-75.

Barthel KW. 1974. Limulus: a living fossil. Naturwissenschaften 61:428—433
DOI 10.1007/BF00597201.

Beecher CE. 1902. Note on a new xiphosuran from the Upper Devonian of Pennsylvania.
American Geologist 29:143—146.

Beecher CE. 1904. Note on a new Permian xiphosuran from Kansas. The American
Journal of Science 18:23-24.

Berkson J, Chen CP, Mishra J, Shin P, Spear B, Zaldivar-Rae J. 2009. A discussion of
horseshoe crab management in five countries: Taiwan, India, China, United States,
and Mexico. In: Tancredi JT, Botton ML, Smith DR, eds. Biology and conservation of
horseshoe crabs. Dordrecht: Springer, 465-474.

Berkson J, Shuster CN. 1999. The horseshoe crab: the battle for a true multiple-use
resource. Fisheries Magazine 24:6—10.

Bianchini ML, Sorensen PW, Winn HE. 1981. The use of horseshoe crabs as eel bait.
Journal of the World Aquaculture Society 12:127-129.

Bicknell RDC. 2019. Xiphosurid from the Upper Permian of Tasmania confirms
Palaeozoic origin of Austrolimulidae. Palaeontologia Electronica 22:1-13.

Bicknell RDC, Lustri L, Brougham T. 2019. Revision of ‘Bellinurus’ carteri (Chelicerata:
Xiphosura) from the late Devonian of Pennsylvania, USA. Comptes Rendus Palevol
18:967-976 DOI 10.1016/j.crpv.2019.08.002.

Bicknell RDC, Naugolnykh SV, Brougham T. 2020. A reappraisal of Paleozoic
horseshoe crabs from Russia and Ukraine. The Science of Nature 107:46
DOI10.1007/s00114-020-01701-1.

Bicknell RDC, Pates S. 2019. Xiphosurid from the Tournaisian (Carboniferous)
of Scotland confirms deep origin of Limuloidea. Scientific Reports 9:17102
DOI 10.1038/s41598-019-53442-5.

Bicknell RDC, Pates S. 2020. Pictorial atlas of fossil and extant horseshoe crabs, with
focus on Xiphosurida. Frontiers in Earth Science 8:98.

Bicknell RDC, Smith PM. 2020. Patesia n. gen., a new Late Devonian stem xiphosurid
genus. Palaeoworld. DOI 10.1016/j.palwor.2020.09.001.

Bicknell RDC, Zalohar J, Miklavc P, Celarc B, Kriznar M, Hitij T. 2019. A new limulid
genus from the Strelovec Formation (Middle Triassic, Anisian) of northern Slovenia.
Geological Magazine 156:2017-2030 DOI 10.1017/50016756819000323.

Blazejowski B. 2015. The oldest species of the genus Limulus from the Late Jurassic
of Poland. In: Carmichael RH, Botton ML, Shin PKS, Cheung SG, eds. Changing
global perspectives in horseshoe crab biology, conservation and management. New York:
Springer, 3-14.

Blazejowski B, Gieszcz P, Shinn AP, Feldmann RM, Durska E. 2019. Environment
deterioration and related fungal infection of Upper Jurassic horseshoe crabs with
remarks on their exceptional preservation. Palaeogeography, Palaeoclimatology,
Palaeoecology 516:336—341 DOI 10.1016/].palaco.2018.12.015.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 34/45


https://peerj.com
http://dx.doi.org/10.1007/BF00597201
http://dx.doi.org/10.1016/j.crpv.2019.08.002
http://dx.doi.org/10.1007/s00114-020-01701-1
http://dx.doi.org/10.1038/s41598-019-53442-5
http://dx.doi.org/10.1016/j.palwor.2020.09.001
http://dx.doi.org/10.1017/S0016756819000323
http://dx.doi.org/10.1016/j.palaeo.2018.12.015
http://dx.doi.org/10.7717/peerj.10431

Peer

Blazejowski B, Niedzwiedzki G, Boukhalfa K, Soussi M. 2017. Limulitella tejraen-
sis, a new species of limulid (Chelicerata, Xiphosura) from the Middle Triassic
of southern Tunisia (Saharan Platform). Journal of Paleontology 91:960-967
DOI10.1017/jpa.2017.29.

Bleicher M. 1897. Sur la découverte d’'une nouvelle espéce de limule dans les marnes
irisées de Lorraine. Bulletin de la Societe des Sciences de Nancy 14:116-126.

Bosc LSG. 1802. Histoire naturelle des crustacés, contenant leur description et leurs moeurs;
avec figures dessinées d’aprés nature. Paris: Deterville.

Botton ML. 2001. The conservation of horseshoe crabs: what can we learn from the
Japanese experience? In: Tanacredi JT, ed. Limulus in the limelight. New York:
Springer, 41-51.

Botton ML, Carmichael RH, Shin PKS, Cheung SG. 2015. Emerging issues in horseshoe
crab conservation: a perspective from the IUCN species specialist group. In:
Carmichael RH, Botton ML, Shin PKS, Cheung SG, eds. Changing Global Perspectives
in Horseshoe Crab Biology, Conservation and Management. New York: Springer,
369-382.

Botton ML, Loveland RE, Jacobsen TR. 1988. Beach erosion and geochemical factors:
influence on spawning success of horseshoe crabs (Limulus polyphemus) in Delaware
Bay. Marine Biology 99:325-332 DOI 10.1007/BF02112124.

Braun CFW. 1860. Die Thiere in den Pflanzenschifern der Gegend von Bayreuth.
Programm zum Jahresbericht der Konigl. Kreis-Landwirtschafts- und Gewerb-
schule zu Bayreuth fiir das Schuljahr 1859/60. Jahresbericht von der Konigl. Kreis-
Landwirtschafts- und Gewerbschule zu Bayreuth fiir das Schuljahr 1859/60:1-11.

Bremer K. 1994. Branch support and tree stability. Cladistics 10:295-304
DOI 10.1111/j.1096-0031.1994.tb00179.x.

Buckland W. 1837. The Bridgewater treatises on the power, wisdom and goodness of
God as manifested in the creation. Treatise IV. In: Geology and mineralogy with
reference to natural theology. 2nd edition. London: William Pickering.

Buta R], Kopaska-Merkel DC, Rindsberg AK, Martin AJ. 2005. Atlas of Union Chapel
Mine invertebrate trackways and other traces. Alabama Paleontological Society
Monograph 1:277-337.

Chakraborty A, Bhattacharya HN. 2012. Early Permian xiphosurid trackways from In-
dia. Journal Geological Society of India 80:129—135 DOI 10.1007/s12594-012-0127-7.

Chernyshev BI. 1927. Notes on representatives of Xiphosura from the Donetz Coal
Basin. Proceedings of the Geological Committee 46:645—655 (In Russian).

Chernyshev BI. 1928. Nouvelles donnees sur les Xiphosura du basin Donetz. Bulletin du
Comité Géologique 47:519-531.

Chernyshev BI. 1933. Arthropoda from the Urals and other regions of the USSR. Mate-
rials of the Central Scientific and Prospecting Institute Paleontology and Stratigraphy,
Magazine 1:15-25 (In Russian).

Chlupac I. 1963. Report on the merostomes from the Ordovician of Central Bohemia.
Vestnik Ustredniho Ustavu stav geologickych 38:399—403.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 35/45


https://peerj.com
http://dx.doi.org/10.1017/jpa.2017.29
http://dx.doi.org/10.1007/BF02112124
http://dx.doi.org/10.1111/j.1096-0031.1994.tb00179.x
http://dx.doi.org/10.1007/s12594-012-0127-7
http://dx.doi.org/10.7717/peerj.10431

Peer

Cockerell TDA. 1905. Two Carboniferous genera of xiphosurans. American Geologist
36:330.

Congreve CR, Lamsdell JC. 2016. Implied weighting and its utility in palaecontological
datasets: a study using modelled phylogenetic matrices. Palaeontology 59:447—462
DOI 10.1111/pala.12236.

Cronier C, Courville P. 2005. New xiphosuran merostomata from the Upper Carbonif-
erous of the Graissessac Basin (Massif Central France). Comptes Rendus Palevol
4:123-133 DOI 10.1016/j.crpv.2004.11.002.

Da Rosa CLM, Grangeiro ME, Bocalon VLS, Netto RG. 1994. Craticulichnum iruiensis:
uma nova contribui¢ao a paleoicnologia de seqiié sedimentary Rio Bonito/Palermo
no RS. Acta Geologica Leopoldensia 39:33—45.

Dana JD. 1852. United States exploring expedition during the years 1838, 1839, 1840,
1841, 1942 under the command of Charles Wilkes, U.S.N.C. 13. Crustacea, part L.
Philadelphia, Sherman.

Desmarest A-G. 1822. Les crustacés proprement dits. In: Histoire naturelle des crustaces
fossiles, sous les rapports zoologiques et géologiques’. Paris/Strasbourg: F-G. Levrault,
66—154.

Diedrich CG. 2011. Middle Triassic horseshoe crab reproduction areas on intertidal flats
of Europe with evidence of predation by archosaurs. Biological Journal of the Linnean
Society 103:76—-105 DOI 10.1111/j.1095-8312.2011.01635.x.

Dietl GP, Kidwell SM, Brenner M, Burney DA, Flessa KW, Jackson ST, Koch PL. 2015.
Conservation paleobiology: leveraging knowledge of the past to inform conser-
vation and restoration. Annual Review of Earth and Planetary Sciences 43:79-103
DOI 10.1146/annurev-earth-040610-133349.

Dix E, Pringle J. 1929. On the fossil Xiphosura from the South Wales Coalfield with a
note on the myriapod Euphoberia. Summary of Progress, Geological Survey of Great
Britain 1928:90-113.

Dix E, Pringle J. 1930. XIII.—Some coal measure arthropods from the South Wales
Coalfield. Annals and Magazine of Natural History 6:136—144
DOI 10.1080/00222933008673194.

Dunbar CO. 1923. Kansas Permian insects. Part 2. Paleolimulus, a new genus of Paleozoic
Xiphosura, with notes on other genera. The American Journal of Science 5:443—454.

Dunlop JA, Penney D, Jekel D. 2020. A summary list of fossil spiders and their relatives.
In: World Spider Catalog. Bern: Natural History Museum Bern 305 pp.

Ebert T. 1892. Prestwichia (Euproops) scheeleana. Abhandlung und Jahrbuch Konigliche
PreufSische Geologisches Landesanstalt 10:215-220.

Eller ER. 1938a. A new xiphosuran, Euproops morani, from the Upper Devonian of
Pennsylvania. Annals of the Carnegie Museum 27:152—153.

Eller ER. 1938b. A review of the xiphosuran genus Belinurus with the description of a
new species, B. allegayensis. Annals of the Carnegie Museum 27:129-150.

Eller ER. 1940. Belinurus carteri a new xiphosuran from the Upper Devonian of Pennsyl-
vania. Annals of the Carnegie Museum 28:133—136.

Fabricius JC. 1793. Entomologia systematica emendata et aucta. Hafniae: Tom. II.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 36/45


https://peerj.com
http://dx.doi.org/10.1111/pala.12236
http://dx.doi.org/10.1016/j.crpv.2004.11.002
http://dx.doi.org/10.1111/j.1095-8312.2011.01635.x
http://dx.doi.org/10.1146/annurev-earth-040610-133349
http://dx.doi.org/10.1080/00222933008673194
http://dx.doi.org/10.7717/peerj.10431

Peer

Farris JS, Albert VA, Killersjoé M, Lipscomb D, Kluge AG. 1996. Parsimony jackknifing
outperforms neighbor-joining. Cladistics 12:99-124
DOI10.1111/j.1096-0031.1996.tb00196.x.

Faurby S, Nielsen KSK, Bussarawit S, Intanai I, Van Cong N, Pertoldi C, Funch P.
2011. Intraspecific shape variation in horseshoe crabs: the importance of sexual and
natural selection for local adaptation. Journal of Experimental Marine Biology and
Ecology 407:131-138 DOI 10.1016/j.jembe.2011.05.025.

Feldmann RM, Schweitzer CE, Dattilo B, Farlow JO. 2011. Remarkable preservation of
a new genus and species of limuline horseshoe crab from the Cretaceous of Texas,
USA. Palaeontology 54:1337—-1346 DOI 10.1111/j.1475-4983.2011.01103.x.

Felsenstein J. 1985. Confidence limits on phylogenies: an approach using the bootstrap.
Evolution 39:783-791 DOI 10.1111/5.1558-5646.1985.tb00420.x.

Fernandez DE, Pazos PJ. 2013. Xiphosurid trackways in a Lower Cretaceous tidal flat
in Patagonia: palacoecological implications and the involvement of microbial
mats in trace-fossil preservation. Palaeogeography, Palaeoclimatology, Palaeoecology
375:16-29 DOI 10.1016/j.palae0.2013.02.008.

Fisher DC. 1981. The role of functional analysis in phylogenetic inference: ex-
amples from the history of the Xiphosura. American Zoologist 21:47-62
DOI 10.1093/icb/21.1.47.

Fisher DC. 1984. The xiphosurida: archetypes of bradytely? In: Eldredge N, Stanley SM,
eds. Living fossils. New York: Springer Verlag, 196-213.

Fisher DC. 1990. Rates of evolution —living fossils. In: Briggs DEG, Crowther PR, eds.
Palaeobiology. London: Blackwell Scientific, 152—-159.

Fritsch K. 1906. Beitrag zur Kenntnis der Tierwelt der Deutschen Trias. Abhandlungen
der naturfoschender Gesellschaft Halle 24:220-285.

Fric¢ A. 1899. On Prolimulus woodwardi. Geological Magazine 6:57—58
DOI 10.1017/S0016756800141974.

Fu Y, Huang DY. 2020. The enigmatic arthropod Duraznovis gallegoi from the Late Tri-
assic of Argentina is a cicadomorphan head (Insecta: Hemiptera: Auchenorrhycnha).
Palaeoentomology 3:245-247 DOI 10.11646/palacoentomology.3.3.5.

Glushenko NV, Ivanov VK. 1961. Paleolimulus from the Lower Permian of the Donetz
Basi. Paleontologiceskij Zurnal 1961:128-130 (in Russian).

Goloboff PA, Farris JA, Nixon KC. 2008. TNT, a free program for phylogenetic analysis.
Cladistics 24:774-786 DOI 10.1111/j.1096-0031.2008.00217.x.

Gopel T, Wirkner CS. 2015. An ancient complexity? Evolutionary morphology of the cir-
culatory system in Xiphosura. Zoology 118:221-238 DOI 10.1016/j.z001.2014.12.004.

Gronovius LF. 1764. Zoophylacium Gronovianum, etc. fasc. 2. In: Insecta 220. Leyden:
Theodore Haak.

Hasiotis ST, Flaig PP, Jackson A. 2012. Horseshoe crabs lived in Permo-Triassic Antarc-
tic freshwater rivers and lakes: trace fossil evidence from the Buckley and Fremouw
Formations. Antarctica. Geological Society of America Abstracts with Programs 44:500.

Haug C, Haug JT. 2020. Untangling the Gordian knot—further resolving the super-
species complex of 300-million-year-old xiphosurids by reconstructing their

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 37/45


https://peerj.com
http://dx.doi.org/10.1111/j.1096-0031.1996.tb00196.x
http://dx.doi.org/10.1016/j.jembe.2011.05.025
http://dx.doi.org/10.1111/j.1475-4983.2011.01103.x
http://dx.doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://dx.doi.org/10.1016/j.palaeo.2013.02.008
http://dx.doi.org/10.1093/icb/21.1.47
http://dx.doi.org/10.1017/S0016756800141974
http://dx.doi.org/10.11646/palaeoentomology.3.3.5
http://dx.doi.org/10.1111/j.1096-0031.2008.00217.x
http://dx.doi.org/10.1016/j.zool.2014.12.004
http://dx.doi.org/10.7717/peerj.10431

Peer

ontogeny. Development Genes and Evolution 230:13-26
DOI 10.1007/s00427-020-00648-7.

Haug C, Rotzer MAIN. 2018. The ontogeny of the 300 million year old xipho-
suran Euproops danae (Euchelicerata) and implications for resolving the
Euproops species complex. Development Genes and Evolution 228:63-74
DOI 10.1007/500427-018-0604-0.

Haug C, Van Roy P, Leipner A, Funch P, Rudkin DM, Schéllmann L, Haug JT.

2012. A holomorph approach to xiphosuran evolution—a case study on
the ontogeny of Euproops. Development Genes and Evolution 222:253-268
DOI 10.1007/s00427-012-0407-7.

Hauschke N, Wilde V. 1987. Paleolimulus fuchsbergensis n. sp. (Xiphosura, Merostomata)
aus der oberen Trias von Nordwestdeutschland, mit einer Ubersicht zur Systematik
und Verbreitung rezenter Limuliden. Paldontologische Zeitschrift 61:87—-108
DOI 10.1007/BF02985944.

Hauschke N, Wilde V, Brauckmann C. 2004. Triassic limulids from Madagascar —
missing links in the distribution of Mesozoic Limulacea. Neues Jahrbuch fiir Geologie
und Paldontologie, Monatshefte 2004:87-94 DOI 10.1127/njgpm/2004/2004/87.

Hendricks JR, Saupe EE, Myers CE, Hermsen EJ. 2014. The generification of the fossil
record. Paleobiology 40:511-528 DOI 10.1666/13076.

Heymons R. 1901. Die Entwicklungsgeschichte der Scolopender. Zoologica 13:1-244.

Holder MT, Sukumaran J, Lewis PO. 2008. A justification for reporting the majority-
rule consensus tree in Bayesian phylogenetics. Systematic Biology 57:814-821
DOI 10.1080/10635150802422308.

Holland FD, Erickson JM, O’Brien DE. 1975. Casterolimulus: a new Late Cretaceous
generic link in limulid lineage. Studies in Paleontology and Stratigraphy. Bulletin of
American Paleontology 62:235-249.

Hsieh H-L, Chen C-P. 2009. Conservation program for the Asian horseshoe crab
Tachypleus tridentatus in Taiwan: characterizing the microhabitat of nursery grounds
and restoring spawning grounds. In: Tancredi JT, Botton ML, Smith DR, eds. Biology
and Conservation of Horseshoe Crabs. Dordrecht: Springer, 417—438.

Huelsenbeck JP, Ronquist F. 2001. MRBAYES: Bayesian inference of phylogenetic trees.
Bioinformatics 17:754-755 DOI 10.1093/bioinformatics/17.8.754.

International Commission on Zoological Nomenclature. 1999. International Code of
Zoological Nomenclature. 4th edition. London: International Trust for Zoological
Nomenclature.

Jones TR, Woodward H. 1899. Contributions to fossil Crustacea. Geological Magazine
6:388-395 DOI 10.1017/50016756800142487.

Kamaruzzaman BY, Akbar John B, Zaleha K, Jalal KCA. 2011. Molecular phylogeny of
horseshoe crab. Asian Journal of Biotechnology 3:302-309
DOI 10.3923/ajbkr.2011.302.309.

Kin A, Blazejowski B. 2014. The horseshoe crab of the genus Limulus: living fossil or
stabilomorph? PLOS ONE 9:E108036 DOI 10.1371/journal.pone.0108036.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 38/45


https://peerj.com
http://dx.doi.org/10.1007/s00427-020-00648-7
http://dx.doi.org/10.1007/s00427-018-0604-0
http://dx.doi.org/10.1007/s00427-012-0407-7
http://dx.doi.org/10.1007/BF02985944
http://dx.doi.org/10.1127/njgpm/2004/2004/87
http://dx.doi.org/10.1666/13076
http://dx.doi.org/10.1080/10635150802422308
http://dx.doi.org/10.1093/bioinformatics/17.8.754
http://dx.doi.org/10.1017/S0016756800142487
http://dx.doi.org/10.3923/ajbkr.2011.302.309
http://dx.doi.org/10.1371/journal.pone.0108036
http://dx.doi.org/10.7717/peerj.10431

Peer

Kin A, Gruszczynski M, Martill D, Marshall JD, Blazejowski B. 2013. Palaeoenviron-
ment and taphonomy of a Late Jurassic (Late Tithonian) Lagerstitte from central
Poland. Lethaia 46:71-81 DOI 10.1111/j.1502-3931.2012.00322.x.

Kirchner H. 1923. Limulus sandbergeri n. sp. aus dem friankischen oberen Buntsand-
stein (Plattensandstein). Centralblatt fiir Mineralogie, Geologie und Palaeontologie
1923:634-639.

Kobayashi T. 1933. On the occurrence of Xiphosuran remains in Chosen (Korea).
Japanese Journal of Geology and Geography 10:175-182.

Konig C. 1820. Icones fossilium sectiles. London: G. B. Sowerby.

Kosnik MA, Kowalewski M. 2016. Understanding modern extinctions in marine
ecosystems: the role of palaeoecological data. Biology Letters 12:201509.

Lamarck JB. 1801. Systéme des animaux sans vertébres. Paris: Lamarck and Deterville.

Lamsdell JC. Evolutionary history of the dynamic horseshoe crab. International Wader
Studies 21. In press DOI 10.18194/db.00173.

Lamsdell JC. 2013. Revised systematics of Palaeozoic ‘horseshoe crabs’ and the myth
of monophyletic Xiphosura. Zoological Journal of the Linnean Society 167:1-27
DOI10.1111/j.1096-3642.2012.00874.x.

Lamsdell JC. 2016. Horseshoe crab phylogeny and independent colonisations of fresh-
water: ecological invasion as a driver for morphological innovation. Palaeontology
59:181-194 DOI 10.1111/pala.12220.

Lamsdell JC. 2020. A new method for quantifying heterochrony in evolutionary lineages.
Paleobiology DOI 10.1017/pab.2020.17.

Lamsdell JC, Briggs DEG, Liu HP, Witzke BJ, McKay RM. 2015. A new Ordovi-
cian arthropod from the Winneshiek Lagerstitte of lowa (USA) reveals the
ground plan of eurypterids and chasmataspidids. The Science of Nature 102:63
DOI 10.1007/s00114-015-1312-5.

Lamsdell JC, Congreve CR, Hopkins M], Krug AZ, Patzkowsky ME. 2017. Phylogenetic
paleoecology: tree-thinking and ecology in deep time. Trends in Ecology and
Evolution 32:452—-463 DOI 10.1016/j.tree.2017.03.002.

Lamsdell JC, McKenzie SC. 2015. Tachypleus syriacus (Woodward) —a sexually dimor-
phic Cretaceous crown limulid reveals underestimated horseshoe crab divergence
times. Organisms Diversity & Evolution 15:681-693 DOI 10.1007/s13127-015-0229-3.

Lamsdell JC, Selden PA. 2013. Babes in the wood—a unique window into sea scorpion
ontogeny. BMC Evolutionary Biology 13:98.

Lamsdell JC, Selden PA. 2015. Phylogenetic support for the monophyly of proetide
trilobites. Lethaia 48:375-386.

Lamsdell JC, Tashman JN, Pasini G, Garassino A. 2020. A new limulid (Chelicerata,
Xiphosurida) from the Late Cretaceous (Cenomanian—Turonian) of Gara Sbaa,
southeast Morocco. Cretaceous Research 106:104230
DOI10.1016/j.cretres.2019.104230.

Lamsdell JC, Xue J, Selden PA. 2013. A horseshoe crab (Arthropoda: Chelicerata:
Xiphosura) from the Lower Devonian (Lochkovian) of Yunnan, China. Geological
Magazine 150:367-370 DOI 10.1017/50016756812000891.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 39/45


https://peerj.com
http://dx.doi.org/10.1111/j.1502-3931.2012.00322.x
http://dx.doi.org/10.18194/db.00173
http://dx.doi.org/10.1111/j.1096-3642.2012.00874.x
http://dx.doi.org/10.1111/pala.12220
http://dx.doi.org/10.1017/pab.2020.17
http://dx.doi.org/10.1007/s00114-015-1312-5
http://dx.doi.org/10.1016/j.tree.2017.03.002
http://dx.doi.org/10.1007/s13127-015-0229-3
http://dx.doi.org/10.1016/j.cretres.2019.104230
http://dx.doi.org/10.1017/S0016756812000891
http://dx.doi.org/10.7717/peerj.10431

Peer

Lange W. 1922. Uber neue Fossilfunde aus der Trias von Géttingen. Zeitschrift der
Deutschen Geologischen Gesellschaft 74:162-168.

Lara MB, Cariglino B, Zavattieri AM, Zacarias I. 2020. An enigmatic Arthropoda from
the Upper Triassic (Carnian) southwestern Gondwana (Argentina). Journal of
Paleontology 94:279-290 DOI 10.1017/jpa.2019.86.

Latreille PA. 1802. Histoire naturelle genérale et particuliere, des Crustacés et des Insectes.
Vol. 3. Paris: F. Dufart.

Latreille PA. 1806. Genera Crustaceorum et Insectorum. vol. 1. Paris: A. Koenig.

Leach WE. 1815. The zoological miscellany; being descriptions of new or interesting animals.
vol. II. London: E. Nodder & Son.

Leach WE. 1819. Entomostracés. In: F. Levrault F, ed. Dictionnaires des Sciences Naturelles
14:524-543.

Lermen RE. 2006. Assinaturas icnoldgicas em depdsitos glaciogénicos do Grupo Itararé
no RS. Unpublished M.S. thesis, Universidade do Vale do Rios dos Sinos, 84 pp.

Lerner AJ, Lucas SG. 2015. A Selenichnites ichnoassociation from Early Permian tidal
flats of the Prehistoric Trackways National Monument of South-Central New Mex-
ico. Bulletin of the New Mexico Museum of Natural History and Science 65:141-152.

Lerner AJ, Lucas SG, Lockley M. 2017. First fossil horseshoe crab (Xiphosurida) from
the Triassic of North America. Neues Jahrbuch fiir Geologie und Palidontologie —
Abhandlungen 286:289-302 DOI 10.1127/njgpa/2017/0702.

Lerner AJ, Lucas SG, Mansky CF. 2016. The earliest paleolimulid and its attributed
ichnofossils from the Lower Mississippian (Tournasian) Horton Bluff Formation
of Blue Beach, Nova Scotia, Canada. Neues Jahrbuch fiir Geologie und Paldontologie
—Abhandlungen 280:193-214 DOI 10.1127/njgpa/2016/0575.

Lewis PO. 2001. A likelihood approach to estimating phylogeny from discrete morpho-
logical character data. Systematic Biology 50:913-925
DOI 10.1080/106351501753462876.

Linnaeus C. 1758. Systema naturae per regna triae naturae, secundum classis, ordines,
genera, species cum characteribus, differentiis, synonyms locis. 10th edition. vol. 1.
Stockholm: Laurentii Salvii.

Malz H, Poschmann M. 1993. Erste Siilwasser-Limuliden (Arthropoda, Chelicerata)
aus dem Rotliegenden der Saar-Nahe-Senke. Osnabriicker Naturwissenschafliche
Mitteilungen 19:21-24.

Martin W. 1809. Petrificata Derbiensia: or, figures and descriptions of petrifactions collected
in Derbyshire. Wigan: Kessinger Publishing.

Mattei JH, Beekey MA, Rudman A, Woronik A. 2010. Reproductive behaviour in
horseshoe crabs: does density matter? Current Zoology 56:634—642
DOI 10.1093/czoolo/56.5.634.

Meek FB. 1867. Notes on a new genus of fossil Crustacea. Geological Magazine 4:320-321.

Meek FB, Worthen AH. 1865. Notice of some new types of organic remains from
the Coal Measures of Illinois. Proceedings of the Academy of Natural Sciences of
Philadelphia 17:41-45.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 40/45


https://peerj.com
http://dx.doi.org/10.1017/jpa.2019.86
http://dx.doi.org/10.1127/njgpa/2017/0702
http://dx.doi.org/10.1127/njgpa/2016/0575
http://dx.doi.org/10.1080/106351501753462876
http://dx.doi.org/10.1093/czoolo/56.5.634
http://dx.doi.org/10.7717/peerj.10431

Peer

Mikula$ R, Mertlik J. 2002. New information on the ichnofabric of thick-bedded quart-
zose sandstones of the Bohemian Cretaceous Basin (Czech Republic). Geoscience
Research Reports 35:49-52.

Moreau J-D, Fara E, Gand G, Lafaure G, Baret L. 2014. Gigantism among Late Jurassic
limulids: new ichnological evidence for the Causses Basin (Lozere, France) and
comments on body-size evolution among horseshoe crabs. Geobios 47:237-253
DOI 10.1016/j.geobios.2014.06.005.

Morris SF. 1980. Catalogue of the type and figured specimens of fossil Crustacea (excl.
Ostracoda), Chelicerata, Myriapoda and Pycnogonida in the British Museum (Natural
History). London: British Museum (Natural History).

Mujal E, Belatistegui Z, Fortuny J, Bolet A, Oms O, Lépez JA. 2018. Ichnological
evidence of a horseshoe crab hot-spot in the Early Triassic Buntsandstein continental
deposits from the Catalan Pyrenees (NE Iberian Peninsula). Journal of Iberian
Geology 44:139-153 DOI 10.1007/s41513-017-0026-2.

Miiller O. 1785. Entemostraca, and seu, Insecta testacea quae in aquis Daniae et Norvegie
reperit, descripsit et iconibus illustravit. Hauniae: Thiele.

Miinster G. 1839. Die Rhyncholiten des Muschelkalks mit ihrem Fortsdtzen. In: Miinster
G, ed. Beitrdge zur Petrefacten-Kunde. 1: 48-51.

Miinster G. 1840. Uber die fossilen Arten Limulus in den lithographischen Schiefern von
Bayern. In: Miinster G, ed. Beitrdige zur Petrefacten-Kunde. 3: 26-27.

Naugolnykh SV. 2017. Lower Kungurian shallow-water lagoon biota of Middle Cis-
Urals, Russia: towards paleoecological reconstruction. Global Geology 20:1-13.

Naurstad OA. 2014. Sedimentology of the Aspelintoppen Formation (Eocene-
Oligocene), Brogniartfjella, Svalbard. Unpublished M.S. thesis, University of Bergen
124.

Nelson BR, Satyanarayana B, Zhong JMH, Shararom F. 2016. Does human infringe-
ment at the spawning grounds challenge horseshoe crab eggs and their embryogene-
sis? Journal of Sustainability Science and Management Special Issue 1:1-10.

Obst M, Faurby S, Bussarawit S, Funch P. 2012. Molecular phylogeny of ex-
tant horseshoe crabs (Xiphosura, Limulidae) indicates Paleogene diversi-
fication of Asian species. Molecular Phylogenetics and Evolution 62:21-26
DOI 10.1016/j.ympev.2011.08.025.

O’Leary MA, Kaufman SG. 2012. Morphobank 3.0: web application for morphological
phylogenetics and taxonomy. Available at http://www.morphobank.org .

Packard AS. 1885. Types of Carboniferous Xiphosura new to North America. American
Naturalist 1885:291-294.

Patel SJ, Shringarpure DM. 1992. Trace fossil Limulicubichnus from the Lower Miocene
rocks of Kutch. Current Science 63:682—-684.

Pati S, Tudu S, Rajesh AS, Biswal GC, Chatterji A, Dash BP, Samantaray RK. 2017.
Man-made activities affecting the breeding ground of horseshoe crab, Tachypleus
gigas (Miiller, 1785) along Balasore coast: call for immediate conservation. e-Planet
15:145-154.

Lamsdell (2020), PeerdJ, DOI 10.7717/peerj.10431 41/45


https://peerj.com
http://dx.doi.org/10.1016/j.geobios.2014.06.005
http://dx.doi.org/10.1007/s41513-017-0026-2
http://dx.doi.org/10.1016/j.ympev.2011.08.025
http://www.morphobank.org 
http://dx.doi.org/10.7717/peerj.10431

Peer

Periasamy R, Ingole B, Meena RM. 2017. Phylogeny and genetic variation within
population of Tachypleus gigas (Miiller, 1785). Current Science 112:2029-2033
DOI 10.18520/cs/v112/i10/2029-2033.

Pickett JW. 1984. A new freshwater limuloid from the Middle Triassic of New South
Wales. Palaeontology 27:609-621.

Pickett JW. 1993. A Late Devonian xiphosuran from near Parkes, New South Wales.
Memoir of the Association of Australasian Palaeontologists 15:279-287.

Pickford M. 1995. Karoo Supergroup palaeontology of Namibia and brief description of
a thecodont from Omingonde. Palaeontologia Africana 32:51-66.

Pictet FJ. 1846. Traite elémentaire de paléontologie. Vol. 4. Paris: Langlois et Leclerq.

Pocock RI. 1902. The taxonomy of Recent species of Limulus. Annals and Magazine of
Natural History 9:256-266 DOI 10.1080/00222930208678582.

Ponomarenko AG. 1985. King crabs and eurypterids from the Permian and Mesozoic of
the USSR. Paleontological Journal 3:115-118.

Prantl F, Pribyl A. 1956. Ostrorepi (Xiphosura) ceskoslovenskeho karbonu. Sborn
Ustredn Ustavu Geologického 22:379-424.

Pribyl A. 1967. Moravurus gen. n. eine neue Xiphosurida Gattung aus dem mahrisch-
schlesischen Oberkarbon. Casopis pro Mineralogii a Geologii 12:457-460.

Prestwich J. 1840. Memoir on the geology of the Coalbrook Dale. Transactions of the
Geological Society of London 5:413—495.

Racheboeuf PR. 1992. Valloisella lievinensis n. g. n. sp.: nouveau Xiphosure carbonifere
du nord de la France. Neues Jahrbuch fiir Geology und Paldontologie Monatshefte
1992:336-342 DOI 10.1127/njgpm/1992/1992/336.

Racheboeuf PR, Vannier J, Anderson LI. 2002. A new three-dimensionally preserved
xiphosuran chelicerate from the Montceau-les-Mines Lagerstitte (Carboniferous,
France). Palaeontology 45:125-147 DOI 10.1111/1475-4983.00230.

Raymond PE. 1944. Late Paleozoic xiphosurans. Bulletin of the Museum of Comparative
Zoology 64:475-508.

Reeside JB, Harris DV. 1952. A Cretaceous horseshoe crab from Colorado. Journal of the
Washington Academy of Science 42:174-178.

Remy W, Remy R. 1959. Arthropodenfunde im Stefan der Halleschen Mulde.
Monograph-Bericht der Deutschen Akademie Wissenschaft Berlin 1:299-312.

Renwick G. 1968. Limulus polyphemus: living fossil in the laboratory. The American
Biology Teacher 30:408—411 DOI 10.2307/44421009.

Richter R, Richter E. 1929. Weinbergina opitzi n. g. n. sp. ein Schwerttrager (Merost.
Xiphos.) aus dem Devon (Rheinland). Senckenbergiana 11:21-39.

Riek EF. 1955. A new xiphosuran from the Triassic sediments at Brookvale, New South
Wales. Records of the Australian Museum 23:281-282
DOI 10.3853/j.0067-1975.23.1955.637.

Riek EF, Gill ED. 1971. A new xiphosuran genus from Lower Cretaceous freshwater
sediments at Koonwarra, Victoria, Australia. Palaeontology 14:206-210.

Roemer F. 1883. Uber eine Art der limuliden-gattung Belinurus aus dem Steinkohlenge-
birge Oberschlesiens. Zeitschrift der Deutschen Geologischen Gesellschaft 35:429-432.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 42/45


https://peerj.com
http://dx.doi.org/10.18520/cs/v112/i10/2029-2033
http://dx.doi.org/10.1080/00222930208678582
http://dx.doi.org/10.1127/njgpm/1992/1992/336
http://dx.doi.org/10.1111/1475-4983.00230
http://dx.doi.org/10.2307/4442109
http://dx.doi.org/10.3853/j.0067-1975.23.1955.637
http://dx.doi.org/10.7717/peerj.10431

Peer

Romero A, Via Boada L. 1977. Tarracolimulus rieki, nov. gen. nov. sp. nuevo limulido del
Tridsico de Montral-Alcover (Tarragona). Cuadernos de Geologia Ibérica 4:239-246.

Rudkin DM, Young GA, Nowlan GS. 2008. The oldest horseshoe crab: a new xiphosurid
from Late Ordovician Konservat-Lagerstitten deposits, Manitoba, Canada. Palaeon-
tology 51:1-9 DOI 10.1111/j.1475-4983.2007.00746.x.

Rudloe A. 1983. The effect of heavy bleeding on mortality of the horseshoe crab,
Limulus polyphemus, in the natural environment. Journal of Invertebrate Pathology
42:167-176 DOI 10.1016/0022-2011(83)90059-9.

Schimper WP. 1853. Paleontologica alsatica ou fragments paléontologiques des dif-
ferérents terrains stratifies qui se recontrent en Alsace. Mémoires de la Société du
Muséum d’Histoire Naturelle de Strasbourg 4:1-10.

Schram FR. 1979. Limulines of the Mississippian Bear Gulch Limestone of Central
Montana, USA. Transactions of the San Diego Society of Natural History 19:67—74.

Selden PA, Lamsdell JC, Liu Q. 2015. An unusual xiphosuran linking horseshoe crabs
and eurypterids, from the Lower Devonian (Lochkovian) of Yunnan, China.
Zoologica Scripta 44:645—652 DOI 10.1111/zsc.12124.

Selden PA, Simonetto L, Marsiglio G. 2019. An effaced horseshoe crab (Arthropoda:
Chelicerata: Xiphosura) from the Upper Carboniferous of the Carnic Alps (Friuli,
NE Italy). Revista Italiana di Paleontologia e Stratigrafia 125:333-342.

Selden PA, Siveter DJ. 1987. The origin of the limuloids. Lethaia 20:383-392
DOI'10.1111/j.1502-3931.1987.tb00800.x.

Shingate P, Ravi V, Prasad A, Tay B-H, Garg KM, Chattopadhyay B, Yap L-M, Rheindt
FE, Venkatesh B. 2020. Chromosome-level assembly of the horseshoe crab genome
provides insights into its genome evolution. Nature Communications 11:2322
DOI 10.1038/s41467-020-16180-1.

Shishikura F, Nakamura S, Takahashi K, Sekiguchi K. 1982. Horseshoe crab phylogeny
based on amino acid sequences of the Fibrino-peptide-like Peptide C. The Journal of
Experimental Zoology 223:89-91 DOI 10.1002/jez.1402230115.

Shpinev ES, Vasilenko DV. 2018. First fossil xiphosuran (Chelicerata, Xiphosura) egg
clutch from the Carboniferous of Khakassia. Paleontological Journal 52:400-404
DOI10.1134/S0031030118040111.

Siegfried P. 1972. Ein Schwertschwanz (Merostomata, Xiphosurida) aus dem
Oberkarbon von Ibbenburen/Westfalien. Paldontologische Zeitschrift 46:180-186
DOI 10.1007/BF02990151.

Siveter DJ, Selden PA. 1987. A new giant xiphosurid from the lower Namurian
of Weardale, County Durham. Proceedings of the Yorkshire Geological Society
46:153-168.

Stermer L. 1952. Phylogeny and taxonomy of fossil horseshoe crabs. Journal of Paleontol-
ogy 26:630—-640.

Stermer L. 1955. Merostomata. In: Moore R, ed. Treatise on Invertebrate Paleontology,
Part P, Arthropoda 2, Chelicerata with section on Pycnogonida and Palaeoisopus.
Boulder: Geological Society of America, 4-41.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 43/45


https://peerj.com
http://dx.doi.org/10.1111/j.1475-4983.2007.00746.x
http://dx.doi.org/10.1016/0022-2011(83)90059-9
http://dx.doi.org/10.1111/zsc.12124
http://dx.doi.org/10.1111/j.1502-3931.1987.tb00800.x
http://dx.doi.org/10.1038/s41467-020-16180-1
http://dx.doi.org/10.1002/jez.1402230115
http://dx.doi.org/10.1134/S0031030118040111
http://dx.doi.org/10.1007/BF02990151
http://dx.doi.org/10.7717/peerj.10431

Peer

Tasch P. 1961. Paleolimnology: Part 2-Harvey and Sedgwick counties, Kansas: stratigra-
phy and biota. Journal of Paleontology 35:836—865.

Tashman JN. 2014. A taxonomic and taphonomic analysis of Late Jurassic horseshoe
crabs from a Lagerstiitte in Central Poland. Unpublished M.S. thesis, Kent State
University.

Van Der Hoeven J. 1838. Recherches Sur L’histoire Naturelle Et L’anatomie Des Limules.
Leyden: Luchtmans.

Van Roy P, Orr PJ, Botting JP, Muir LA, Vinther J, Lefebvre B, Hariri Kel, Briggs
DEG. 2010. Ordovician faunas of Burgess Shale type. Nature 465:215-218
DOI 10.1038/nature09038.

Vandenberghe A. 1960. Pringlia demaisteri nov. sp. un xiphosure (Chélicérate) du
Stéphanién de la Loire. Bulletin de la Societé géologique de France 7:687—689.

Via L. 1987. Artropodos fosiles Triasicos de Alcover-Montral, II. Limulidos. Cuadernos.
Geologia Ibérica 11:281-282.

Via Boada L, De Villalta JF. 1966. Heterolimulus gadeai nov. gen. nov. sp. representante
de una nueva familia de Limulacea, en el Tridssico espaiol. Comtes Rendues Som-
maire Séances Societé Géologique France 1966:57-59.

Waterston CD. 1985. Chelicerata from the Dinantian of Foulden, Berwickshire,
Scotland. Transactions of the Royal Society of Edinburgh: Earth Sciences 76:25-33
DOI10.1017/50263593300010269.

Watson DMS. 1909. Limulus woodwardi, sp. nov. from the Lower Oolite of England.
Geological Magazine 6:14-16 DOI 10.1017/S0016756800120333.

Wignall PB, Best JL. 2000. The Western Irish Namurian Basin reassessed. Basin Research
12:59-78 DOI 10.1046/j.1365-2117.2000.00113.x.

Willard B, Jones TH. 1935. A new xiphosuran from the Allegheny of Pennsylvania.
Pennsylvanian Academy of Science Proceedings 9:126—131.

Woodward H. 1867. On some points in the structure of the Xiphosura, having reference
to their relationship with the Eurypteridae. Quarterly Journal of the Geological Society
of London 23:28-37 DOI 10.1144/GSL.JGS.1867.023.01-02.11.

Woodward H. 1872. Notes on some British Palaeozoic Crustacea belonging to the order
Merostomata. Geological Magazine 9:433—441 DOI 10.1017/50016756800465386.

Woodward H. 1879. Contributions to the knowledge of fossil Crustacea. Quarterly
Journal of the Geological Society London 35:549-555
DOI 10.1144/GSL.JGS.1879.035.01-04.37.

Woodward H. 1907. Further notes on the Arthropoda of the British Coal Measures.
Geological Magazine 4:539-549 DOI 10.1017/50016756800134120.

Woodward H. 1918. Fossil arthropods from the Carboniferous rocks of Cape Breton,
Nova Scotia; and from the Upper Coal Measures, Sunderland, England. Geological
Magazine 5:462—471 DOI 10.1017/50016756800203944.

Xia X. 2000. Phylogenetic relationship among horseshoe crab species: effect of
substitution models on phylogenetic analysis. Systematic Biology 49:87-100
DOI 10.1080/10635150050207401.

Lamsdell (2020), PeerdJ, DOI 10.7717/peerj.10431 44/45


https://peerj.com
http://dx.doi.org/10.1038/nature09038
http://dx.doi.org/10.1017/S0263593300010269
http://dx.doi.org/10.1017/S0016756800120333
http://dx.doi.org/10.1046/j.1365-2117.2000.00113.x
http://dx.doi.org/10.1144/GSL.JGS.1867.023.01-02.11
http://dx.doi.org/10.1017/S0016756800465386
http://dx.doi.org/10.1144/GSL.JGS.1879.035.01-04.37
http://dx.doi.org/10.1017/S0016756800134120
http://dx.doi.org/10.1017/S0016756800203944
http://dx.doi.org/10.1080/10635150050207401
http://dx.doi.org/10.7717/peerj.10431

Peer

Zhang Q-Y, Hu S-X, Zhou C-Y, Lii T, Bai J-K. 2009. New occurrence of Xiphosura in
China. Progress in Nature Science 19:1090—-1093. (In Chinese).

Zinken C. 1862. Limulus decheni aus dem Braunkohlensandstein bei Teuchern. Zeitschrift
fiir die gesammten Naturwissenschaft 19:329-331.

Zittel KA. 1885. Handbuch der Palaeontologie, Part 1. Palaeozoologie 2
Miinchen/Leipzig: R. Oldenbourg.

Zittel KA, Eastman CR. 1913. Textbook of Palaeontology. 2nd Ed. vol. 1. London:
Macmillan.

Lamsdell (2020), PeerJ, DOI 10.7717/peerj.10431 45/45


https://peerj.com
http://dx.doi.org/10.7717/peerj.10431

