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Abstract: Xiphosurids are an archaic group of aquatic

chelicerate arthropods, generally known by the colloquial

misnomer of ‘horseshoe crabs’. Known from marine envi-

ronments as far back as the early Ordovician, horseshoe

crabs are generally considered ‘living fossils’ – descendants

of a bradytelic lineage exhibiting little morphological or

ecological variation throughout geological time. However,

xiphosurids are known from freshwater sediments in the

Palaeozoic and Mesozoic; furthermore, the contention that

xiphosurids show little morphological variation has never

been tested empirically. Attempts to test this are hampered

by the lack of a modern phylogenetic framework with

which to explore different evolutionary scenarios. Here, I

present a phylogenetic analysis of Xiphosurida and explore

patterns of morphospace and environmental occupation of

the group throughout the Phanerozoic. Xiphosurids are

shown to have invaded non-marine environments indepen-

dently at least five times throughout their evolutionary

history, twice resulting in the radiation of major clades –
bellinurines and austrolimulids – that occupied novel

regions of morphospace. These clades show a convergent

ecological pattern of differentiation, speciation and subse-

quent extinction. Horseshoe crabs are shown to have a

more dynamic and complex evolutionary history than previ-

ously supposed, with the extant species representing only a

fraction of the group’s past ecological and morphological

diversity.

Key words: bradytely, convergence, ecology, morphospace,

niche conservatism, Xiphosurida.

XIPHOSUR IDS are aquatic chelicerate arthropods with a

fossil record extending back to the Ordovician (Rudkin

et al. 2008; Van Roy et al. 2010). Four species exist today,

all limited to the marine realm with occasional excursions

into marginal, brackish environments, and are considered

ecological generalists (Sekiguchi and Shuster 2009). The

apparent conservation of body form exhibited by xipho-

surids has led to their classification as ‘living fossils’

(Eldredge 1976), bradytelic archetypes (Fisher 1984) and

stabilomorphs (Kin and Bła_zejowski 2014). Despite this,

fossil xiphosurids are known to exhibit extremely aberrant

morphologies (Riek 1955; Anderson 1997) and to have

established populations in freshwater ecosystems (Ander-

son and Horrocks 1995; Racheboeuf et al. 2002; Riek and

Gill 1971). Studies of xiphosurids are hampered, however,

by the lack of a phylogenetic framework with which to

test the distribution of xiphosurid ecology through geo-

logical time. Such a framework would allow for evolu-

tionary scenarios, such was whether all freshwater

occurrences of xiphosurids are derived from a single

invasion and subsequent radiation, to be explored. The

existing taxonomic framework, largely derived from that

of Størmer (1952), is out of date and was compiled in a

pre-cladistic age. Furthermore, the tree presented by

Fisher (1984) suggested a number of Størmer’s taxa were

paraphyletic; however, Fisher presented no data matrix

alongside his tree and so the analysis is irreproducible.

Previous phylogenetic analyses of Xiphosura (equivalent

to total group Xiphosurida) have included only a handful

of xiphosurid taxa, either focusing on the relationships of

the supposed synziphosurine stem lineage (Anderson and

Selden 1997; Lamsdell 2013; Lamsdell et al. 2015; Selden

et al. 2015), or including xiphosurans as part of a broader

analysis of chelicerate phylogeny (Shultz 2007; Garwood

and Dunlop 2014). One recent phylogenetic analysis did

include a number of xiphosurids (Lamsdell and McKenzie

2015), but limited itself only to a subset of Mesozoic and

Cenozoic taxa. A number of these analyses have suggested

that synziphosurines are an unnatural grouping of stem

euchelicerates and stem dekatriatans (Lamsdell 2013;
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Lamsdell et al. 2015; Selden et al. 2015) and should be

excluded from Xiphosura; this would result in a signifi-

cant reduction in the order’s Palaeozoic diversity and

demonstrates the importance of a phylogenetic framework

for evaluating macroevolutionary and macroecological

trends.

Here, I present a more comprehensive phylogeny of

the Xiphosura and utilize the resulting tree to explore

patterns of ecological specialization and morphospace

occupation throughout the Phanerozoic. The resulting

phylogenetic tree reveals a more nuanced view of horse-

shoe crab evolutionary history beyond their simple cate-

gorization as ‘living fossils’ and forms the core of a

revised taxonomy of Xiphosurida.

METHOD

The phylogenetic analysis of Xiphosura presented herein

represents an expanded version of the matrix presented in

Lamsdell (2013), Lamsdell et al. (2015) and Selden et al.

(2015), combined with that of Lamsdell and McKenzie

(2015). The resulting matrix comprises 252 characters

coded for 105 taxa and is available in MorphoBank

(Lamsdell 2015). Sampling of Xiphosurida is increased

from 5 taxa to 50, 17 of which are bellinurines and 26 of

which are limulines, with the remaining 6 representing

stem taxa. Environmental data for these taxa were taken

from the primary literature (Tables 1–3). Morphological

terminology follows Selden and Siveter (1987) and Lams-

dell (2013) throughout.

The analysis was performed using TNT (Goloboff et al.

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, each followed by tree bisection-recon-

nection (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, and the ensemble consistency, retention

and rescaled consistency indices were calculated in Mes-

quite 3.02 (Maddison and Maddison 2015). Bootstrapping

was performed with 50% resampling for 1000 repetitions,

while jackknifing was performed using simple addition

sequence and tree bisection-reconnection branch swapping

for 1000 repetitions with 33% character deletion.

TABLE 1 . Environmental affinities of Palaeozoic Xiphosura.

Taxon Environment Reference

Alanops magnifica Freshwater/Brackish Racheboeuf et al. (2002)

Anacontium brevis Freshwater/Brackish Raymond (1944)

Anacontium carpenter Freshwater/Brackish Raymond (1944)

Bellinuroopsis rossicus Marine Chernyshev (1933)

Bellinurus arcuatus Freshwater/Brackish Dix and Pringle (1929)

Bellinurus bellulus Freshwater/Brackish Dix and Pringle (1930)

Bellinurus lunatus Freshwater/Brackish Filipiak and Krawczy�nski (1996)

Bellinurus reginae Freshwater/Brackish Copeland (1957)

Bellinurus trilobitoides Freshwater/Brackish Anderson et al. (1997)

Bellinurus truemanii Freshwater/Brackish Dix and Pringle (1929)

Euproops anthrax Freshwater/Brackish Prestwich (1840)

Euproops danae Freshwater/Brackish Anderson (1994)

Euproops mariae Freshwater/Brackish Crônier and Courville (2005)

Euproops rotundatus Freshwater/Brackish Filipiak and Krawczy�nski (1996)

Euproops sp. Freshwater/Brackish Haug et al. (2012)

Kasibelinurus amoricum Marine Pickett (1993)

Kasibelinurus randalli Marine Babcock et al. (1995)

Limulitella bronni Freshwater Schimper (1853)

Liomesaspis laevis Freshwater/Brackish Anderson (1997)

Liomesaspis leonardensis Freshwater/Brackish Tasch (1961)

Lunataspis aurora Marine Rudkin et al. (2008)

Paleolimulus longispinus Marginal Marine/Brackish? Hagadorn (2002)

Paleolimulus signatus Marine Babcock et al. (2000)

Panduralimulus babcocki Freshwater/Brackish? Allen and Feldmann (2005)

Pringlia birtwelli Freshwater/Brackish Raymond (1944)

Rolfeia fouldenensis Marine Waterston (1985)

Valloisella lievinensis Freshwater/Brackish Anderson and Horrocks (1995)

Xaniopyramis lindseyi Marine Siveter and Selden (1987)
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Disparity measures were calculated from the cladistic

character data (which have been shown to converge on a

common signal with other forms of morphometric data,

e.g. morphological landmarks (Foth et al. 2012; Hethering-

ton et al. 2015)) using standard methods (Wills et al.

1994; Wills 1998). Pairwise (taxon to taxon) Euclidean dis-

tance matrices were calculated and subjected to PCO using

scripts in R (Hughes et al. 2013) from which morphospace

plots were produced. Taxa were then assigned to period-

level time bins and separated into groups based on the

possession of either a marine or freshwater/brackish envi-

ronmental affinity. One taxon, Paleolimulus longispinus, is

of uncertain environmental affinity and was excluded from

the ecological study. Assigning it to either group made no

difference to the results obtained.

Multivariate statistical tests (NPMANOVA using the Eucli-

dean distance measure) were performed to ascertain the

statistical significance of overlap and separation of mor-

phospace between these environmental groups. Signifi-

cance was estimated by permutation across groups with

10 000 replicates, with Bonferroni correction.

RESULTS

Analysis of the phylogenetic data resulted in nine most

parsimonious trees with a tree length of 730 steps, an

ensemble Consistency Index of 0.482, an ensemble Reten-

tion Index of 0.879, and a Rescaled Consistency Index of

0.424. The strict consensus of these nine trees is illus-

trated (Fig. 1). The tree topology is congruent with that

from previous analyses (Lamsdell 2013; Lamsdell and

McKenzie 2015; Lamsdell et al. 2015; Selden et al. 2015),

with synziphosurines resolving as a mixture of stem

euchelicerates and stem dekatriatans; Xiphosura therefore

comprises solely xiphosurids and their kasibelinurid stem

lineage, defined by the possession of a cardiac lobe

extending anterior to the posterior half of the carapace

and segments VIII–XIV fused into a thoracetron. ‘Kasi-

belinurids’ are found to be paraphyletic, as is the genus

Kasibelinurus as currently defined (Babcock et al. 1995).

These taxa, along with Lunataspis, comprise the xipho-

surid stem lineage.

Xiphosurida is defined as xiphosurans possessing a sagit-

tal keel on the prosomal shield and having a postabdomen

composed of only a single segment, which is subsequently

merged with the thoracetron in some taxa. The internal

topology of Xiphosurida proposed here is also congruent

with that of Anderson and Selden (1997), with a basal split

between Belinurina and Limulina. Within Belinurina, how-

ever, the genera Belinurus and Euproops are both found to

be paraphyletic, with Belinurus grading into Euproops

which in turn grades into a clade comprising Liomesaspis,

Pringlia and Alanops. This supports previous suggestions

that belinurines are over-split at the generic level (Ander-

son 1997). It could be argued that the clade should be

reduced to consisting of a single genus; however, no taxo-

nomic change is currently proposed pending further study

of the group. Limulina encompasses all the remaining

xiphosurids, the relationships of which are in agreement

with that of Anderson and Selden (1997). Bellinuroopsis

resolves at the base of the clade with Rolfeia representing

the sister taxon to a clade comprising Paleolimulidae and

Limuloidea. The genus Paleolimulus has frequently been

suggested to represent an unnatural group in the past

(Anderson and Selden 1997; Babcock and Merriam 2000;

Allen and Feldmann 2005), a contention supported by the

TABLE 2 . Environmental affinities of Mesozoic Xiphosura.

Taxon Environment Reference

Austrolimulus fletcheri Freshwater Riek (1955)

Casterolimulus kletti Freshwater Holland et al. (1975)

Crenatolimulus

paluxyensis

Marine Feldmann et al. (2011)

Dubbolimulus peetae Freshwater Pickett (1984)

Limulitella henkeli Marine Fritsch (1906)

Limulitella vicensis Marine Bleicher (1897)

Limulus? darwini Marine Kin and Bła_zejowski

(2014)

Limulus coffini Marine Reeside and Harris

(1952)

Mesolimulus crispelli Marine V�ıa (1987)

Mesolimulus walchi Marine Briggs et al. (2005)

Paleolimulus

fuschbergensis

Freshwater Hauschke and Wilde

(1987)

Psammolimulus

gottingensis

Freshwater Meischner (1962)

Tachypleus gadeai Marine V�ıa Boada and

De Villalta (1966)

Tachypleus syriacus Marine Lamsdell and McKenzie

(2015)

Tarracolimulus rieki Marine Romero and V�ıa Boada

(1977)

Victalimulus

mcqueeni

Freshwater Riek and Gill (1971)

Yunnanolimulus

luopingensis

Marine Hu et al. (2011)

TABLE 3 . Environmental affinities of Cenozoic Xiphosura.

Taxon Environment Reference

Carcinoscorpius

rotundicauda

Marine Tanacredi et al. (2009)

Limulus polyphemus Marine Tanacredi et al. (2009)

Tachypleus decheni Marine Hauschke and Wilde

(2004)

Tachypleus gigas Marine Tanacredi et al. (2009)

Tachypleus tridentatus Marine Tanacredi et al. (2009)
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Limulitella bronni

‘Bellinurus’ reginae

Xaniopyramis linseyi

‘Paleolimulus’ fuchsbergensis

Mesolimulus crespelli

Psammolimulus gottingensis

‘Limulitella’ vicensis

Crenatolimulus paluxyensis

Anacontium brevis

Venustulus waukeshaensis

Limuloides limuloides

Bellinurus bellulus

Mesolimulus walchi

Lunataspis aurora

Carcinoscorpius rotundicauda

Pringlia birtwelli

Houia yueya
Winneshiekia youngae

Bunodes lunula

Limulus? darwini

Cyamocephalus loganensis

Camanchia grovensis

‘Bellinurus’ lunatus

‘Euproops’ sp.

Limulus polyphemus

Dubbolimulus peetae

Willwerathia laticeps

Tachypleus gigas

Liomesaspis? leonardensis

Anacontium carpenteri

Tachypleus decheni

Euproops danae

‘Paleolimulus’ longispinus

Weinbergina opitzi

Paleolimulus signatus

Alanops magnifica

Casterolimulus kletti

Dibasterium durgae

Tachypleus tridentatus

‘Euproops’ mariae

Valloisella lievinensis

Limulus coffini

Tarracolimulus rieki

Austrolimulus fletcheri

Tachypleus gadeai

Rolfeia fouldenensis

Pseudoniscus roosevelti

Liomesaspis laevis

Fuxianhuia protensa

Bellinurus trilobitoides

Anderella parva

Offacolus kingi

Bellinuroopsis rossicus

‘Euproops’ anthrax

Bembicosoma pomphicus

Yunnanolimulus luopingensis

Victalimulus mcqueeni

Panduralimulus babcocki

‘Kasibelinurus’ randalli

Legrandella lombardi

‘Euproops’ rotundatus

‘Bellinurus’ truemanii

Kasibelinurus amoricum

Pasternakevia podolica

Tachypleus syriacus

‘Limulitella’ henkeli

‘Bellinurus’ arcuatus

Megacheira
Antennulata

Pycnogonida

Chasmataspidida
Eurypterida
Arachnida

1/44

47

5/93

81

2/–
–

2/–
4

1/61

601/55

54

1/–
–

1/–

1

3/97

95

2/90

79

1/65

62
1/39

26

1/50

38

1/63

44

1/39

20

1/60

52

1/50

25

1/78

74

1/50

41

1/45

27

1/43

27

1/64

62

1/55

48

2/72

69

1/39

33

1/70

59

1/54

39

1/25

152/79

69

1/61

55

1/22

12 1/25

16

1/47

38

1/59

54

1/47

32

2/83

80

1/57

56

1/45

32

2/64

50 2/84

84

1/47

34
1/66

61

1/65

63

2/87

84

1/69

69

1/61

56

2/87

86

1/59

46

3/81

66

1/–

–

2/9

4
4/98

95

3/83

68

2/36

161/27

 7

1/30

19

1/35

23

1/19

9

2/23

10
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current topology. Paleolimulus here comprises only the

type species, Paleolimulus signatus, with the remaining spe-

cies assigned to the Austrolimulidae. Paleolimulus proper is

united with Xaniopyramis through the possession of a

pyramidal cheek node and interopthalmic ridges on the

prosomal shield.

Limuloidea, defined by the thoracetron exhibiting no

lateral expression of individual tergites, resolves with Val-

loisella at its base and a prominent split between Aus-

trolimulidae and Limulidae. The topology of Limulidae is

unchanged from Lamsdell and McKenzie (2015), with

Limulitella resolving as polyphyletic and the genera Car-

cinoscorpius, Crenatolimulus, Limulus and Tachypleus

forming the xiphosurid crown group. Austrolimulidae is

composed of Australian xiphosurids and taxa previously

assigned to Paleolimulus. The clade is united by the tho-

racetron lacking tergopleural fixed spines, with the excep-

tion of the posteriormost which are swept back and

elongated to form a ‘swallowtail’, and by a trend for the

genal spines to splay outward, a condition that becomes

most pronounced in Austrolimulus (Riek 1955).

Colonization of the freshwater realm is shown to have

occurred at least five times independently within Xipho-

surida (Fig. 2), and twice this shift is associated with the

origination of a major clade. Belinurina is the more spe-

ciose of the two, even though a number of species have

been synonymized in recent years (Anderson 1994, 1997;

Haug et al. 2012), and is a common component of Car-

boniferous freshwater/brackish coal swamps; bellinurines

were so successful that they are by far the most speciose

group in the Palaeozoic xiphosurid record. The second

clade, Austrolimulidae, comprises taxa known predomi-

nantly from fluvial environments. Austrolimulids also

have a Palaeozoic origin but radiated during the early

Mesozoic. The Palaeozoic representatives are known from

marginal marine, fluvially influenced environments, with

Panduralimulus closely associated with terrestrial compo-

nents that suggest it had been transported into the delta

from upstream (Allen and Feldmann 2005). ‘Paleolimulus’

longispinus, however, is known from a shallow marine

basin with freshwater influence along its margin. Euproops

is also known from these marginal regions, and it is pos-

sible that ‘Paleolimulus’ longispinus is also derived from a

more brackish environment; at present, its environmental

affinities are unclear (Hagadorn 2002). Given the current

tree topology, a marine habitat for ‘Paleolimulus’ longispi-

nus would suggest that an austrolimulid returned to the

marine realm from a brackish/freshwater environment.

Aside from these two clades, xiphosurids are shown to

have invaded the freshwater realm twice in the Palaeozoic

(Schimper 1853; Anderson and Horrocks 1995) and once

in the Mesozoic (Riek and Gill 1971). These, however,

appear to be isolated events and do not result in any sub-

sequent radiations.

Principal coordinates analysis of the Euclidean distance

matrix derived from the phylogenetic character matrix

reveals marine and non-marine taxa to be clustered in

empirical morphospace (Fig. 3A). Dividing the taxa

according to period-level time bins and comparing the

rarefied sum of ranges (SOR) and sum of variances

(SOV) calculated from all axes shows that variance has

decreased through time while the range (area of mor-

phospace occupation) has remained relatively unchanged

(Fig. 3B). Separating out marine and non-marine taxa

reveals that the SOR of marine taxa has increased through

time, whereas the SOR of non-marine taxa has decreased.

SOV also decreases through time for non-marine taxa;

however, it remains constant for marine taxa, resulting in

the overall observed decrease. Morphospace occupation

is, however, shown to shift between the period-level time

bins, with Palaeozoic taxa (Fig. 4A) occupying a region of

morphospace adjacent to, and distinct from, that occu-

pied by Mesozoic (Fig. 4B) and Cenozoic (Fig. 4C) taxa,

with changes in morphospace occupation between the

Mesozoic and Cenozoic appearing to be due to a contrac-

tion of occupied space rather than a directional shift. This

is borne out statistically through NPMANOVA (Table 4);

Palaeozoic taxa are shown to occupy a statistically distinct

morphospace compared with Mesozoic and Cenozoic

taxa, while the Mesozoic and Cenozoic time bins show

no statistical difference in morphospace occupation.

Separating the taxa out according to environmental affin-

ity reveals that non-marine taxa are driving this difference

in morphospace occupation, with non-marine taxa inhab-

iting a statistically significant different morphospace

between the Palaeozoic and the Mesozoic, while marine

taxa exhibit no statistical difference in morphospace occu-

pation throughout the Phanerozoic.

SYSTEMATIC PALAEONTOLOGY

Subphylum CHELICERATA Heymons, 1901

Class XIPHOSURA Latreille, 1802

(= MEROSTAMATA Dana, 1852)

Included taxa. ‘Kasibelinuridae’ Pickett, 1993; Xiphosurida

Latreille, 1802.

F IG . 1 . Strict consensus of the nine most parsimonious trees from analysis of the dataset in TNT as detailed under Method above.

Numbers in branches represent: Bremer support values/jackknife values (above branch) and bootstrap values (beneath branch). The

internal topology for the Antennulata, Megacheira, Pycnogonida, Chasmataspidida, Eurypterida and Arachnida clades is identical to

previous analyses and is not the focus of the current study and so has been collapsed here for ease of representation.
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Diagnosis. Chelicerata with unfused appendage VII; car-

diac lobe extending anteriorly beyond the posterior half

of carapace; width of prosomal axis equal to that of car-

diac lobe; vaulted prosomal shield covering appendages

dorsally and laterally; segments VIII–XIV fused into tho-

racetron.

Remarks. Xiphosura here is limited to those chelicerates

with a thoracetron, thereby excluding the majority of

synziphosurines from the group as suggested by Lamsdell

(2013).

Family ‘KASIBELINURIDAE’ Pickett, 1993

Type genus. Kasibelinurus Pickett, 1993.

Included genera. Elleria Raymond, 1944; Lunataspis Rudkin

et al., 2008.

Remarks. The genus Kasibelinurus, as defined by Babcock

et al. (1995), is paraphyletic and needs to be redefined so

as to be monophyletic. This also renders the family ‘Kasi-

belinuridae’ paraphyletic. The family is here used to

denote stem xiphosurids, with quote marks denoting

paraphyly (Wiley 1979).

Order XIPHOSURIDA Latreille, 1802

Included taxa. Belinurina Zittel in Zittel and Eastman, 1913;

Limulina Richter and Richter, 1929.

Diagnosis. Xiphosura with sagittal keel on prosomal

shield; postabdomen comprising a single segment.

Suborder BELINURINA Zittel in Zittel and Eastman, 1913

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

Diagnosis. Xiphosurida with trunk doublure dorsally

delineated by furrow; tergopleurae present on posterior

tergites; thoracetron lacking moveable spines; tergites

expressed dorsally on thoracetron; ophthalmic ridges

bowing towards the axis posterior to the lateral eyes.

Family BELINURIDAE Zittel in Zittel and Eastman, 1913

(= EUPROOPIDAE Eller, 1938a syn. nov.; = LIOMESASPIDAE

Raymond, 1944)

Type genus. Bellinurus Pictet, 1846 (= Belinurus K€onig, 1851;

= Steropsis Baily, 1969; = Koenigiella Raymond, 1944).

Included genera. Alanops Racheboeuf et al., 2002; Anacontium

Raymond, 1944; Euproops Meek, 1867 (= Prestwichia Woodward,

1867; = Prestwichianella Cockerell, 1905); Liomesaspis Raymond,
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1944; Pringlia Raymond, 1944) (= Palatinaspis Malz and Posch-

mann, 1993); Prolimulus Fric, 1899.

Diagnosis. As for Belinurina.

Remarks. Bellinurus is here suggested to be paraphyletic

with respect to Euproops, which is in turn paraphyletic

with regard to Liomesaspis, Alanops, and Pringlia. The

only taxonomic solutions to this issue involve either syn-

onymizing all five genera or the erection of multiple

monotypic genera, and so no action is taken pending fur-

ther study of the group.

Suborder LIMULINA Richter and Richter, 1929

Included taxa. Bellinuroopsis Chernyshev, 1933 (= Neobelinurop-

sis Eller, 1938b); Rolfeiidae Selden and Siveter, 1987; Paleolimul-

idae Raymond, 1944; Limuloidea Zittel, 1885.

Diagnosis. Xiphosurida with the tergites of somites XIV–
XV fused; articulating flange present on lateral region of

prosomal/opisthosomal joint.

Family ROLFEIIDAE Selden and Siveter, 1987

Type and only genus. Rolfeia Waterston, 1985.

Diagnosis. Limulina with transverse ridge nodes present

on prosomal shield; thoracetron with moveable lateral

spines.

Family PALEOLIMULIDAE Raymond, 1944

(= MORAVURIDAE P�r�ıbyl, 1967 syn. nov.)

Type genus. Paleolimulus Dunbar, 1923.

Included genera. Moravurus P�r�ıbyl, 1967; Xaniopyramis Siveter

and Selden, 1987.

Diagnosis. Limulina with pyramidal cheek node; interopthalmic

ridges on prosomal shield; thoracetron with free lobes; moveable
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lateral spines present on thoracetron; transverse ridge nodes pre-

sent on prosomal shield.

Remarks. Paleolimulus is resolved in the present analysis

as polyphyletic. The type species, Paleolimulus signatus,

forms a clade with Xaniopyramis which is here considered

to represent Paleolimulidae. The other ‘Paleolimulus’ spe-

cies are placed within the Austrolimulidae and should be

removed from the genus.

Superfamily LIMULOIDEA Zittel, 1885

Included taxa. Valloisella Racheboeuf, 1992; Austrolimulidae

Riek, 1955; Limulidae Zittel, 1885.

Diagnosis. Limulina with thoracetron showing no lateral

expression of individual tergites; moveable spines present

on thoracetron; thoracetron with free lobes.

Family AUSTROLIMULIDAE Riek, 1955

(= DUBBOLIMULIDAE Pickett, 1984)

Type genus. Austrolimulus Riek, 1955.

Included genera. Casterolimulus Holland et al., 1975; Pandural-

imulus Allen and Feldmann, 2005; Dubbolimulus Pickett, 1984;

Psammolimulus Lange, 1922; ‘Paleolimulus’ Dunbar, 1923.

Diagnosis. Limuloidea with apodemal pits present on tho-

racetron; thoracetron lacking tergopleural fixed spines;

posteriormost thoracetron tergopleurae swept back and

elongated to form ‘swallowtail’; axis of thoracetron bear-

ing dorsal keel.

Remarks. As previously noted, the ‘Paleolimulus’ assigned

to Austrolimulidae do not resolve with the type species

and should be removed from the genus. Dubbolimulus,

previously considered to be a synonym of Paleolimulus, is

also shown to be a valid taxon.

Family LIMULIDAE Zittel, 1885

(= MESOLIMULIDAE Størmer, 1952)

Type genus. Limulus M€uller, 1785.

Included genera. Carcinoscorpius Pocock, 1902; Crenatolimulus

Feldmann et al., 2011; Limulitella Størmer, 1952 (= Limulites

Schimper, 1853); Mesolimulus Størmer, 1952; Tachypleus Leach,

1819 (= Heterolimulus V�ıa Boada and De Villalta 1966); Tarra-

colimulus Romero and V�ıa Boada, 1977; Victalimulus Riek and

Gill, 1971; Yunnanolimulus Zhang et al., 2009.

Diagnosis. Limuloidea with thoracetron showing no

expression of individual tergites; axis of thoracetron bear-

ing dorsal keel; apodemal pits sometimes present.

Remarks. The internal topology of Limulidae is identical

to that presented in Lamsdell and McKenzie (2015).

DISCUSSION

Xiphosurids have long been considered ideal examples

of bradytely (Fisher 1984), a concept often linked to

their apparent ecological role of marine generalists (Kin

and Bła_zejowski 2014). The results here show that, in

terms of both morphological and ecological stability,

this traditional view of xiphosurids is an over-simplifi-

cation. Belinurines have frequently been recognized as

aberrant in comparison with other xiphosurids and

were excluded from Fisher’s (1984) treatment of xipho-

surid bradytely. The traditional view that xiphosurids

are indicative of purely marine environments (Caster

1957) has also been restricted to apply only to limuli-

nes (Holland et al. 1975), again removing belinurines

from consideration. However, while marine xiphosurids

consistently occupy the same regions of the mor-

phospace, limulines independently colonized non-marine

environments at least four times throughout their evo-

lutionary history and are therefore not as ecologically

conservative as previously supposed. Furthermore, inva-

TABLE 4 . NPMANOVA test results for statistical differences between all taxa, freshwater taxa and marine taxa for each of the three

period-level time bins based on PCO analysis, after Bonferroni correction.

All taxa Non-marine taxa Marine taxa

Palaeozoic Mesozoic Palaeozoic Palaeozoic Mesozoic

Palaeozoic – – – – –
Mesozoic 0.0009 – 0.038 0.214 –
Cenozoic 0.0189 0.783 – 0.089 1

Significant p-values (indicating significant difference between time bins) shown in bold
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sion of the non-marine realm appears to have coincided

with the occupation of new regions of the mor-

phospace. Although not explicitly stated, this pattern

has been noted before; all the aberrant morphologies

cited by Fisher (1984) belong to taxa known from non-

marine environments and were considered ecological

specialists.

Simpson (1944) argued that shifts between ‘adaptive

zones’ (equivalent to the modern ecological niche or a

set of similar niches depending on the hierarchical scope

of the study) are tied to shifts in morphology and rapid

evolutionary radiations. Invasions of the brackish/fresh-

water realm by otherwise marine lineages constitute such

a shift, requiring extreme physiological changes in salinity

tolerance (Little 1990), and have been observed to result

in morphological radiations (Lee and Bell 1999). Such

changes in evolutionary regime are likely due to the

change in niche habitation; different environments have

been suggested to result in the differential prevalence of

evolutionary processes (Sheldon 1996) and the genealogi-

cal and ecological hierarchies are known to interact to

define the trajectory of evolutionary lineages (Eldredge

and Salthe 1984; Eldredge 2003). For xiphosurids, the

transition to non-marine environments likely resulted in

a change in population structure. Modern horseshoe

crabs show a substantial gene flow between neighbouring

populations (King et al. 2005). However, becoming

restricted to non-marine environments would likely result

in an overall decrease in effective population sizes and a

greater degree of isolation, as has been observed in mod-

ern fish (DeWoody and Avise 2000). As well as increas-

ing the likelihood of allopatric speciation through

geographic isolation, this change in population structure

would reduce genetic diversity, resulting in a greater

probability of establishing morphological novelties

(Eldredge et al. 2005). These factors combined would

explain the proliferation of belinurines during the Car-

boniferous and the manner by which both bellinurines

and austrolimulids occupied previously unexplored

regions of morphospace.

The specialization that led to this relatively short-term

evolutionary success may have also lead to the eventual

downfall of these non-marine clades. Evolutionary trends

tied to a reduction of population density and increased

trophic specialization have been shown to correlate with

increased extinction risk (Van Valkenburgh et al. 2004) as

evolution proceeds along a trajectory that favours individ-

ual fitness but results in a lineage less likely to persist

(Stanley 1979). The observed phenomenon of niche con-

servatism within phylogenetic lineages (Wiens 2004;

Wiens et al. 2010) means that a return to the marine

realm was incredibly unlikely for these taxa and, as a

result, they were severely impacted by the loss of habitat

caused by events such as the Kasimovian rainforest

collapse in the Carboniferous (Sahney et al. 2010) and

the climatic upheaval following the Chicxulub asteroid

impact at the end Cretaceous (Schulte et al. 2010).

Given niche conservatism and paucity of examples of

non-marine taxa returning to the marine realm, it would

seem exceptional that xiphosurids have independently

repeatedly invaded non-marine environments. Further-

more, while modern horseshoe crabs exhibit a broad

range of salinity tolerances, none can remain in fresh

water for extended periods of time (Sekiguchi and Shuster

2009), suggesting that the environmental shifts observed

here cannot be explained by a contraction in niche occu-

pation. However, as ecologically widespread populations

are more likely to seed new populations than restricted

populations are (Vermeij and Dietl 2006), it is likely that

there is simply a greater likelihood that marine taxa will

colonize non-marine environments than vice versa

through sheer weight of numbers.

CONCLUSIONS

The results of the phylogenetic analysis presented herein

have some interesting implications for xiphosurid evolu-

tion. The realization that horseshoe crabs have indepen-

dently invaded the non-marine realm at least five times

during the Palaeozoic and Mesozoic, with two of these

events linked to the origin of major clades, indicates that

the long-held view that xiphosurids are a lineage exhibit-

ing no innovation or experimentation in basic organiza-

tion (Eldredge 1976) is over simplistic. Instead, horseshoe

crabs have a complex evolutionary history of repeated

shifts in niche occupation from marine generalists to

specialist non-marine offshoots. These non-marine taxa

occupy novel regions of morphospace and exhibit a

repeated, convergent ecological pattern of differentiation,

speciation and subsequent extinction.

It is unclear why xiphosurids have not re-invaded the

non-marine realm since the end of the Mesozoic. One

potential reason is the reduction of species ranges relative

to those in the Palaeozoic and Mesozoic, resulting in

reduced potential for isolation and speciation. Alterna-

tively, Cenozoic fossils of non-marine taxa may yet await

discovery. Either way, it is clear that the four modern

species of horseshoe crab represent only a fraction of the

lineage’s past ecological diversity.
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