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The evolutionary relationships of the brachyuran crab superfamily Eriphioidea, commonly
known as stone or rubble crabs, are examined. Analysis of three mitochondrial (12S, 16S and
COI) and two nuclear loci (18S and Histone 3) was carried out for 51 taxa representing the
Carpilioidea, Dairoidea, Eriphioidea, Goneplacoidea, Parthenopoidea, Pilumnoidea, Portu-
noidea, Pseudozioidea and Xanthoidea. Phylogenetic analyses of molecular data used three
methods of inference that recovered similar topologies with minor differences. Maximum
parsimony analysis of 20 morphological characters taken from first zoeas of 11 species
yielded two equally parsimonious trees and generally supported the molecular analyses. None
of the analyses recovered Eriphioidea as monophyletic, and each of the eriphioid families
represented by two or more taxa was shown to be polyphyletic in both molecular and larval
analyses. This study indicates that the present classification based on adult morphology is
incongruent with phylogenetic relationships and that the diagnostic characters the result of
convergence (particularly in feeding morphology) rather than shared ancestry.
Corresponding author: Joelle C. Y. Lai, Department of Biological Sciences, National University of
Singapore, 14 Science Drive 4, Singapore 117543, Singapore. E-mail: chiuyun@nus.edu.sg
Brent P. Thoma, Department of Biology and Laboratory for Crustacean Research, University of
Louisiana at Lafayette, Lafayette, LA, USA. E-mail: brent.thoma@gmail.com
Paul F. Clark, Department of Life Sciences, The Natural History Museum, Cromwell Road,
London, SW7 5BD, England. E-mail: p.clark@nhm.ac.uk
Darryl L. Felder, Department of Biology and Laboratory for Crustacean Research, University of
Louisiana at Lafayette, Lafayette, LA, USA. E-mail: dlf4517@louisiana.edu
Peter K. L. Ng, Tropical Marine Science Institute, National University of Singapore, S2S 18 Kent
Ridge Road, Singapore 119227, Singapore. E-mail: peterng@nus.edu.sg

Introduction
Eriphioid crabs occupy a diverse range of habitats from
intertidal rocky shores, mangrove swamps, coral reefs and
the continental slope to depths below 800 m. Most of these
crabs are of moderate size with the exception of Hypothalas-
sia armata (De Haan, 1835) and Pseudocarcinus gigus (La-
mark, 1818), both of which are large with the latter
weighing 12 kg or more and growing up to 40 cm in cara-
pace width. Larval development varies between five zoeal
stages, for example, as for P. gigas (see Gardner & Quin-
tana 1998), and four as reported by Wear (1968) and Wear
and Fielder (1985) for Ozius truncatus H. Milne Edwards,
1834.

Some species are of commercial importance. In South-
East and East Asia, Myomenippe hardwickii (Gray, 1831),
Menippe rumphii (Fabricius, 1798) and H. armata are of
economic significance in coastal communities (Ng 1998); in
Australia, the Tasmanian giant crab or queen crab, Pseudo-
carcinus gigas, is the most important fishery of eriphioid
crab and locally fetches ca. AUD40 to 55 per kg (Australian
Department of Primary Industries, Parks, Water and Envi-
ronment, online resource); Hypothalassia acerba Koh & Ng,
2000, is collected in large numbers for export (Ng 1998;
Koh & Ng 2000); in the Americas, claws of Menippe merce-
naria (Say, 1818) and Platyxanthus orbignyi (H. Milne
Edwards & Lucas, 1843) are removed and the crab then
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returned to the sea to regenerate a new claw; in the Atlan-
tic and Gulf Coast of USA, the claw fishery of M. mercena-
ria and M. adina reached a peak of approximately 3 million
pounds in weight of claws in the 2009 fishing season (Flor-
ida Fish and Wildlife Conservation Commission, online
resource), and Danielethus patagonicus (A. Milne-Edwards,
1863) (formally Platyxanthus, see Thoma et al. 2012) in
Patagonia (Carsen et al. 1996; Narvarte et al. 2007) forms a
significant regional fishery.
Eriphioids can be confused with xanthoid and carpilioid

crabs, and all three were taxa previously assigned to the Xan-
thidae. Adult eriphioid males can be distinguished from
xanthoids in that all male abdominal somites are distinct and
movable (vs. abdominal segments 3–5 being fused and
immovable in xanthoids), the first gonopod is stout or gently
curved, cylindrical (vs. slender and sinuous in xanthoids) and
the second gonopod is elongate, longer than or subequal in
length to first gonopod (vs. short in xanthoids). From carpili-
oids, eriphioids can be distinguished only by all the male
abdominal somites freely moveable with visible sutures (vs.
male abdominal somites 3–5 immovable and completely
fused with sutures not discernible in carpilioids). Eriphioid
classification has long been difficult and/or confused and
has remained under almost constant review since the family
Eriphiidae was established by MacLeay in 1838.
Although numerous carcinologists have considered

Eriphiidae, Oziidae and Menippidae to be closely related,
proposed classifications based on adult morphology have
varied. This present study examines alternative classifica-
tions in the light of evolutionary relationships inferred
from molecular and morphological data.

Historical review of adult systematics
MacLeay (1838) originally erected Eriphiidae (as Eriphi-
dae) to accommodate Eriphia Latreille, 1817, but provided
no comment on either its affinities or its composition.
Dana (1851) accepted Eriphiidae (as Eriphidae) and divided
it into four subfamilies, three of which were new: Aethri-
nae, Oziinae (as Ozinae) and Actumninae. Subsequently,
Ortmann (1893) established Menippidae for Menippinae,
Myomenippinae (as Panopaeinae) and Pilumninae. In addi-
tion, he established Oziidae to include Eriphiinae, Panopei-
nae, Oziinae and Domeciinae (as Domecinae). Ortmann
assigned all these taxa to his Xanthini. This classification
was modified by Alcock (1898) when he subdivided the
Xanthidae into two groups distinguished by the morphol-
ogy of the endostomial ridges (i.e. Hyperolissa with ridges
low or absent vs. Hyperomerista with ridges well devel-
oped). Hyperomerista, which Alcock divided into four sub-
families: Menippinae, Oziinae, Pilumninae and Eriphiinae,
roughly corresponded to Eriphiidae sensu Dana 1851;
excluding Aethrinae. The classification of Borradaile (1907)

agreed with Alcock (1898) who also regarded Menippinae,
Oziinae and Eriphiinae as distinct taxa within Xanthidae.
However, Borradaile (1907) did not subscribe to the
division of Xanthidae into Hyperolissa and Hyperomerista
as proposed by Alcock (1898). Although Balss (1932)
accepted Xanthidae sensu Alcock (1898), he assigned Eri-
phia, Eriphides, Menippe, Myomenippe and Ozius to Menippi-
nae. Balss (1957) later adapted the system of Alcock (1898)
by assigning more taxa, including some fossil genera, to
Menippinae.
A revolutionary brachyuran classification based on the

position of male and female genital openings was proposed
by Guinot (1978), who elevated Xanthidae as previously
conceived to superfamily and the subfamilies therein to
family rank, including Menippidae. To the latter, she
referred most of the menippine genera of Balss (1957). Her
menippid classification was revised in the classic mono-
graph of xanthoids from the Red Sea and western Indian
Ocean, where Crosnier (in Ser�ene 1984) emended the Me-
nippidae of Balss (1932) by splitting it into Oziinae, Eriph-
iinae and Dacryopilumninae. His Oziinae comprised of the
genera Epixanthus, Epixanthoides, Lydia, Sphaerozius, Myo-
menippe and Ozius. This was modified by Ng et al. (2001)
who divided Eriphiidae into four subfamilies and assigned
genera as follows: Dacryopilumnus to Dacryopilumninae;
Eriphia to Eriphiinae; Hypothalassia, Menippe, Myomenippe,
Sphaerozius and Pseudocarcinus to Menippinae; Baptozius,
Epixanthoides, Epixanthus, Eupilumnus (as Globopilumnus),
Lydia and Ozius to Oziinae. In the same year, Martin &
Davis (2001) published ‘An updated classification of the
recent Crustacea’ where they recognised Menippidae
within Xanthoidea, but did not list any subfamilies or gen-
era under this taxon. In contrast, the Zoological Catalogue
of Australia by Davie (2002) followed Ng et al. (2001) in
proposing a family Eriphiidae of four subfamilies: Dacry-
opilumninae comprised of Dacryopilumnus; Eriphiinae for
Eriphia; Menippinae for Hypothalassia, Myomenippe, Pseudo-
carcinus and Ruppellioides; Oziinae for Bountiana, Epixanthus,
Eupilumnus, Lydia and Ozius.
More recently, �Stev�ci�c (2005) reorganised the xanthoid

classification of Guinot (1978). He separated the ‘eriphiids’
from Xanthoidea by creating Eriphioidea and dividing it
into Eriphiidae (with three subfamilies: Eriphiinae, Platy-
xanthidae and Dacryopilumninae), Ladomedaeidae, Pil-
umnoididae and Carpiliidae. However, the new
classification of �Stev�ci�c (2005) did not treat Oziinae. Karas-
awa & Schweitzer (2006) proposed a different classification
based on phylogenetic analysis of morphological data for
extant and fossil taxa. They accepted Eriphioidea as pro-
posed by �Stev�ci�c (2005) but divided the superfamily into
Eriphiidae, Oziidae (including Dacryopilumninae, Menippi-
nae, Oziinae), Hypothalassiidae, Platyxanthidae and
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Pseudoziidae. Most recently, in their checklist of extant
brachyuran decapods of the world, Ng et al. (2008)
retained Eriphioidea as proposed by �Stev�ci�c (2005) but re-
organised it by recognising only Dairoididae, Eriphiidae,
Hypothalassiidae, Menippidae, Oziidae and Platyxanthidae.

Nomenclatural confusion
When Ortmann (1893) established Menippidae and raised
Oziinae to family level, he considered Eriphiinae as a taxon
within Oziidae, which caused nomenclatural confusion.
Following Ortmann, Balss (1933) recognised Menippinae as
a higher taxon and assigned to this Eriphia and Ozius. There-
after, Balss (1957), Guinot (1978) and Crosnier (in Ser�ene
1984) all considered the higher taxa associated with Eriphia
to be junior synonyms of Oziinae/Oziidae. Indeed, Holthuis
(1993: 619) too considered that Oziidae Dana, 1852 was the
earlier available name and should be used. However, Ng
(1998) stated that the name Eriphiidae MacLeay, 1838 had
been overlooked and was the oldest available name for this
group of brachyurans. This has been subsequently followed
by Davie (2002), �Stev�ci�c (2005), Karasawa & Schweitzer
(2006), Koh & Ng (2008) and Ng et al. (2008).

Evidence from larval morphology
In his treatment of Ozius truncatus H. Milne Edwards,
1834, Wear (1968) briefly discussed the relevance of larval
morphology to ‘eriphioid’ systematics and highlighted simi-
larities in zoeal characters found in O. truncatus, O. rugulo-
sus, Homalaspis plana (as Homolaspis [sic]) and Menippe
mercenaria. Later, Martin (1984) proposed ‘six’ xanthid
groups, two of which are relevant to the present study
including group III, comprised in part by eriphiids, oziids
and platyxanthids (i.e. Eriphia, Baptozius, Epixanthus, Ozius,
Homalaspis and Platyxanthus) and group IV, which included
only menippids (i.e. Menippe and Sphaerozius). Martin pre-
sented four characters that separate these two groups:
antennal exopod setation, setation of the distal endopod
segment on the maxillule, setation of the endopod of the
maxilla and setation of the proximal endopod segment on
the second maxilliped. In their treatment of Pseudocarcinus
gigas, Gardner & Quintana (1998) discussed the relation-
ships of Oziinae and considered the presence of a median
dorsal spine on the first abdominal somite in zoeae of these
two species as a diagnostic ‘oziid’ character, as initially sug-
gested by Wear (1968) in his treatment of O. truncatus. As
a result of these similarities, Gardner & Quintana (1998)
suggested a possible affiliation between P. gigas and Ozius.

Present study
The objective of this study was to test the monophyly of Eri-
phioidea as recently proposed by �Stev�ci�c (2005), Karasawa
& Schweitzer (2006) and Ng et al. (2008) on the basis of

DNA sequence data from three mitochondrial (12S rRNA,
16S rRNA and cytochrome oxidase I [COI]) and two nuclear
markers (18S rRNA and histone H3 [H3]) as well as zoeal
morphology.

Material and methods
Molecular phylogenetic analysis
Taxon sampling. Fifty one taxa representing Carpilioidea,
Dairoidea, Eriphioidea, Goneplacoidea, Parthenopoidea,
Pilumnoidea, Portunoidea, Pseudozioidea and Xanthoidea
were selected for DNA analysis (see Supporting Informa-
tion Table S1 for specimen details and authorities). Of
these, 42 taxa have previously been referred to the Eri-
phioidea (Guinot 1978; Ser�ene 1984; �Stev�ci�c 2005; Karasa-
wa & Schweitzer 2006; Ng et al. 2008).

DNA extraction, amplification and sequencing. Genomic
DNA was extracted from muscle tissue or egg masses of
ethanol-preserved specimens using DNeasy Blood and Tis-
sue Kit (QIAGEN Inc., Valencia, CA) following the manu-
facturer’s protocol.
Fragments of 12S, 16S and 18S ribosomal subunits, as

well as the protein-coding genes cytochrome oxidase I and
Histone-H3 (hereafter referred to as 12S, 16S, 18S, COI
and H3, respectively; see Supporting Information Table S2
for primer information) were selectively amplified using
the following protocol: initial denaturation 94°C for four
minutes, 34 cycles of 94°C for 30 s (denaturation), 45–
52°C for 30 s (annealing; COI [45–50°C], 16S, 18S and
H3 [47°C]), 12 s [52°C]) and 72°C for 60 s (extension)
with a final extension of 72°C for ten minutes. PCRs were
conducted using 25 lL volumes containing 2.5–3 mM

MgCl2, 0.025 mM of each dNTP, 12.5 pmol of each pri-
mer, 0.2 units of GoTaq DNA polymerase (Promega,
Madison, WI, USA), 5 lL 59 GoTaq buffer and 1–100 ng
of whole-genomic DNA. Amplicons were electrophoresed
on a 1% agarose gel and subsequently purified using Agen-
court AMPure system (Agencourt, Beverly, MA, USA)
prior to cycle sequencing using the ABI PRISM� Dye ter-
minator kit containing AmpliTaq and BigDye (version 3)
dye terminator. Each sequencing reaction comprised 5–
8 ng of PCR product, 1 lL BigDye, 0.5 lL 59 BigDye
sequencing buffer and 0.4 lL sequencing primer (2 pmol/
lL), topped to 5 lL with sterile Milli-Q water. Cycle
sequencing parameters followed manufacturer’s protocols,
and all extension products were purified using CleanSEQ
dye-terminator removal system (Agencourt, Beverly, MA,
USA) before being read on a 3100 capillary sequencer
(Applied Biosystems, Foster City, CA, USA). Sequences
were read in both directions and combined in Sequencher
v.4.8 (Gene Codes Corporation, Ann Arbor, MI, USA) to
eliminate errors and reduce ambiguity.
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Alignment. Sequences were aligned in MAFFT (Katoh
et al. 2002) using the FFT-NS-2 strategy for COI and H3,
while ribosomal sequences used the Q-INS-I strategy as
described by Katoh & Toh (2008). Following alignment,
GBlocks v0.9 (Castresana 2000) was subsequently used to
locate and exclude ambiguously aligned regions for each
ribosomal locus, using relaxed gap selection criteria (allow-
ing gap positions within the final blocks and less strict
flanking positions).

Phylogenetic analyses. Three methods were used in the
inference of relationships between taxa: maximum parsi-
mony (MP), maximum likelihood (ML) and Bayesian infer-
ence (BI). Exploratory analyses of individual gene regions
indicated that single-gene data sets did not yield sufficient
information to resolve phylogenetic relationships; as a
result, all loci were combined using Sequence Matrix ver-
sion 1.7.8 (Vaidya et al. 2011). Substitution saturation in
COI (in total and for each codon position) was tested using
the saturation index described by Xia et al. (2003) and
implemented in DAMBE version 5.2.6 (Xia & Xie 2001).
Maximum parsimony analyses (MP) were conducted in

PAUP* version 4.0a114 (Swofford 2002) with all characters
equally weighted and gaps treated as a 5th character state.
Heuristic search option with tree-bisection–reconnection
(TBR) and random addition sequence of 1000 replicates was
used. Topological robustness was assessed using parsimony
jackknifing (Farris et al. 1996) using 1000 pseudoreplicates
under a heuristic search with 30% character deletion and 50
random addition sequence replicates per pseudoreplicate.
Maximum likelihood analyses were performed using ran-

dom accelerated maximum likelihood (RAxML) ver. 7.3.1
(Stamatakis 2006; Stamatakis et al. 2008) as implemented
on the CIPRES portal (http://www.phylo.org/sub sections/
portal/) (Miller et al. 2010) with the data set partitioned
according to loci. A rapid bootstrap (BS) analysis was per-
formed with 1000 replications to search for the best scor-
ing ML tree using the GTRCAT model.
Prior to BI analyses, best-fit model for individual loci

was selected using MrModeltest version 2.2 (Nylander
2004) under Akaike information criterion (AIC).
Bayesian analyses were carried out using MrBayes ver-

sion 3.1.2 (Ronquist & Huelsenbeck 2003) on Gordon,
available via CIPRES portal (http://www.phylo.org/portal2/).
Analyses included 2 independent runs of 4 chains (3 heated
and 1 cold) run for 50 million generations with trees
sampled every 1000 generations. The first 12.5 million
generations were discarded as ‘burn-in’, and posterior
probabilities were estimated from the remaining sampled
generations. Log-likelihood values and posterior probabili-
ties were checked to warrant that chains had reached sta-
tionarity (SD < 0.03).

Larval phylogenetic analyses
A matrix of larval morphology (Supporting Information
Table S3) was constructed in MacClade 4.08 (Maddison &
Maddison 2000) from zoea hatched under laboratory con-
ditions (Supporting Information Appendix S1). Trees were
inferred using MP inference in PAUP* 4.0a114. Heuristic
search option with tree-bisection–reconnection (TBR) and
random addition sequence of 100 replicates was used with
characters all equally weighted, unordered and scored as
irreversible-up. Character states were polarised using Cha-
rybdis helleri (A. Milne-Edwards, 1867) as the outgroup
because this portunoid has six zoeal stages (see Dineen
et al. 2001), and no xanthoid to date has been described
with this number of larval stages (see also Clark 2001,
2005, 2009; Clark & Guerao 2008). Support for resulting
topologies was assessed using decay indices (DI) (Bremer
1988) calculated in PAUP* using TreeRot version 3
(Sorenson & Franzosa 2007).

Results
Molecular phylogenetics
Although data were obtained for 51 taxa, sequencing for
some taxa was not successful for all markers. Sequences
were obtained for all 51 taxa for 12S, 16S and H3 but only
44 and 47 sequences were obtained for COI and 18S,
respectively. The aligned 12S, 16S and 18S data sets were
428, 556 and 1807 base pairs in length prior to the removal
of ambiguously aligned regions using Gblocks, which
yielded final lengths of 349 characters (79% retention), 490
(89% retention) and 1725 base pairs (98% retention). The
final concatenated data set consisted of 3272 characters
(12S: 349, 16S: 490, 18S: 1725, H3: 338, COX1: 370 [3rd
codon position removed]). There were 2510 constant char-
acters, 210 variable characters that were parsimony-unin-
formative and 552 parsimony-informative characters.
While the Iss value for COI as a whole and the first and

second codon was significantly less than the Iss.c value, the
third codon was found to be saturated (Iss 0.680 vs. Iss.c
0.696, P-value = 0.65) and therefore removed in subse-
quent analyses. The models suggested by MrModeltest
were HKY+I+G (Hasegawa et al. 1985) for 12S and H3;
SYM+I+G (Zharkikh 1994) for 18S; and GTR+I+G
(Tavar�e 1986; Rodr�ıguez et al. 1990) for 16S and COI.
Three methods of phylogenetic inference used in this

study recovered topologies with minor differences.
Several clades were recovered in all three analyses

(Fig. 1) including:
1. A clade with BI/ML/MP support values of 1.0/92/96

comprised of Baptozius vinosus, Epixanthus corrosus, Epi-
xanthus helleri, Ozius rugolusus, Ozius tenuidactylus, Ozius
reticulatus, Epixanthus dentatus, Ozius guttatus, Lydia
annulipes and Epixanthus frontalis. Within this clade,
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Fig. 1 Maximum likelihood phylogram with posterior probabilities/ML bootstrap/MP jackknife support. Taxa in bold indicates type
species of genus. Family names following species names represent current classification (Ng et al. 2008). Names in quotation marks
indicate that the taxon is recovered as not monophyletic. Annotations indicate families of Eriphioidea sensu Ng et al. (2008) as recovered
here.
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Baptozius is recovered as a sister taxon to the other gen-
era, while Ozius and Epixanthus are recovered as not
monophyletic with nearly every species of Ozius being
recovered as sister to a species of Epixanthus. Support
for terminal clades is generally high, with the exception
of the E. helleri and O. rugolosus clade, which is recov-
ered in ML and MP analyses, but not in BI analysis, in
which E. corrosus and O. rugolosus are sister species but
this arrangement was not statistically supported.

2. Dacryopilumnus rathbunae (Dacryopilumnidae) is recov-
ered as sister to the clade comprised of taxa represent-
ing Baptozius, Ozius, Epixanthus and Lydia (see 1 above)
in both BI (0.72) and ML (<50) analyses but is recov-
ered as sister to P. caystrus in MP analyses (<50).

3. A clade comprised of three xanthoids, Xantho pilipes,
Panopeus herbstii and Ladomedaeus serratus (1.0/98/97),
which is sister to a poorly supported clade comprised of
Homalaspis plana and Platyxanthus orbignyi (0.64/–/62).
Sister to this is a clade comprised of Otmaroxanthus bal-
boai and Danielethus patagonicus (0.91/-/-). This arrange-
ment is not statistically supported but is recovered in all
three analyses.

4. Carcinoplax longimana (Goneplacidae) is recovered as the
moderately well-supported sister (1.0/83/92) to a clade
comprised of three pilumnoids: Lobopilumnus agassizii, Pi-
lumnus floridanus and Tiaramedon spinosum (1.0/100/100).

5. A clade comprised of Eriphides hispida (Eriphiidae), Eu-
pilumnus laciniatus (Oziidae) and Hypothalassia armata
(Hypothalassiidae) was recovered in all three analytical
methods but this arrangement was not statistically sup-
ported. This clade was recovered as the sister to the
goneplacid/pilumnoid clade (4) but again this arrange-
ment was not statistically supported.

6. A clade that comprised all included species of Eriphii-
dae, omitting Eriphides hispida, was well supported (1.0/
99/99). Eriphides hispida was recovered as sister to Eupi-
lumnus laciniatus (0.51/-/-).

7. A well-supported clade (1.0/100/100) made up of Carpi-
lius maculatus and Carpilius convexus (Carpiliidae) was
recovered as sister to Euryozius camachoi (Pseudoziidae)
(0.99/74/91).

8. A moderately well-supported clade (0.84/73/99) comprised
of Menippe adina, Menippe mercenaria, Menippe rumphii and
Menippe nodifrons is recovered as sister toMyomenippe hardw-
ickii (1.0/100/100). This clade includes all species of Menip-
pidae included in the analyses except Pseudocarcinus gigas,
which was recovered in a clade with Pilumnoides nudifrons
(Pilumnoididae) in all three analyses, but the relationship is
not statistically supported.

9. A well-supported clade (1.0/100/100) comprised of
Dairoides kusei (Dairoididae) and Daldorfia horrida (Par-
thenopidae).

Trees recovered by BI and ML analyses differed only in
the position of Cancer borealis Stimpson, 1859 (Cancridae)
relative to the outgroup, Portunus spinimanus Latreille, 1819
(Portunidae). Maximum parsimony (MP) yielded topologies
that differed from those inferred using BI and ML methods
in the position of Dacryopilumnus rathbunae and Pseudozius
caystrus, with these two taxa found in a single poorly sup-
ported clade in MP analyses. In ML and BI analyses,
D. rathbunae was recovered as a poorly supported sister
taxon to the main oziid clade and P. caystrus was recovered
as a poorly supported sister taxon to the main eriphiid
clade. The phylogenetic relationships of Eupilumnus afric-
anus were also indeterminate as its placement in MP analy-
ses differed from those recovered in ML and BI analyses,
in addition to being poorly supported in all analyses. In all
cases, the superfamily Eriphioidea was not recovered as a
monophyletic clade.

Zoeal morphological analysis
Maximum parsimony analysis of zoeal morphology yielded
two equally parsimonious trees with 45 steps and consis-
tency index of 0.53 (Fig. 2). Three major clades are recov-
ered in both trees:
1. Lydia annulipes and Pseudocarcinus gigas are sister to Ozi-

us truncatus. Sister to this clade is Dacryopilumnus rathbu-
nae and Epixanthus frontalis. All nodes within this clade
have a decay index (DI) of 1.

2. Eriphia smithii and Hypothalassia armata (DI = 1).
3. Myomenippe hardwickii is recovered as sister to Menippe

mercenaria (DI = 1), and while this relationship is recov-
ered in both of the two equally parsimonious trees, the
remainder of clade varies. In one topology, Menippe
nodifrons is recovered as sister to this clade (DI = 0) with
Menippe rumphii as sister to that. In the alternative
topology, M. rumphii is recovered as sister to the clade
of M. hardwickii and M. mercenaria, while M. nodifrons
is sister to these three taxa. Despite the differences
between the two topologies, composition of the group
is stable (DI = 7).

Discussion
Phylogenetic analyses of both molecular and larval data are
largely congruent. There were no attempts to undertake a
combined molecular and morphological analysis due to a
lack of overlap in taxon sampling. In addition, adult mor-
phology was not analysed due to a lack of suitable characters
that differed from characters traditionally used in delineating
eriphioid taxa. As demonstrated by Lai et al. (2011) in their
study of the Xanthidae, using ‘conventional’ adult morphol-
ogy as character sets presents limitations on the data set.
In all analyses, the superfamily Eriphioidea, as well as

the families Oziidae and Menippidae, is not recovered as
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monophyletic. While analyses of molecular data indicate
that Eriphiidae and Platyxanthidae are not monophyletic,
Platyxanthidae is not represented in the larval data and Er-
iphiidae is represented by only a single species (Eriphia smi-
thii). These analyses suggest that the morphological
characters used in defining the superfamily, particularly the
characters of the chelipeds, may reflect convergence in
feeding behaviour or other behaviour related to cheliped
morphology rather than shared ancestry and that the con-
cepts of this group proposed by �Stev�ci�c (2005), Karasawa
& Schweitzer (2006), and Ng et al. (2008) are not reflective
of evolutionary relatedness.
Three of five genera presently attributed to Menippi-

dae are represented in both molecular and larval data
sets, and analyses indicate that the family is not mono-
phyletic. Pseudocarcinus gigas is recovered as sister to
Lydia annulipes in the analysis of larval data, while analy-
ses of molecular data suggest an affiliation to Pilumnoides
Lucas, in H. Milne Edwards & Lucas, 1844. Menippe
and Myomenippe are recovered in a well-supported clade
(1.0/100/100 DI = 7) that appears to represent Menippi-
dae sensu stricto (s. s.) as it contains the type species,
Menippe rumphii; however, relationships within this clade
are less clear. Analyses of molecular data indicate that
Myomenippe is a well-supported sister (0.84/73/99) to a
monophyletic Menippe, while analysis of zoeal morphol-
ogy indicates Menippe is paraphyletic, Myomenippe hardw-
ickii being recovered within the clade comprised of
species of Menippe. This relationship is not recovered in
any of the molecular analyses and is not well supported
in analysis of zoeal data (DI = 0), which suggests that
while zoeal morphology may be useful in diagnosing the

family, it is not a reliable tool for distinguishing between
closely related menippids.
The recovery of Pseudocarcinus outside of Menippidae s.

s. was unexpected as it has been long recognised as a men-
ippid since its description by H. Milne Edwards (1834).
Although zoeal characters indicate an affiliation between
P. gigas and Ozius with both representing group III xanthid
larvae (Martin 1984), Gardner & Quintana (1998) con-
cluded that megalopal morphology of P. gigas more closely
fits the criterion established by Martin (1988) for Menippe
spp. They then suggested that this change in affinities
between early zoeal and megalopal stages may reflect the
increase in setation that takes place as the number of larval
stages increases, coupled with the fact that both Pseudocarci-
nus and Menippe have five zoeal stages, while Ozius only
has four. The present analysis of zoeal morphology sup-
ports the findings of Gardner & Quintana (1998) and indi-
cates a relationship between Pseudocarcinus gigas, Ozius
truncatus and Lydia annulipes; however, this arrangement is
not well supported (DI = 1). Furthermore, this relationship
has not been indicated by previous examinations of adult
morphology and is not supported by present molecular
analyses where P. gigas is associated with Pilumnoides nudi-
frons. Although the relationship between P. gigas and P. nu-
difrons is not statistically supported, it is recovered in all
three analyses. In any case, analyses of both data sets indi-
cate that P. gigas is only distantly related to Menippidae
s. s.
Of the seven genera presently assigned to Oziidae, five

are represented in our molecular data set and three in our
larval data set. Analyses of both data sets indicate that the
family is not monophyletic, and molecular data suggest
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Fig. 2 Phylogram inferred from first-stage
zoeal morphology using maximum
parsimony. Taxa in bold indicate type
species of genera. Tree length 45,
consistency index 0.5333. Numbers on
branches indicate decay indices.
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many of the oziid genera are in need of revision. Analyses
of molecular data recovered a well-supported clade (1.00/
92/96) made up of four of the five oziid genera, while the
fifth, Eupilumnus, is recovered as paraphyletic and well out-
side the oziid clade. As the type species of the genus, Eupi-
lumnus actumnoides, is not included here, it is unclear
whether Eupilumnus s. s. is representative of Oziidae or an
undetermined lineage. Zoeal data corroborate molecular
analyses and provide additional evidence supporting the
polyphyly of the family with Pseudocarcinus and Dacryopi-
lumnus both being recovered within a larger oziid clade;
however, the arrangement of these taxa is not well sup-
ported (DI = 1).
The present analyses suggest the genera Ozius, Epixan-

thus and Eupilumnus are not monophyletic. Molecular data
indicate that the species presently attributed to Ozius and
Epixanthus represent at least four lineages: (i) Ozius rugulo-
sus, Epixanthus corrosus and Epixanthus hellerii; (ii) Ozius re-
ticulatus and Ozius tenuidactylus; (iii) Ozius guttatus and
Epixanthus dentatus; and (iv) Epixanthus frontalis (the type
species of the genus). These findings are congruent with
previous analyses of larval morphology that called attention
to differences between larvae of E. frontalis and E. dentatus
(Saba et al. 1978; Clark 2001; Clark & Paula 2003). Molec-
ular data also suggest that these taxa may be geographical
structured, with a split between American (O. reticulatus
and O. tenuidactylus) and Indo-West Pacific (O. guttatus and
E. dentatus) taxa. Interestingly, E. helleri, known from the
eastern Atlantic, is recovered in a clade with two taxa
known primarily from the western Indian Ocean and Red
Sea (E. corrosus and O. rugulosus). Although both of these
species are presently considered relatively widespread (wes-
tern Indian Ocean to French Polynesia), the relationship
between biogeography and phylogeny, suggested by these
analyses, requires a thorough study of these taxa across
their known ranges.
Analyses of molecular data also indicate that Eupilumnus

is not monophyletic, with Eupilumnus laciniatus being
recovered as sister to an atypical eriphiid, Eriphides hispida,
in a clade with Hypothalassia armata, which is sister to rep-
resentatives of Goneplacidae and Pilumnidae. Although not
well supported statistically, this clade is consistently recov-
ered in all three analyses and is partially supported by adult
morphology. These findings are not entirely unexpected as
E. laciniatus is an atypical eupilumnid with extremely spi-
nose features and carapace characters, much like those
exhibited by Hypothalassia (Ng & Tan 1985; Ng 1992; Koh
& Ng 2000). Previous studies have also suggested that Eu-
pilumnus africanus may not be closely related to its conge-
ner, differing in a number of characters (see Guinot-
Dumortier 1959), a finding supported here as well. As sta-
ted above, until the type species of the genus is included in

the analyses, it is unclear whether either of these lineages
represent Eupilumnus s. s. Regardless, these analyses suggest
that detailed review of the genus is required.
A number of authors have discussed relationships

between Daira, Dacryopilumnus and Dairoides with no clear
consensus (Ser�ene 1984; Guinot 1967; Sakai 1976; Ng &
Tan 1984, 1985; Dai & Yang 1991; Ng et al. 2001; �Stev�ci�c
2005; Ng et al. 2008 – for a summary see Ng et al. 2008:
57). Superficially resembling many xanthids, Daira was long
considered a member of that group despite having a num-
ber of unusual features, including unique cuticular orna-
mentation (Guinot 1967, 1979). Guinot (1978) commented
on the similarities of Dairoides to Daira, but pointed out
that Dairoides more closely resembled parthenopids. Ng &
Rodr�ıguez (1986) described the family Dairidae in the
superfamily Parthenopoidea to accommodate Daira and
Dairoides, and �Stev�ci�c (2005) defined Dairoididae for the
latter and placed both families in the superfamily Dairoi-
dea. Ser�ene (1984) established Dacryopiluminae (as a sub-
family of Eriphiidae) for Dacryopilumnus but provided no
comment on its relationship to either Daira or Dairoides.
Citing characters of the sterno-abdominal cavity, male
abdomen and chelipeds, Ng et al. (2008) placed Dairoidi-
dae (with only the genus Dairoides) within Eriphioidea and
recognised the superfamily Dairoidea to include the fami-
lies Dacryopilumnidae and Dairidae. The similarities
between Dairoides and many parthenopid genera have been
regarded as convergence (see Ng et al. 2008), but our
results suggest that there may be a phylogenetic basis for
their relationship. The only parthenopid included here,
Daldorfia horrida (Parthenopidae), is recovered as a moder-
ately well-supported sister to Dairoides kusei (0.99/73/74).
This suggests that the characters of the chelipeds, press
button and male abdomen that unite Dairoides with eriphi-
oids may be the result of convergence, and Dairoides is
actually part of Parthenopoidea.
Analyses of larval and molecular data suggest a relation-

ship between Dacryopilumnus and Oziidae, with Dacryopi-
lumnus rathbunae being recovered as sister to a clade
representative of Oziidae in molecular analyses. Although
this relationship is not well supported (0.72/-/-), a similar
relationship is recovered in analysis of larval morphology,
with D. rathbunae being grouped with the other oziids and
Pseudocarcinus gigas. Again, this relationship is not well sup-
ported (DI = 1), but an affiliation between Dacryopilumnus
and the oziids is recovered in all analyses except MP,
wherein it is instead associated with P. caystrus as sister to
Eriphia. As originally suggested by Ser�ene (1984), it appears
that Dacryopilumnus is a representative of Eriphioidea; how-
ever, its affinities are far from certain, and additional inves-
tigation is warranted. Its position in Dairoidea is in
question until further investigation.
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Both genera presently attributed to Eriphiidae were
included in the present study, and while analyses indicate
that the genus Eriphia is monophyletic, the family is not.
In all analyses of molecular data, Eriphides hispida is recov-
ered as sister to Eupilumnus laciniatus. As only a single spe-
cies representing the family is included in our larval data
set, it is unclear whether larval morphology supports these
findings or further confounds the relationships of the
group. Although the association between Eriphides and Eri-
phia has never been questioned given their shared adult
morphology, these results suggest that morphological simi-
larities uniting these taxa (e.g. completely closed orbital
margin, antenna positioned away from orbit and antennule,
major chela with molariform tooth and others; see Koh &
Ng 2000; Ng et al. 2008: 62) are the result of convergence.
As in the case of Ozius, molecular analyses suggest con-

gruence between geography and phylogeny in Eriphia. A
well-supported American clade (1.00/100/100) comprising
Eriphia gonagra, Eriphia squamata and Eriphia granulosa is
sister to Eriphia verrucosa, a species known from the Medi-
terranean Sea and East Atlantic. Positioned as sister to this
Atlantic and eastern Pacific clade is Eriphia scabricula from
the western Indian Ocean and Red Sea, but this relation-
ship is not supported. In addition, analyses recovered a
well-supported clade (1.00/99/86) comprised of species
from the Indian and Indo-West Pacific Oceans (Eriphia se-
bana, Eriphia smithii and Eriphia ferox). The relationship
between geography and phylogeny, suggested by these
analyses, warrants a thorough study of these taxa across
their known ranges to better understand the suspected his-
torical and contemporary factors that have led to present-
day distributions.
Previously recognised as part of Menippidae (as Menip-

pinae) by Ng et al. (2001) and Davie (2002), the family Hy-
pothalassiidae was erected by Karasawa & Schweitzer
(2006) (in their superfamily Xanthoidea) to accommodate
Hypothalassia based on differences in the frontal margin and
upper orbital fissures. Ng et al. (2008) provided additional
evidence to separate Hypothalassia from Menippidae (see
also Koh & Ng 2000) and recognised Hypothalassiidae as
part of Eriphioidea. In the present study, the family is rep-
resented by a single species, H. armata, in both data sets,
and although our analyses support recognising Hypothalas-
siidae, they do not suggest a clear affinity with other Eri-
phioidea families. Instead, Hypothalassia is positioned in a
‘mixed’ clade along with Eupilumnus laciniatus and Eriphides
hispida, although this arrangement is not supported statisti-
cally. Regardless, additional investigations into the affinities
of Hypothalassia are warranted, particularly its relationship
to Eupilumnus.
Although recent summaries have treated Platyxanthidae

as an eriphioid lineage (Karasawa & Schweitzer 2006; Ng

et al. 2008; Thoma et al. 2012), Guinot (1979) suggested
that it might be more closely related to the Xanthidae s. s.
The present study, which includes four representatives of
the family, suggests that Platyxanthidae is closely associated
with the Xanthoidea and that the family is not monophy-
letic. While the results presented here should be treated
with caution as the clade is unstable and has no statistical
support, they do support findings of previous studies that
examined the morphology of the group (Guinot 1968;
Thoma et al. 2012). In particular, Thoma et al. (2012) pro-
vided a suite of adult characters that support splitting
Platyxanthus into three genera (Platyxanthus, Danielethus
Thoma, Ng & Felder, 2012, and Otmaroxanthus �Stev�ci�c,
2011) and suggested that differences in gonopod morphol-
ogy (among other characters) may indicate that Otmaroxan-
thus represents a lineage distinct from the other
platyxanthids.
In the summary provided by �Stev�ci�c (2005), Ladome-

daeidae, Pilumnoididae and Carpiliidae were considered
to be part of the Eriphioidea. Later, Manuel-Santos &
Ng (2007) synonymised Ladomedaeidae with the Euxan-
thinae (Xanthidae) and Ng et al. (2008) recognised Pil-
umnoididae and Carpiliidae in the superfamilies
Pseudozioidea and Carpilioidea, respectively, on the basis
of adult morphology. In addition, present analyses sup-
port recognition of Carpiliidae as a lineage distinct from
eriphioids with Carpilius convexus and Carpilius maculatus
(the type species of the genus) recovered in a well-sup-
ported clade (1.00/100/100) as the sister to Euryozius
camachoi and well separated from other eriphioids (see
also Wetzer et al. 2003). The relationship between
E. camachoi and Carpilius, as well as that between Pseudoz-
ius caystrus and Eriphia, suggests that Pseudoziidae is
polyphyletic as presently defined. In particular, the affini-
ties of Euryozius to Pseudoziidae s. s. require re-examina-
tion as adult morphology does not support a close
affiliation between Carpilius and Euryozius (Ng & Liao
2002). In addition, the molecular data do not suggest an
affiliation between Euryozius and Pseudoziidae s. s. as
was indicated by Ng et al. (2008).
Aside from the in-group families of Eriphioidea, the pres-

ent analyses further confirm the paraphyly of the Xanthidae
(Thoma et al. 2009; Lai et al. 2011). Lai et al. (2011) pro-
vided evidence that Euxanthinae is not monophyletic and
that Ladomedaeus �Stev�ci�c 2005 is only distantly related to
Euxanthinae s. s. While the present analyses clearly indicate
that Ladomedaeus serratus is affiliated with Xanthoidea and
not part of Eriphioidea, it provides no insights into the
potential affinities of the genus to Euxanthinae; they also do
not clarify status of Ladomedaeidae, with L. serratus being
recovered as sister to a clade comprised of Panopeus herbstii
(Panopeidae) and Xantho pilipes (type genus of Xanthidae).
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The monophyly of Pilumnidae is supported and the family
appears to be sister to Carcinoplax longimana (Goneplacidae).

Conclusions
Present analyses indicate that Eriphioidea is not monophy-
letic. Eriphioid families represented by two or more taxa
were shown to be not monophyletic in both molecular and
larval analyses. This study suggests that the present classifi-
cation of the group, based upon adult morphology, reflects
similarity due to convergence in feeding or other behaviour
related to cheliped morphology or symplesiomorphies in
sterno-abdominal cavity features, gonopods and other fea-
tures. Adult morphology alone does not appear to resolve
the phylogenetic relationships of the group as the ‘xanth-
oid’ shape appears to be a recurrent habitus among
brachyurans and assumptions of phylogenetic proximity
based on similarities in carapace shape alone can be mis-
leading (e.g. see Ng & Clark 2000; Castro et al. 2004; Lai
et al. 2011). The present study further confirms the need
for studies that combine all available data (larval and adult
morphology, molecular, ecological and geographical). This
approach has already been productive in similar studies of
Xanthidae (Lai et al. 2011), where molecular and larval data
sets compelled morphologists to re-examine the adult char-
acters used in delineating taxa. This resulted in a number
of new character suites being uncovered, which allowed
many of the groups to be redefined to better reflect natural
groupings (e.g. Mendoza & Guinot 2011; Mendoza &
Manuel-Santos 2012). Although recent systematic reviews
have increased subdivision within the taxa formerly attrib-
uted to the superfamily Xanthoidea (Guinot 1978; Ser�ene
1984; Martin & Davis 2001; Davie 2002; �Stev�ci�c 2005; Ka-
rasawa & Schweitzer 2006; Ng et al. 2008), the present
study suggests that many taxa warrant further division.
Lastly, a correlation between geography and phylogeny was
suggested in several groups (e.g. Oziidae s. s., Eriphia),
which indicates that careful study of these taxa across their
known ranges is warranted.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Appendix S1. Parental females of larvae used for mor-

phological analysis of first stage zoea.
Fig. S1. Telson: lateral & medial spines; a. Quadrella

maculosa Alcock, 1898; b. Tanaocheles bidentata (Nobili,
1901); c. Rhinolambrus pelagicus (R€uppell, 1830); d. Ozius
truncatus H. Milne Edwards, 1834; e. Hexapanopeus paulensis
Rathbun, 1930.
Table S1. List of species used in DNA analysis with

locality data and Genbank accession numbers.
Table S2. Primers used in this study.
Table S3. Data matrix for ‘eriphiid’ first stage zoea anal-

ysis, comprising 14 taxa and 20 characters.
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