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A B S T R A C T

Since the late 1800s, several infraordinal relationships have been proposed for Decapoda; however, reaching a consensus among higher-
level relationships is proving difficult. Molecular methods were first applied to higher-level decapod phylogenetics in the 1990s and have
significantly contributed to our understanding of the group: sampling is becoming more thorough, a greater number of phylogenetically
informative characters are being sequenced, and analysis procedures are becoming more consistent between studies. However, relationships
among the deep lineages of Decapoda remain unclear. Several phylogenetic hypotheses have been suggested, and while there is some
agreement among studies, an ultimate consensus among higher-level relationships has yet to be reached. This is largely the result of
differences in sampling effort, marker selection, data-recycling, and analysis. Because most studies have generated conflicting phylogenetic
hypotheses, the foundation on which the trees were built (data and analysis procedures) must be considered and evaluated. In this review,
we summarize the early morphological decapod studies, address common problems that are causing a lack of consensus in molecular
studies, present a means of evaluating molecular trees, offer suggestions for good phylogenetic practice, review the previous molecular
studies of infraordinal decapod phylogeny, and discuss the future directions of the field, with special attention paid to next-generation
sequencing (NGS) techniques.
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INTRODUCTION: ENTER, THE DECAPODA

Decapoda is an immense order, containing about 15,000 ex-
tant and about 3000 extinct species, including crabs, lob-
sters, hermit crabs, crayfish, and shrimp (De Grave et al.,
2009). The order contains a morphologically diverse group
of organisms inferred to have originated in the early Cam-
brian, possibly earlier (Martin and Davis, 2001; Bracken-
Grissom et al., 2013, 2014), and evolving over approxi-
mately 400 million years to colonize and exploit almost
every aquatic habitat on Earth. This evolutionary experi-
mentation has resulted in perhaps the greatest diversity in
body plan, size, and habitat preference (Monod and Laubier,
1996) present in any group of crustaceans (Martin and Davis,
2001; Bracken-Grissom et al., 2013). Because of this diver-
sity, the “propinquity of descent” (Darwin, 1859) within De-
capoda is obscured.

Carcinologists continue their search for what Schram
(2001) described as the “Holy Grail”: To arrive at a phy-
logeny that recapitulates the classification system and vice
versa. Many approaches have been used to determine the ori-
gin and evolution of decapod infraorders, and morphological
methods based on similarity and cladistics have generated
a variety of trees (Calman, 1904; Siewing, 1963; Schram,
1986; Scholtz and Richter, 1995; Dixon et al., 2003). The
1990s saw the dawn of molecular phylogenetics for De-
capoda; researchers began to use genetic sequence data to
infer evolutionary relationships among major lineages (Kim
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and Abele, 1990; Abele, 1991). Molecular studies have ad-
vanced our understanding of Decapoda, but have not yet led
to a consensus. Marker selection, realized sampling effort,
data-recycling, and analysis ambiguities have contributed to
a lack of resolution and confusion over what constitutes
a reliable phylogeny. Next-Generation Sequencing (NGS)
methods, such as Targeted Amplicon Sequencing (TAS) and
Anchored Hybrid Enrichment (AHE), have the potential to
provide new, genome-wide perspectives on the evolution of
decapods (Bybee et al., 2011b; Qian et al., 2011; Lemmon et
al., 2012; Shen et al., 2013). The current NGS methods are
bringing us closer to an inclusively hierarchical phylogeny,
which will provide evolutionary insight into decapod bio-
geography, biodiversity, ecology, character evolution, repro-
duction, and development.

The aims of this review are to: 1) briefly summarize
the morphological studies of decapods; 2) identify com-
mon analysis problems that can cause a lack of consen-
sus; 3) present a means of evaluating the strengths and
weaknesses of molecular phylogenies; 4) offer suggestions
for good phylogenetic practice; 5) review the literature on
higher-level decapod molecular phylogenies while evaluat-
ing them as described; and 6) discuss the future directions of
decapod phylogeny with specific focus on next-generation
sequencing methods.
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PART I: A BRIEF HISTORY OF DECAPOD
CLASSIFICATION AND PHYLOGENY AS

DETERMINED BY MORPHOLOGY

Efforts to classify decapods began in the 1800s and resulted
in two schemes of division. Milne Edwards (1834) and Boas
(1880) proposed a phenetic division based on primary mode
of locomotion: the benthic Reptantia and the swimming
Natantia. Huxley (1878) divided the lobster and lobster-like
taxa (presently recognized as Achelata, Astacidea, Axiidea,
Gebiidea, and Polychelida) into two groups based on gill and
branchiostegite morphology: Trichobranchiata and Phyllo-
branchiata. At the turn of the century, Boas’ system was still
recognized. In a much-cited publication, Borradaile (1907)
retained the Reptantia-Natantia subgroups, but revised the
taxa comprising each. However, neither the Reptantia-
Natantia classification system nor the Trichobranchiata-
Phyllobranchiata classification system had been devised to
include many fossil representatives. A study by Beurlen and
Glaessner (1930), which included data from taxa represented
only in the fossil record, proposed a new system. To ac-
commodate the fossilized taxa, Trichelida and Heterochelida
were introduced as the suborders within Decapoda. For the
next three decades, studies focused primarily on elucidating
the lower-level divisions of families and genera.

Burkenroad (1963) proposed a major restructuring of the
higher-level taxonomy of Decapoda. Investigating the gill
morphology evident in the eumalacostracan fossil record,
he concluded that all previously proposed classification sys-
tems exhibited some degree of polyphyly. Noting “peneids”
(a name used by Burkenroad to refer to non-brooding
shrimp) as one of two major branches within Decapoda,
he proposed Dendrobranchiata as a suborder to include
this group. The second major group Burkenroad proposed,
which contained the majority of decapod infraorders, was
Pleocyemata. These two groups were divided primarily
by gill morphology and brooding behavior. Carcinologists
have long accepted the Dendrobranchiata-Pleocyemata di-
vision, and while Natantia is no longer recognized, Rep-
tantia still serves as an unranked group containing crawl-
ing/walking lineages (see Boas, 1880 for full definition) (Ta-
ble A1 in the online edition of this journal, which can be ac-
cessed via http://booksandjournals.brillonline.com/content/
journals/1937240x).

Several approaches have attempted to further elucidate
relationships within Pleocyemata: adult morphology (Mar-
tin and Davis, 2001), larval morphology (Clark, 2009),
spermiocladistics (Martin and Davis, 2001), eye morphol-
ogy (Porter and Cronin, 2009), ontogeny (Martin and Davis,
2001), and parasite proxies (Boyko and Williams, 2009), to
name a few. As early as the 1970s, molecular methods made
thousands of characters available for analysis. Since then,
molecular phylogenetic analyses have proven informative at
many levels of decapod phylogeny, while also uncovering
new areas of investigation.

PART II: THE DAWN OF MOLECULAR METHODS AND
EVALUATING THE FOREST OF TREES

As molecular methods were adapted to elucidate decapod
phylogeny, many studies proposed different evolutionary hy-
potheses (Fig. 1). This conflict requires standards by which

phylogenies can be evaluated. The field of decapod phyloge-
netics, along with many other groups, is frequently subject to
several potential pitfalls in study design and analysis. These
pitfalls, resulting from variability or ambiguity in procedure
or analysis, are often overlooked, but are very important to
the strength and reliability of results. Here, we identify four
such ambiguities: marker selection, realized sampling effort,
data-recycling, and analysis ambiguity; and offer sugges-
tions to navigate them.

Markers: Inappropriate or Insufficient

The traditional molecular approaches, and some NGS meth-
ods, require the selection of genetic markers targeted and
sequenced from representative taxa. Markers can origi-
nate from the mitochondrial genome or from the nuclear
genome (mtDNA and nDNA, respectively; see Table 1).
Both mtDNA and nDNA have advantages and disadvantages
that are nontrivial.

Advantages of mtDNA.—Mitochondrial DNA generally
mutates faster than nDNA (Brown et al., 1979), making
mtDNA markers most informative at lower taxonomic lev-
els, e.g., genus and species (Moore, 1995). These markers
are relatively easy to amplify, as universal primers are avail-
able for many taxa (Simon et al., 1994) and encoded genes
are strictly orthologous (Qian et al., 2011). Because mtDNA
is haploid, recombination is rare (Birky, 2001; Elson and
Lightowlers, 2006). Using full mitochondrial genomes (mt-
genomes) has gained some popularity in studies of deep-
level phylogeny (Fenn et al., 2008), such as in Insecta (Ta-
lavera and Vila, 2011), because nucleotide sequence, gene
order (Boore and Brown, 1998), gene insertion and deletion
(Rokas and Holland, 2000), and length variability (Schnei-
der and Ebert, 2004) can provide phylogenetic information.
Some argue these properties make the mt-genome one of
the most information-rich markers in phylogeny (Fenn et al.,
2008). However these approaches have been subject to criti-
cism (Ballard and Whitlock, 2004; Ballard and Rand, 2005;
Hurst and Jiggins, 2005; Galtier et al., 2009).

Disadvantages of mtDNA.—Mitochondrial markers are not
suited to every study and there are important characteristics
that must be considered. First, the increased mutation rate
in mtDNA decreases time to saturation (Blouin et al.,
1998), limiting the phylogenetic signal at higher taxonomic
levels. Second, mtDNA is subject to mitochondrial capture,
meaning introgression events in the recent past can obscure
true phylogenetic relationships among close relatives (Shaw,
2002; Ballard and Whitlock, 2004; Spinks and Shaffer,
2009). Third, mtDNA is highly subject to site linkage as
it does not undergo recombination (Birky, 1995; Avise,
2000; Ballard and Whitlock, 2004). The final characteristic,
and perhaps the most contentious, is that mtDNA markers
may violate the assumption of marker neutrality: the non-
recombining maternal inheritance mechanism can be prone
to genetic hitchhiking, fixing new alleles faster than nDNA
(Brown et al., 1979; Bazin et al., 2006; Meiklejohn et
al., 2007). Additionally, several studies have indicated that
mitochondria can be subject to direct and indirect selection,
further confounding the assumption of neutral evolution
(Ballard and Whitlock, 2004; Ballard and Rand, 2005;
Hurst and Jiggins, 2005; Galtier et al., 2009). Due to the
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Table 1. The gene markers and out-group(s) used in higher-level (Infraorder) decapod phylogeny studies to date.

Publication Genes used Gene origin Gene function Infraorders not included

Kim and Abele (1990) 18S nDNA Ribosomal subunit Achelata, Anomura, Axiidea,
Gebiidea, Glypheidea, Polychelida

Crandall et al. (2000) 16S mtDNA Ribosomal subunit Caridea, Glypheidea, Polychelida,
Procarididea

18S nDNA Ribosomal subunit
28S nDNA Ribosomal subunit

Ahyong and O’Meally (2004) 16S mtDNA Ribosomal subunit Caridea, Procarididea
18S nDNA Ribosomal subunit
28S nDNA Ribosomal subunit

Porter et al. (2005) 16S mtDNA Ribosomal subunit Gebiidea, Glypheidea, Polychelida,
Procarididea18S nDNA Ribosomal subunit

28S nDNA Ribosomal subunit
H3 nDNA Protein-coding

Tsang et al. (2008b) PEPCK nDNA Protein-coding Glypheidea, Procarididea
NaK nDNA Protein-coding

Chu et al. (2009) PEPCK nDNA Protein-coding Glypheidea, Procarididea
NaK nDNA Protein-coding

Toon et al. (2009) 12S mtDNA Ribosomal subunit Gebiidea, Glypheidea,
Procarididea, Stenopodidea16S mtDNA Ribosomal subunit

18S nDNA Ribosomal subunit
28S nDNA Ribosomal sununit
H3 nDNA Protein-coding
EF-2 nDNA Protein-coding
EPRS nDNA Protein-coding
TM9sf4 nDNA Protein-coding

Bracken et al. (2009a) 16S mtDNA Ribosomal subunit Procarididea
18S nDNA Ribosomal subunit
28S nDNA Ribosomal subunit
H3 nDNA Protein-coding

Bracken et al. (2010) 16S mtDNA Ribosomal subunit Glypheidea
18S nDNA Ribosomal subunit
28S nDNA Ribosomal subunit
H3 nDNA Protein-coding

Bybee et al. (2011a) 12S mtDNA Ribosomal subunit Gebiidea, Glypheidea,
Procarididea16S mtDNA Ribosomal subunit

18S nDNA Ribosomal subunit
28S nDNA Ribosomal subunit
H3 nDNA Protein-coding
COI mtDNA Protein-coding

Qian et al. (2011) (whole mt-genome) cox1 mtDNA Protein-coding Axiidea, Gebiidea, Glypheidea,
Polychelida, Procarididea,
Stenopodidea

cox2 mtDNA Protein-coding
cox3 mtDNA Protein-coding
nad1 mtDNA Protein-coding
nad2 mtDNA Protein-coding
nad3 mtDNA Protein-coding
nad4 mtDNA Protein-coding
nad4L mtDNA Protein-coding
nad5 mtDNA Protein-coding
nad6 mtDNA Protein-coding
atp6 mtDNA Protein-coding
atp8 mtDNA Protein-coding
cob mtDNA Protein-coding
rrnS mtDNA Ribosomal subunit
rrnL mtDNA Ribosomal subunit
A mtDNA tRNA
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Table 1. (Continued.)

Publication Genes used Gene origin Gene function Infraorders not included

R mtDNA tRNA
N mtDNA tRNA
D mtDNA tRNA
C mtDNA tRNA
E mtDNA tRNA
Q mtDNA tRNA
G mtDNA tRNA
H mtDNA tRNA
I mtDNA tRNA
L1 mtDNA tRNA
L2 mtDNA tRNA
K mtDNA tRNA
M mtDNA tRNA
F mtDNA tRNA
P mtDNA tRNA
S1 mtDNA tRNA
S2 mtDNA tRNA
T mtDNA tRNA
Y mtDNA tRNA
W mtDNA tRNA
V mtDNA tRNA
nCR mtDNA intron

Shen et al. (2013) (whole mt-genome) cox1 mtDNA Protein-coding Glypheidea, Procarididea
cox2 mtDNA Protein-coding
cox3 mtDNA Protein-coding
nad1 mtDNA Protein-coding
nad2 mtDNA Protein-coding
nad3 mtDNA Protein-coding
nad4 mtDNA Protein-coding
nad4L mtDNA Protein-coding
nad5 mtDNA Protein-coding
nad6 mtDNA Protein-coding
atp6 mtDNA Protein-coding
atp8 mtDNA Protein-coding
cob mtDNA Protein-coding
rrnS mtDNA Ribosomal subunit
rrnL mtDNA Ribosomal subunit
A mtDNA tRNA
R mtDNA tRNA
N mtDNA tRNA
D mtDNA tRNA
C mtDNA tRNA
E mtDNA tRNA
Q mtDNA tRNA
G mtDNA tRNA
H mtDNA tRNA
I mtDNA tRNA
L1 mtDNA tRNA
L2 mtDNA tRNA
K mtDNA tRNA
M mtDNA tRNA
F mtDNA tRNA
P mtDNA tRNA
S1 mtDNA tRNA
S2 mtDNA tRNA
T mtDNA tRNA
Y mtDNA tRNA
W mtDNA tRNA
V mtDNA tRNA
nCR mtDNA Intron
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inheritance mechanism and lack of recombination, it has
been argued that the mt-genome should be considered a
single marker (Fenn et al., 2008). Moreover, the presence of
nuclear copies of mtDNA (NUMTs) can confound analyses
based on mtDNA (Zhang and Hewitt, 1996). Used by
themselves, mtDNA markers, even mt-genomes, can be
inappropriate for studies of deeper relationships, such as
those among families and infraorders.

Advantages of nDNA.—Nuclear markers can provide infor-
mation on taxonomic relationships from species to order,
although they are often used to resolve higher-level diver-
gences (Baldwin et al., 1995; Friedrich and Tautz, 1995;
Rokas et al., 2003; Chu et al., 2009; Robles et al., 2009).
This is due to variable rates of evolution in nDNA, especially
among protein-coding genes, ribosomal DNA, and introns.
Protein-coding genes tend to be more conserved than other
nDNA, as mutations that result in loss of protein function
are subject to strong negative selection (Opperdoes, 2009).
Ribosomal DNA (rDNA) tends to have highly conserved en-
zymatic regions and highly variable regions of expansion
(Kim and Abele, 1990). Introns tend to be less conserved
as they are unconstrained by protein production (Bell et al.,
1998; Yeo et al., 2005; Kim and Kim, 2007).

Disadvantages of nDNA.—Aligning nDNA may be compli-
cated by heterozygosity, multiple insertions and deletions,
or by the presence of introns (Gatesy et al., 1993; Sota
and Vogler, 2003; Tsang et al., 2008b; Chu et al., 2009).
Also, nDNA can be more difficult to amplify, as it is typi-
cally present in fewer copies in each cell, relative to mtDNA
(Zhang and Hewitt, 2003; Chu et al., 2009). This is espe-
cially true for protein-coding genes. Due to the relatively
slower mutation rate characteristic of nDNA markers, nDNA
is often inappropriate for studies of lower-level relation-
ships, such as at the species- and genus-level. A final con-
cern, which has gained appreciation over the past twenty
years (Koonin, 2005), is the potential presence and effects
of paralogs. Paralogous genes are versions of a gene that
arose from a gene duplication event (Fitch, 1970). These
copies may be under different selection pressures because
they are present as more than one copy within an individual
(Kondrashov et al., 2002), although recent studies argue that
this is not always the case (Studer and Robinson-Rechavi,
2009). Phylogenies are traditionally constructed using or-
thologous genes; that is, gene variants that arise from an an-
cestral gene that has undergone a speciation event (Fitch,
1970). These gene copies are believed to share important
properties, such as function, that result in identical evolu-
tionary rates (Baldauf, 2003); though this assumption is also
being debated (Gabaldón and Koonin, 2013). As NGS meth-
ods have become more widely used, the ability to identify
paralogs and estimate their effects is becoming increasingly
important (Koonin, 2005).

Suggestions.—Because of the innate properties associated
with mtDNA and nDNA, markers used to elucidate phylo-
genetic relationships must be chosen with the goal of the
study in mind: targeted markers must be able to resolve at
the taxonomic level of interest. Choice of marker can be a
trade-off: low copy-number nDNA (protein-coding genes)
markers may be difficult to amplify, but more easily am-

plified mtDNA markers are not always informative at the
necessary taxonomic levels. Thus, phylogenetic studies can
be strengthened by including multiple informative mark-
ers, including protein-coding genes, mtDNA, and rDNA to
inform at several levels. In the decapod literature, this is
implemented by Palero and Crandall (2009), Bybee et al.
(2011b), Bracken-Grissom et al. (2013, 2014), and Wong
et al. (2015). Currently, NGS phylogenomics methods are
enabling the discovery and utilization of an unprecedented
number of markers (more than 500 in a single study), infor-
mative across a range of taxonomic levels (Lemmon et al.,
2012).

Species Trees vs. Gene Trees.—The goal of phylogenetic
studies is a species tree. That is, a tree that reflects the evo-
lutionary history of species. This is accomplished by recon-
ciling the evolutionary histories of individual genetic mark-
ers to arrive at a tree that recapitulates relationships be-
tween species (Page and Charleston, 1997). Building trees
with multiple, informative markers prevents the recapitula-
tion of single-gene trees (Fig. 2), which are often inappro-
priate for phylogenetic studies. Individual genes can have
their own unique evolutionary histories that differ from the
evolutionary histories of the species and other genes (Page
and Charleston, 1997). Gene trees can differ from species
trees in two ways: 1) the divergence of two alleles may have
occurred before the divergence of the species, and 2) the
gene tree and species tree may present different topologies
(Graur and Li, 2000). Thus, analysis of a single gene re-
capitulates the gene’s evolutionary history, and often can-
not reliably inform the true species tree (Pamilo and Nei,
1988; Doyle, 1992; Page and Charleston, 1997; Degnan and
Rosenberg, 2009). Indeed, a simulation study by Gadagkar
et al. (2005) found that adding one gene to a single-gene
analysis increases accuracy of phylogenetic inference by ap-
proximately 10%, even when the added gene is less phyloge-
netically informative than the first. Individually, single-gene
markers are insufficient, so a variety of markers should be
used to inform at the level of interest (Pamilo and Nei, 1988;
Doyle, 1992; Maddison, 1997).

Insufficient Sampling and Out-Group Selection

Adequate sampling is key to reliably recapitulating phy-
logeny (Wiens, 2003; Maddison and Knowles, 2006). Insuf-
ficient sampling can result in long-branch attraction, false re-
sults of monophyly, and incorrect out-group rooting. All of
the shortcomings associated with insufficient sampling can
be curtailed by tailoring sampling effort to the purpose of
the study.

Monophyly, Paraphyly, and Polyphyly.—Without adequate
representation within the taxonomic level of interest, mono-
phyly can be incorrectly inferred, resulting in subsequent
discovery of paraphyly or polyphyly. This was the case for
the decapod infraorder Thalassinidea, which was long per-
ceived as monophyletic (Crandall et al., 2000; Ahyong and
O’Meally, 2004; Porter et al., 2005) but only later found
to be polyphyletic with additional sampling (Tsang et al.,
2008b; Bracken et al., 2009a). Thalassinidea has since been
divided into Axiidea and Gebiidea – relatively distant in-
fraorders. To best ensure reliable results, every group at
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Fig. 2. An illustration of a species tree (depicted with double-lines) compared to four arbitrary single-gene trees. While the true species tree is always the
same, the gene trees recapitulate different relationships.

the level of interest should be sampled as broadly as pos-
sible. For instance, if one is inferring infraordinal relation-
ships, multiple species within each infraorder should be
represented across diverse and divergent lineages. A good
example of this is Ahyong et al. (2007) which recon-
structs brachyuran phylogeny, and indicates paraphyly of
podotremes (also supported by Tsang et al., 2014), by thor-
oughly sampling sections and families within the infraorder.
Frequently this is not possible due to a number of factors. If
this is the case, authors should address this in the publication
and provide justification for the missing lineages (Valentine
et al., 2006).

Long-Branch Attraction.—One of the most confounding
results of insufficient sampling is the increased likelihood of
long-branch attraction (Bergsten, 2005; Fig. 3), especially
in maximum parsimony analysis (Vandamme, 2009). Long-
branch attraction (LBA) occurs when taxa are so divergent
that mutations begin to be shared due to convergence rather
than homology (Felsenstein, 1978). This convergence results
in highly dissimilar taxa, which would normally be grouped
on separate long branches, being “attracted” onto a single
long branch. This problem should be fairly easy to identify,

given some background knowledge of the lineage. Sampling
more basal representatives from each clade can prevent long-
branch attraction by breaking up these groups (Felsenstein,
1978; Zwickl and Hillis, 2002; Yang and Rannala, 2012).

Out-Group Selection.—The final problem of insufficient
sampling is improper out-group selection. This subject can,
and has, occupied several papers, exclusively. We will dis-
cuss it briefly here. Without an accepted common ancestor,
polarity assignment of traits is confounded (Throckmorton,
1968; Farris et al., 1970; Lundberg, 1972; de Queiroz and
Gauthier, 1990; Wiley et al., 1991) and the selection of an
out-group is obscured (Wheeler, 1990). Choosing an out-
group that is too distantly related may lead to spurious root-
ing owing to loss of phylogenetic signal resulting from sat-
uration. However, choosing an out-group that is too closely
related can also skew analyses by aligning too closely with
the taxon of interest, that is, by not serving as a “true” root-
ing group (Vandamme, 2009). However, to investigate the
ancient relationships within Decapoda, out-group rooting is
optimized by rooting with the sister group.

In instances where the “best” out-group is difficult to
identify, it is advisable to choose several: study the literature

Fig. 3. An illustration of long-branch attraction (LBA), in which distantly related taxa have accrued so many differences that they cluster together. In this
figure, species A and D are truly distantly related (left tree), but cluster together due to LBA (right tree). Figure adapted from Forterre and Philippe (1999).
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of the group of interest and find what taxa have been used in
the previous studies. Since the study of decapod phylogeny
began, several taxa have been proposed as the sister group:
Siewing (1963), Schram (1986), Wills (1998), and Schram
and Hof (1998; tree unresolved) found Euphausiacea to
be sister to Decapoda. Schram (1981, 1984) made a case
for a polyphyletic group containing both Amphionidacea
Williamson, 1973 and Euphausiacea as the sister group. And
a study by Richter and Scholtz (2001) identified the subclass
Hoplocarida as the sister taxon. More recently, a study
by Meland and Willassen (2007) resulted in polyphyly of
Decapoda, indicating several sister groups. To overcome this
problem, most phylogenetic analyses must include several
out-groups when rooting the resulting trees. Most molecular
studies use Euphausiacea and Hoplocarida Calman, 1904 as
out-groups (Bracken et al., 2009a; Qian et al., 2011; Shen et
al., 2013) but to date have not included Amphionidacea due
to the lack of molecular-grade tissue for this group.

Data-Recycling

One practice meant to alleviate incomplete sampling is data-
recycling, which includes previously published data in a new
data matrix. In phylogenetic studies, both taxa and charac-
ters are recycled to add robustness to the study. Although
data-recycling can have positive impacts on the resulting
tree, the pitfalls of data-recycling must be addressed.

Advantages of Recycling.—In general, researchers use pre-
viously published sequence data to circumvent the need to
resample groups or to bolster taxa with few newly collected
representatives. This practice can be beneficial to many phy-
logenetic studies by allowing them to build upon previously
published datasets, which can conserve time and resources.
However, using data from several sources and several au-
thors can introduce artifacts of sampling idiosyncrasies, re-
sulting in confounded analyses (Jenner, 2001).

Disadvantages of Recycling.—Phenotypic data matrices
compiled in previous studies are reused in derivative anal-
yses, recycling taxa and characters, potentially resulting in
the dissemination of flaws in an original matrix through sev-
eral subsequent studies (Jenner and Schram, 1999; Poe and
Wiens, 2000; Jenner, 2001; Dayrat and Tillier, 2002). Molec-
ular studies can analyze the same markers that have been an-
alyzed in previous studies, neglecting to sequence new mark-
ers. Or, new markers may be sequenced, but from previously
sampled species. All of these practices can serve to reinforce
prior assumptions.

Suggestions.—Phylogenetic studies that rely too heavily
on recycled data typically generate the same topology, a
potentially misleading result. Overall, data-recycling best
serves studies when it supplements a study that generates
and analyzes new characters in new representatives (Hillis
et al., 2003; Bracken-Grissom et al., 2013, 2014). Also, it is
a good practice to announce which data were recycled, either
taxa or markers.

Inconsistent Analysis Procedures

In all phylogenetic analyses, the researcher is faced with
dozens of parameter options and algorithms that could be
used to estimate a phylogeny. Previous studies have shown

that inputting the same dataset, but altering the model of
evolution, the subsampling procedure, or the parameters
can result in different trees (Buckley, 2002; Buckley and
Cunningham, 2002; Lemmon and Moriarty, 2004). Careful
thought must be given to these decisions. Below, we discuss
four areas of concern and solutions gleaned from the
literature.

Algorithm Selection.—Four algorithms commonly used in
phylogenetic analysis are Neighbor Joining (NJ: Saitou and
Nei, 1987), Maximum Parsimony (MP: Fitch, 1971), Maxi-
mum Likelihood (ML: Felsenstein, 1981), and Bayesian In-
ference (BI: Huelsenbeck and Ronquist, 2001). The robust-
ness of results from ML and MP algorithms can be evaluated
by the designation of a subsampling procedure, such as boot-
strapping or jackknifing (Van de Peer, 2009). These subsam-
pling procedures are used to generate branch support values
by analyzing pseudo-replicates and calculating the percent
of resulting trees containing each branch (Schmidt and von
Haeseler, 2009). Bayesian Inference does not rely on sub-
sampling, but rather calculates the posterior probability of
every tree sampled from a distribution of all possible trees.
Support values, then, are calculated as the percent of sam-
pled trees that contain the nodes seen on the presented tree.
For BI, branches with support values �95% are considered
statistically well-supported. For ML and MP, �70% are con-
sidered statistically well-supported.

Nucleotide Substitution Model Selection.—One can only be
as confident in a tree as one is in the model that built it
(Goldman, 1993). BI, ML, and NJ require the specification
of an evolutionary model. Models can be divided simply
into those that assume all nucleotides occur with equal fre-
quency (Jukes and Cantor, 1969; Kimura, 1980) and those
that allow all nucleotides to occur at different frequencies
(Felsenstein, 1981; Hasegawa et al., 1985; Tavaré, 1986).
Some software programs, such as Random Axelerated Maxi-
mum Likelihood (RAxML: Stamatakis, 2006; Stamatakis et
al., 2005, 2007, 2008), have the model set to GTR, which
nests several models (Stamatakis, 2006). Programs, such as
MODELTEST (Posada and Crandall, 1998) and jModelTest
(Posada, 2008), are available to determine the optimal model
based on the likelihood ratio and Akaike Information Cri-
terion calculated over nested hierarchical analyses (Posada
and Crandall, 1998). Currently, there is much research ef-
fort in model selection (Reid et al., 2013; Brown, 2014a, b;
Lewis et al., 2014 are the most recent examples) and in de-
termining whether current models appropriately fit the data.

Data Partitioning.—When analyzing data from multiple
markers, it is often necessary to partition the data by substi-
tution rate (Nishihara et al., 2007) or codon position (Yang,
1996). In total evidence studies, partitioning is crucial for
datasets that include molecular markers and morphological
characters, as seen in the phylogenetic reconstruction of
lobsters and anomurans (Schnabel et al., 2011; Bracken-
Grissom et al., 2013, 2014). Data that is not partitioned is
subject to “mixture models,” in which each marker is ana-
lyzed under multiple substitution models and every marker
is assumed to have evolved under similar processes (Le et
al., 2008). This can negatively impact tree topology (Buck-
ley et al., 2001; Telford and Copley, 2011). Data can be
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partitioned on the basis of codon position, gene (e.g., 16S,
12S, COI), gene origin (nuclear vs. mitochondrial), or gene
function (protein coding vs. intron). By partitioning data, re-
searchers can group markers that are likely to have experi-
enced similar evolutionary processes, and then analyze each
group independently. This allows for the reconstruction of a
phylogeny that takes into account heterogeneous evolution-
ary histories (Lanfear et al., 2012). As with model selection,
researchers can use programs such as PartitionFinder (Lan-
fear et al., 2012) to statistically explore and support parti-
tioning schemes.

Application of Coalescent Theory.—In non-coalescent ap-
proaches, genes are concatenated into a ‘supergene’ align-
ment and traditional tree-building algorithms are applied to
generate a phylogeny in a single step (often called “concate-
nation phylogenies;” Gadagkar et al., 2005; Edwards, 2009).
This method has been criticized for failing to resolve the
evolutionary history at the species level (Edwards, 2009).
Rather, non-coalescent approaches estimate the genealogi-
cal history of individuals across a multilocus dataset, which
is problematic when individual gene trees are in conflict due
to mechanisms such as horizontal gene transfer, gene du-
plication, deep coalescence, and branch length heterogene-
ity (Edwards, 2009; Liu et al., 2009b). This approach has
also been criticized for over-simplifying evolution and fre-
quently ignoring gene tree heterogeneity by including too
few markers (McVay and Carstens, 2013). Coalescent ap-
proaches use genetic data to calculate population parameters
in an effort to better reflect the history of a taxon (Kingman,
2000; Edwards, 2009). This allows for gene tree heterogene-
ity, which enables correct species tree estimation, even in the
anomaly zone where the most common gene tree does not
match the species tree (Degnan and Rosenberg, 2009; Liu et
al., 2009a). These analyses can be computationally demand-
ing, and have been described as too complex, especially for
long-diverged clades (McVay and Carstens, 2013). However,
including variation in gene analysis has been found to be ad-
vantageous in theoretical multi-locus analyses (Kubatko and
Degnan, 2007). In general, it is a good practice to analyze
data using both approaches and present both trees in the pub-
lication.

PART III: A REVIEW OF HIGHER-LEVEL DECAPOD
MOLECULAR PHYLOGENIES

From the first studies in the 1990s (Kim and Abele, 1990)
to the next-generation studies of the 2010s (Bybee et al.,
2011a, b; Qian et al., 2011; Shen et al., 2013), much progress
has been made in resolving decapod phylogeny. Early stud-
ies identified informative markers, both molecular (Kim and
Abele, 1990; Crandall et al., 2000; Porter et al., 2005; Tsang
et al., 2008b; Chu et al., 2009) and morphological (Ahyong
and O’Meally, 2004). These studies helped uncover poly-
phyly in Palinura (Ahyong and O’Meally, 2004) and Tha-
lassinidea (Tsang et al., 2008b; Bracken et al., 2009a), in-
forming phylogeneticists of which groups required more
thorough and targeted sampling for phylogenetic reconstruc-
tion. The markers from these studies also served as the start-
ing point for using NGS platforms such as targeted amplicon
sequencing (Bybee et al., 2011b).

The first study by Kim and Abele (1990) sampled nine
specimens spanning the suborder Dendrobranchiata and five
infraorders: Astacidea, Brachyura, Caridea, Procarididea,
and Stenopodidea (though the study did not recognize the
now accepted division between Procarididea and Caridea
and analyzed Palaemonetes and Procaris as part of Caridea).
This study sought to determine whether the 18S ribosomal
subunit could and/or would infer a phylogeny that accorded
with morphology-based phylogenies. The MP analysis re-
sulted in a significantly supported tree with sufficient vari-
ation between infraorders to conclude that 18S was phy-
logenetically informative at the infraordinal level. The first
molecular study to propose a relationship between major de-
capod lineages, Kim and Abele identified a marker that is
frequently used in higher-level decapod phylogenetic stud-
ies today. However, interpretation of these results is limited
due to the incomplete sampling at the infraordinal level and
insufficient marker selection. Nonetheless, this study was
based entirely on de novo sequences.

Crandall et al. (2000) focused on the monophyletic
origins of crayfish, but sampled sufficiently to generate a
tree including several decapod infraorders. Analyzing 16S
mtDNA, 18S, and 28S rDNA markers, this study included
species from Achelata (Palinura in the study), Anomura,
Astacidea, Axiidea, Brachyura, Gebiidea, and Stenopodidea
(Axiidea and Gebiidea were listed as representatives of
Thalassinidea in the study). Trees were estimated using
NJ, ML, and MP. The resulting tree (Fig. 1C) generated a
similar topology to that of Kim and Abele (1990). Despite
a lack of data partitioning, this study provided evidence
that utilizing multiple gene regions allowed for resolution
at several taxonomic levels.

In 2004, the first decapod total evidence study (molec-
ular + morphology) was performed using 16S, 18S, and
28S, as well as 105 morphological characters which in-
cluded spermatozoan, gill, branchiostegite, rostrum, and
carapace characteristics, among many others (Ahyong and
O’Meally, 2004). Here, data-recycling was used to supple-
ment newly generated morphological and molecular data.
This study represented the most complete sampling of rep-
tant decapod infraorders yet, including representatives from
Achelata, Anomura, Astacidea, Axiidea, Brachyura, Gebi-
idea, Glypheidea, Polychelida, and Stenopodidea (Axiidea
and Gebiidea were still recognized as Thalassinidea in this
analysis). The study presented three slightly differing MP
trees generated from morphological characters, molecular
markers, and a combination of the two (total evidence). The
total evidence tree (Fig. 1D) more closely resembled the re-
lationships recovered in the molecular phylogeny, and all
three analyses were congruent at the infraordinal level. The
thorough sampling scheme helped uncover polyphyly within
Palinura, resulting in its eventual division into Achelata, as
the most basal of the three and sister to the fractosterna-
lian infraorders; Polychelida, as sister to the remaining rep-
tants; and Glypheidea, as sister to Astacidea. It should be
noted that, while a partition was made between molecular
and morphological data, the molecular data were unparti-
tioned, which may have negatively impacted the resulting
topology.
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Porter et al. (2005) included markers used in previous
analyses (16S, 18S, 28S) but also included the histone 3 (H3)
nDNA sequence for analysis. This study included represen-
tatives from Achelata, Anomura, Astacidea, Axiidea (listed
as Thalassinidea), Brachyura, Caridea, Dendrobranchiata,
and Stenopodidea; and was one of the first to partition data
for analysis. Alignments were analyzed using ML and, for
the first time in infraordinal decapod phylogenetic analy-
sis, BI. The resulting tree unexpectedly placed Brachyura
and Anomura in the middle of the tree (Fig. 1E), though
these two groups traditionally fall out as more derived. In-
stead, Astacidea and Axiidea appeared more derived. The
authors found all sampled infraorders to be monophyletic
with strong branch support, but nodal support values for
the relationships between infraorders were relatively low.
This may be the result of insufficient taxon sampling and/or
marker selection, that is, the markers were not sufficient in
resolving deep relationships.

A study published in 2008 focused solely on protein-
coding markers novel to decapod phylogeny: a sodium
potassium pump (NaK) and phosphoenolpyruvate carboxyk-
inase (PEPCK), thus all sequences analyzed in the study
were generated de novo (Tsang et al., 2008b). Despite the
absence of previously generated sequence data, the study in-
cluded representatives from Achelata, Anomura, Astacidea,
Axiidea, Brachyura, Caridea, Dendrobranchiata, Gebiidea,
Polychelida, and Stenopodidea (Axiidea and Gebiidea were
included as specimens of Thalassinidea). Data was analyzed
with ML, MP, and BI, resulting in strongly supported mono-
phyly for all infraorders, except Thalassinidea, which exhib-
ited polyphyly (Fig. 1F). The authors suggested returning to
the scheme of Gurney (1938), which divided Thalassinidea
into the “Homarine Group” (Axiidea) and the “Anomuran
Group” (Gebiidea). In 2009, NaK and PEPCK were used
again, but sequence number doubled, and an identical tree
was produced (Chu et al., 2009). The protein-coding genes
used by Tsang et al. (2008b) and Chu et al. (2009) sup-
ported many infraordinal to species level relationships, pro-
viding evidence that single-copy, slow-evolving, protein-
coding genes are good candidates for inferring phylogenies
across broad taxonomic ranges.

Toon et al. (2009) sequenced eight markers, two mito-
chondrial and six nuclear, for representatives of Achelata,
Anomura, Astacidea, Axiidea, Brachyura, Caridea, Dendro-
branchiata, and Polychelida. While many sequences were
recycled from GenBank (including 12S, 16S, 18S, 28S,
and H3 for several specimens), three new nDNA markers
were introduced: EF-2, EPRS, and TM9sf4. RAxML anal-
ysis of the eight markers inferred relationships that did not
concur with other studies, primarily by recovering Dendro-
branchiata as sister to Caridea, and Caridea as the most basal
pleocyemate (Fig. 1H). However, these branches were not
strongly supported. While it is not explicitly stated whether
data was partitioned or not, a second analysis, which ex-
cluded the mtDNA markers, was performed but not pre-
sented.

In 2009, Bracken et al. published their work on the Deca-
pod Tree of Life Project (Bracken et al., 2009a; Fig. 1G),
combining an increased sampling effort with multiple-
marker analysis. Most of the data was recycled from pre-

vious analyses (only 24 de novo sequences), including ev-
ery currently recognized infraorder except for Procarididea.
The authors used a subset of the markers used by Toon et
al. (2009): 16S, 18S, 28S, and H3. Sequences were ana-
lyzed with RAxML and BI. The resulting tree provided fur-
ther support for the division of Thalassinidea (Gurney, 1938;
Tsang et al., 2008a, b; Robles et al., 2009). Although mono-
phyly of all infraorders was statistically supported, there was
little to no support for relationships among infraorders, due
to the lack of appropriate genes to resolve deep relationships.

Another study, aimed at investigating Procarididea evo-
lution, also generated an infraordinal tree (Bracken et al.,
2010). The findings of Bracken et al. agreed with those
of Felgenhauer and Abele’s (1983) comparative morpholo-
gical study, establishing Procarididea as an infraorder, sis-
ter to Caridea (Fig. 1I). Dendrobranchiata was sampled, as
well as every currently recognized decapod infraorder, ex-
cept for Glypheidea. This study analyzed one mitochondrial
marker (16S) and three nuclear markers (18S, 28S, and H3),
generating new data for taxa in Dendrobranchiata, Procari-
didea, and Caridea. Data for representatives from the other
infraorders was recycled from GenBank. Genes were con-
catenated and partitioned for analysis. MODELTEST was
used to identify the evolutionary model that best fit the data,
and data was analyzed using RAxML (Stamatakis et al.,
2005, 2007, 2008) and MrBayes (Huelsenbeck and Ron-
quist, 2001). To calibrate the resulting tree, thirteen fossils
were included in the analysis.

Beginning in the 2010s, high-powered NGS techniques
began generating huge quantities of data for decapod phylo-
genetics. Through massively parallel, multiplexed reactions,
NGS is capable of generating genomic, transcriptomic, and
epigenomic data (Levin et al., 2009; McKenna et al., 2010;
Metzker, 2010; Roukos, 2010; Ku et al., 2011; Martin and
Wang, 2011; McCormack et al., 2013; Wong et al., 2015).
Such sequencing efforts allow analysis of hundreds to thou-
sands of markers across the genomes of hundreds of individ-
uals (Gnirke et al., 2009; Mamanova et al., 2010; Lemmon
and Lemmon, 2012; Lemmon et al., 2012), generating un-
precedented amounts of data while using fewer resources.
Applied to decapod phylogenetics relatively recently, NGS
has enabled the targeting of hundreds of new markers across
the order.

Targeted Amplicon Sequencing (TAS) (Bybee et al.,
2011a) uses an NGS platform to sequence a high number
of markers across a large number of specimens. This PCR-
based approach generates amplicons optimized for NGS
(Bybee et al., 2011a, b). Target genes undergo two PCRs,
which barcode sequences by taxon, enabling them to be mul-
tiplexed on a NGS platform (Bybee et al., 2011a, b). The
PCR amplification allows for the use of a variety of start-
ing materials, e.g., new specimens, alcohol-preserved tissue,
museum samples. Sequencing 12S, 16S, COI, 18S, 28S, and
H3 de novo for 16 specimens, including a museum speci-
men, Bybee et al. (2011b) demonstrated the potential of TAS
across Pancrustacea (including Decapoda; Fig. 1K). The
study itself lacked representatives from Gebiidea, Glyphei-
dea, and Procarididea, however the intention of this study
was not to generate a robust phylogeny across Decapoda,
but rather to exemplify how the method could be applied to
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deep phylogenetic inferences. The authors highlight poten-
tial problems with TAS, such as the quality of the data (re-
viewed by Wicker et al., 2006; Huse et al., 2007; Kunin et
al., 2010), the removal of primer dimers, and biases among
barcodes.

Two recent studies (Qian et al., 2011; Shen et al., 2013)
have taken similar approaches to generate and analyze mt-
genomes to infer decapod phylogeny. These are the first phy-
logenomic studies of decapods thus far. Qian et al. (2011)
combined 27 previously sequenced mt-genomes with two
de novo mt-genomes generated for the analysis. Though
data was not partitioned, the 13 protein-coding genes were
analyzed in separate alignments. The results of Qian et
al. (2011) strongly support topologies from other studies
(Tsang et al., 2008b; Bybee et al., 2011b; Shen et al.,
2013), with Brachyura and Anomura representing derived
branches and Dendrobranchiata and Caridea representing
early branching groups (Fig. 1J). In addition to Dendro-
branchiata, only five infraorders were sampled: Achelata,
Anomura, Astacidea, Brachyura, and Caridea. Shen et al.
(2013) generated two datasets: an amino acid alignment and
a sequence alignment. Both were partitioned by gene. Re-
sults were similar to Qian et al., but the data showed some
ambiguity as to the position of Polychelida in relation to
Achelata and Astacidea: BI of mt-genome nucleotides and
ML analysis of mt-genome amino acids upheld Palinura
(Polychelida + Achelata), but all other analyses, including
the final tree (Fig. 1L) based on the analysis of all datasets,
supported Polychelida + Astacidea. Few analyses resulted
in high support values suggesting a relationship between
Polychelida + Astacidea or Polychelida + Achelata. ML
analysis of mt-genome amino acids also resulted in mono-
phyly of Thalassinida (Gebiidea + Achelata), though this
result did not carry to the final tree (Fig. 1K), in which Axi-
idea is basal to Gebiidea. It should be noted that past results
have suggested using mitochondrial genomes to infer phy-
logeny can be problematic, as previously discussed.

FUTURE DIRECTIONS

Arguably, one of the most promising methods for resolving
the decapod tree of life has not yet been applied to deca-
pod phylogeny: Anchored Hybrid Enrichment (AHE) is ca-
pable of targeting hundreds of loci informative at multiple
taxonomic levels in a single NGS study. AHE targets many
(>500) highly conserved anchored regions of the genome
using probes (Lemmon and Lemmon, 2012; Lemmon et al.,
2012). Each streptavidin-tagged, oligonucleotide probe tar-
gets a highly conserved sequence region flanked by more
variable sequence regions. Probes can be designed to target
flanking regions exhibiting different levels of variability. The
result is sequence data that is phylogenetically informative
at multiple taxonomic levels in a single study. By designing
probes to target appropriately variable sequences, relation-
ships can be resolved from the deep phylogenetic level to
the level of phylogeography (Carstens et al., 2012; Lemmon
and Lemmon, 2012).

As NGS methods lower the cost of phylogenetic studies,
allowing the discovery of unprecedented numbers of mark-
ers and inclusion of many taxa, it is important to remem-
ber the value of morphological data in phylogenetic anal-

yses. Previous studies of decapod phylogeny have demon-
strated that including morphological characters to a molec-
ular dataset can improve the phylogeny in terms of support
and sampling effort (Ahyong and O’Meally, 2004; Schnabel
et al., 2011; Bracken-Grissom et al., 2013, 2014). Specif-
ically, the inclusion of fossils in a phylogenetic study can
incorporate data that cannot be generated from any other
source (Novacek and Norell, 1982). Most notably, fossils
can allow extinct taxa to be included in phylogenies (Beurlen
and Glaessner, 1930). A rich fossil record allows researchers
to estimate the age of clades (Novacek and Norell, 1982;
Reid et al., 1996) and explore the origins of diversity within
major lineages (Gauthier et al., 1988; Huelsenbeck, 1991;
Weishampel, 1996; Bracken-Grissom et al., 2014). Using
fossils to date a phylogenetic tree can add directionality to
major morphological and/or behavioral transitions and un-
cover historical patterns in organismal biogeography (Porter
et al., 2005; Bracken-Grissom et al., 2014). According to
recent studies, even including just one fossil for every ten
included taxa can reliably date a phylogeny (Erwin et al.,
2011; Bracken-Grissom et al., 2014). In summary, as phy-
logenetics moves toward NGS approaches, it is important to
remember the inimitable role fossils can play in recapitulat-
ing a robust, dated phylogenetic tree for Decapoda.

CONCLUSIONS

From the earliest classifications of decapods, to the super-
powered molecular methods of NGS, morphological and
molecular phylogenies have generated a suite of evolu-
tionary hypotheses for deep relationships. From these var-
ied hypotheses, some accord has been seen. Early studies
consistently recovered three or four major lineages: Den-
drobranchiata, Caridea, Stenopodidea, and Reptantia, with
Dendrobranchiata generally considered to be the earliest
branching lineage. Reptant infraorders (Achelata, Anomura,
Astacidea, Axiidea, Brachyura, Gebiidea, Glypheidea, Poly-
chelida) are typically recovered as derived lineages. Caridea
and Stenopodidea frequently cluster together, either as sis-
ter groups or as close relatives. Generally, Caridea and
Dendrobranchiata represent early branching lineages, while
Anomura and Brachyura fall as sister clades in a more de-
rived position on the Decapod Tree of Life. The lobster-like
lineages Polychelida, Glypheidea, Achelata, and Astacidea
show conflicting relationships as either a monophyletic
(Tsang et al., 2008b; Chu et al., 2009; Toon et al., 2009;
Bybee et al., 2011b; Qian et al., 2011) or non-monophyletic
clade (Ahyong and O’Meally, 2004; Porter et al., 2005;
Bracken et al., 2009a, 2010; Shen et al., 2013; Bracken-
Grissom et al., 2014). The ghost shrimp infraorders, Axi-
idea and Gebiidea, are consistently recovered as non-mono-
phyletic (Porter et al., 2005; Tsang et al., 2008b; Bracken et
al., 2009a; Chu et al., 2009; Shen et al., 2013). Further con-
tributing to our understanding of decapod phylogeny, many
recent molecular phylogenies have focused on family-level
relationships within one or more infraorders (Anomura:
Ahyong et al., 2009; Tsang et al., 2011; Bracken-Grissom et
al., 2013; Axiidea/Gebiidea: Tsang et al., 2008a; Robles et
al., 2009; Brachyura: Tsang et al., 2014; Caridea: Bracken
et al., 2009b; Li et al., 2011; Dendrobranchiata: Ma et al.,
2009; Lobster-like lineages: Bracken-Grissom et al., 2012,
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2014). Past studies have undoubtedly enhanced our under-
standing of the Decapod Tree of Life; however, several in-
fraordinal relationships remain unclear. In pursuit of strong
infraordinal-level support across Decapoda, analysis meth-
ods have become more standardized and taxon sampling has
improved, while a lack of appropriate markers has remained
a primary hindrance. Since the introduction of NGS, tech-
niques have advanced and optimized to meet the challenge
of deep phylogenetic questions. Excitingly, these advance-
ments now provide researchers with hundreds to thousands
of phylogenetically informative markers, enabling unprece-
dented insight into the evolutionary history of Decapoda.
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APPENDIX

Table A1. A list of taxon names mentioned in this paper. ‘Accepted’ status indicates whether the name is currently accepted and is listed according to De
Grave et al. (2009).

Taxon Accepted Taxonomic rank Includes Authority

Eurysternalia No Unranked Achelata, Anomura, Brachyura Dixon et al. (2003)
Gebiidea Yes Infraorder Some representatives of the unaccepted

Infraorder Thalassinidea
de Saint Laurent (1979)

Glypheidea Yes Infraorder – Winckler (1882)
Glypheoidea Yes Superfamily – Winckler (1882)
Heterochelida No Suborder Caridea, Thalassinidea Beurlen and Glaessner (1930)
Homarida No Infraorder – Huxley (1878)
Lineata Yes Unranked Anomura, Brachyura, Thalassinidea Ahyong and O’Meally (2004)
Meiura Yes Unranked Anomura, Brachyura Dixon et al. (2003)
Natantia No Suborder Caridea, Penaeoidea, Stenopodidea Boas (1880)
Paguroidea Yes Superfamily – Latreille (1802)
Palinura No Infraorder Achelata, Polychelida Latreille (1802)
Penaeidae Yes Family – Burkenroad (1963)
Penaeoidea Yes Superfamily – Rafinesque (1815)
Pleocyemata Yes Suborder Achelata, Anomura, Astacidea,

Axiidea, Brachyura, Caridea, Gebiidea,
Glypheidea, Polychelida, Procarididea,
Stenopodidea

Burkenroad (1963)

Polychelida Yes Infraorder – Scholtz and Richter (1995)
Procarididea Yes Infraorder – Felgenhauer and Abele (1983)
Reptantia No Unranked Achelata, Anomura, Astacidea,

Axiidea, Brachyura, Gebiidea,
Glypheidea, Polychelida

Boas (1880)

Stenopodidea Yes Infraorder – Claus (1872)
Sterropoda No Infraorder Eurysternalia, Thalassinida Dixon et al. (2003)
Thalassinida No Infraorder Axiidea, Gebiidea Dixon et al. (2003)
Thalassinidea No Infraorder Axiidea, Gebiidea Latreille (1831)
Thaumastochelida No Infraorder – Bate (1888)


