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ABSTRACT

DNA barcoding has become an important aspect in biodiversity research, but is ineffective with-
out comprehensive databases that can relate molecular sequences to scientific names. Hermit
crabs, or paguroids, are an important component of the marine benthos, and are vastly under-
studied in southern Africa, a globally important bioregion. The study provides 194 cytochrome
¢ oxidase subunit I (COI) barcode sequences (> 550 bp) of 43 nominal and 12 putative species
from 19 genera and four families of Paguroidea. Preliminary COI-based phylogenetic analysis
suggested some overall pattern of monophyly in the Parapaguridae and Paguristes Dana, 1851
and Dardanus Paul’son, 1875. Large groups in Diogenidae, however, such as Calcinus Dana,
1851 and Diogenes Dana, 1851, were recovered as poly- or paraphyletic. Testing the dataset for
barcoding efficacy revealed that the technique can reach identification rates near 100% suc-
cess. A barcoding gap was apparent for almost all but one problematic taxon. The optimum
threshold range to discriminate between species for this set of data was calculated at 3.7-3.9%,
although the overall mean intraspecific distance was well below 1%. Furthermore, glaucothoe
larvae of two deep-water paguroids were matched to names in the new molecular library. The
COI marker alone, however, did not provide clear species identifications in three problematic
species, Areopaguristes cf. jousseaumer (Bouvier, 1892), Goreopagurus poorei Lemaitre & McLaughlin,
2003, and Pagurus cuanensis Bell, 1846. Despite the dataset having considerable species cover-
age of 55 total taxa, it is still estimated to be only about 50% complete in terms of the South
African fauna. Future work should therefore increase coverage to other species in South Africa
and expand geographic coverage for widely distributed species.
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INTRODUCTION Rees, 2015). DNA barcoding should be understood as a comple-

) mentary item in taxonomy (Stevens ef al., 2011) and, as such, it

Although the usefulness of single-gene DNA fragments as tools primarily remains a mechanism to assist in species identification
to aid classical taxonomy has created great controversy (Ebach & (DeSalle, 2006; Collins & Cruickshank, 2012). Barcoding may,
Holdrege, 2005; Hickerson et al., 2006; Rubinoff, 2006; Carvalho however, fall short depending on the taxon and study design (see
et al., 2007; Roe & Sperling 2007; Ebach, 2011), much of the Prendini, 2005). Because the technique is vastly ineffective with-
carlier debate was fuelled by the promise that sequencing all life out barcode databases of sufficient species coverage and that are
forms on Earth alone would be sufficient to decipher the many founded on verified, curated specimens (Funk & Omland, 2003;
problems taxonomists are confronted with (Sperling, 2003; Meier Meyer & Paulay, 2005), biologists are calling for increased inte-
et al., 2006). The initially theoretical discussion over the principal grative taxonomic knowledge (Will et al., 2005; Padial & De La
prospects of DNA taxonomy (Tautz et al., 2003) using DNA bar- Ri\'a, 2007; Boero, 2010; Padial et al., 2010, Goldstein & DeSalle,
coding (Hebert ¢t al., 2003) has streamlined into more empirical 2011; Cristescu, 2014). Global-scale databases that contain
evaluations revealing both the benefits and limitations of the bar- adequate taxonomic and molecular coverage remain scarce (Kvist,

coding approach (Meier ¢ al., 2006; Costa et al., 2007; Hajibabaei 92013). They are, however, particularly needed for species-rich,
el al, 2007; Ward, 2009; Robe e al, 2012; Shackleton &
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taxonomically-ambiguous groups. In a carefully designed study
and for taxa in which DNA barcoding achieves sufficient reso-
lution, the tool can then support and help to refine taxonomic
hypotheses on species delineations, as applied in anomuran crusta-
ceans (e.g. Puillandre et al., 2011).

Crustaceans comprise one of Earth’s most diverse animal
groups and are especially diverse in the oceans in habitats that are
explored the least (Costello et al., 2010). Decapods such as crabs,
shrimps, lobsters, and hermit crabs are particularly large and rec-
ognisable, and form an ecologically- and economically-important
group known to contain about 15,000 extant species (De Grave
et al., 2009). Decapod crustaceans have been subject to success-
ful barcoding studies (Lefébure et al, 2006; Costa et al, 2007;
Radulovici et al., 2009; Matzen da Silva et al., 2011; Puillandre
et al., 2011; Robe ¢t al., 2012; Meyer et al., 2013; Bilgin ez al., 2014;
Raupach et al., 2015), showing the great potential of the technique
for taxonomic and biodiversity research. Compiling sufficient
regional information that would enable analysis of decapod diver-
sity on a global scale, however, remains an enormous challenge.
Matzen da Silva et al. (2011) estimated that only 5.4% of all deca-
pod species were represented in the available barcoding databases.
Another problem is that voucher specimens that correspond to
barcoding libraries are often not identified by taxonomists, and
that they are geographically-biased towards regions where bio-
diversity research is better funded, and which are consequently
better known. This leaves major gaps, particularly in marine
habitats in the developing world, which include some important
biodiversity regions. Data are particularly scarce across Africa.
This study attempts to fill this gap by compiling and analysing a
taxonomically-comprehensive barcoding dataset for the group of
hermit crabs predominantly from South Africa.

Most paguroids inhabit empty marine gastropod shells, and
their bodies are evolutionarily-adapted to this unusual habi-
tat (Hazlett, 1981). The posterior parts of the body are almost
entirely soft, forming few calcified characters that could be used
to inform taxonomy. Yet most species of hermit crabs frequently
utilize a suite of different types of shells (see Barnes, 2003;
McLaughlin, 2015) with varying three-dimensional properties.
This behaviour is known to influence and change growth rates
in hermit crabs in different housings (Bertness, 1981), result-
ing in and enhancing intraspecific variation (Blackstone, 1985).
Having half their body parts soft and being subject to high rates
of intraspecific variation has contributed to the currently poorly
understood taxonomy of many paguroids. Barcoding could
provide additional resolution needed to identify and delineate
species, particularly among closely-related species of difficult
paguroid groups. Sequencing of the mitochondrial cytochrome
¢ oxidase subunit I (COI) molecular marker has already been
applied to paguroids, for example, to inform the taxonomy of
species of Clibanarius Dana, 1852 and Coenobita Latreille, 1829
at a regional scale (Negri et al., 2014; Rahayu et al., 2016), as
well on the entire genus Calcinus Dana, 1851 in an extensive glo-
bal study (Malay & Paulay, 2010). No COI barcoding dataset of
paguroids has nevertheless been tested across a larger range of
genera and species, or even families.

We aimed to generate a DNA barcoding reference library for
identified and curated hermit crab specimens from South Africa,
which reciprocally informs and supports morphology-based iden-
tifications in an ongoing nation-wide biodiversity assessment. Such
database was tested for efficacy as an identification tool for hermit
crabs on a broad scale. The results from the divergence analyses
could also be used to refine knowledge and ideas of speciation in
Paguroidea, or in Decapoda as a whole. Some preliminary phylo-
genetic considerations are also provided given the limitations of
the single mitochondrial marker. Aspects of previously unrec-
ognised diversity, such as the presence of cryptic species, are
discussed.
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MATERIALS AND METHODS

Sampling, specimen identifications, and species concept

Hermit crabs were collected along the Atlantic and Indian oceans
coasts of South Africa from August 2014 to April 2017. Sampling
by hand, diving, dredging, and trawling yielded about 550 speci-
mens from all possible habitats. Except for some glaucothoe lar-
vae, all specimens were identified to species level by morphological
examinations following the literature (Barnard, 1950; Forest,
1954; McLaughlin, 1998; McLaughlin & Forest, 1999; Landschoftf
& Lemaitre, 2017a, b; Landschoff, 2018). Specimens were also
frequently reidentified, and in some instances morphology- and
barcoding-based identifications were also reciprocally informed as
sequences became available. This was the case for some juvenile
specimens for which initial identifications were uncertain, and for
four sequences obtained from glaucothoe larvae. These sequences,
matched to names from the preliminary database, were thus
included in the final analysis. Morphological separation of the
putative species of Diogenes and Paguristes, which could not be done
using existing taxonomic literature, was primarily based on colour
patterns and the shape and armature of chelipeds and ambulatory
legs. Species entities in the text are referred to as ‘species’ when a
certain level of morphological evidence justified the assignment of
a name from the literature, or are referred to as ‘putative species’
when no morphological identification to an existing taxon name
was possible. Species entities were regarded and tested following
the concept of ‘species-like-units’ (Collins & Cruickshank, 2012).

Where possible, up to five specimens of each taxon were selected
for barcoding; additional specimens were selected from different
localities when a taxon was sampled over a wide range, or when
specimens were of particular interest as in colour variants or juve-
niles. Fresh tissue was usually taken from unpreserved specimens
after freezing/defrosting. Tissue was preferably taken as eggs from
ovigerous females or as muscle tissue, most often from the merus of
the larger cheliped. In some small-size species, tissue was retrieved
by dissecting one walking leg and using the coxa for barcoding.
Larger body parts or even entire specimens were used in abun-
dant, particularly small species. Some tissue was also taken from
museum material following similar protocols as for fresh mater-
ial. Most tissue, placed in 96% ethanol, was sent for barcoding at
the National Research Foundation — South African Institute for
Aquatic Biodiversity (NRF-SAIAB), Grahamstown, South Africa.
Other tissues were submitted to the Canadian Centre for DNA
Barcoding (CCDB), Biodiversity Institute of Ontario, University
of Guelph (Guelph, Canada). Most specimens are deposited in the
Iziko South African Museum, Cape Town, South Africa, a few in
the National Museum of Natural History, Smithsonian Institution,
Washington, D.C., USA. Specimens included from the Lee Kong
Chian Natural History Museum, Singapore are from South Africa,
but older than the timeframe indicated above. Barcodes were also
generated for some specimens from Mozambique, southern Africa,
Marion Island, non-continental South Africa, Australia (Museum
Victoria, Melbourne) and New Zealand (now in the Iziko South
African Museum (Supplementary material Table S1).

DNA extractions and sequencing

DNA was extracted from tissues using the protocol of Sunnucks
& Hales (1996), followed by the amplification of the barcoding
(Hebert et al., 2003) fragment of the COI gene by polymerase chain
reaction (PCR), using the universal invertebrate primers (LCOI-
1490 and HCOI-2198) of Folmer et al. (1994) or their degenerate
variants (dglLCOI490 and dgHCO2198; Meyer, 2003). PCR reci-
pes and conditions followed Meyer (2003) and Gouws et al. (2015),
with annealing performed at 48 °C for the latter. Successful
amplification was determined by visualising products under UV
light, following electrophoresis in 1% agarose gels, stained with
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ethidium bromide, in a TBE buffer. PCR products were purified
with an Exonuclease I - Shrimp Alkaline Phosphate (Exo/SAP,
Thermolisher Scientific, Waltham, MA, USA) protocol (Werle
et al.. 1994), sequenced in both the forward and reverse directions
using BigDye v3.1 (Applied Biosystems, Austin, TX, USA) ter-
minator chemistry and analysed on an ABI-Hitachi 3500 Genetic
Analyser (Applied Biosystems, Foster City, CA, USA). The result-
ing sequences were tested against their chromatograms for mis-
reads and sequencing errors using ChromasLITE (Technylesium,
South Brisbane, Australia). Sequences were aligned, edited, and
the consensus DNA barcode compiled using Lasergene SeqMan
Pro 9 (DNASTAR, Madison, WI, USA). Barcodes and trace files
were uploaded to the South African SeaKeys (SEAKY) project,
and to a global general decapod (GMDEC) project on BOLD
(www.boldsystems.org; Ratnasingham & Hebert, 2007), using the
BOLD inbuilt quality control functions for detecting stop-codons
and annotating ambiguous bases. Sequences shorter than 550
basepairs (bp) were removed from the dataset. Specimens bar-
coded by the GCDB followed that institution’s protocols, with the
data being uploaded to the SeaKeys project on BOLD, as above.

Genetic analysis

Alignment and tree-building. Alignment of the COI barcodes was
conducted in ClustalX 2.1 (Larkin et al., 2007). Neighbour-joining
(NJ) tree building (Saitou & Nei, 1987) of the aligned sequences
was conducted in MEGA7 (Kumar ¢ al., 2016), using Kimura’s
2-parameter (K2P) model of sequence evolution (Kimura, 1980),
and with nodal support assessed using 1,000 bootstrap replicates
(Felsenstein, 1985). Final trees were drawn in FigTree v1.4.3
(tree.bio.ed.ac.uk/software/figtree) and edited in Inkscape 0.91
(inkscape.org).

Distance analysis.  All following analyses were conducted in
the R 3.3.1 and R 3.4.3 statistical environments (R Core Team,
2016) using the packages spider (Brown et al., 2012) and sidier
(Mufioz-Pajares, 2013) within the Rstudio interface (RStudio
Team, 2016). Inter- and intraspecific pairwise distances were
calculated, corrected using the K2P model, and mean, minimum
and maximum distances retrieved from comparisons of sequence
pairs. Distances were also computed within or between congeneric
and intrafamiliar taxa to calculate the overlap of distances on
species-genus and genus-family levels. The taxonomic resolution
ratio (I'RR) was calculated as the quotient between congeneric
interspecific and intraspecific divergences (Costa et al., 2007) to
provide a general idea of taxon resolution on generic level. The
difference between intra- and interspecific distances, also known
as the barcoding gap (BG) (Meyer & Paulay, 2005), was derived
by subtracting the minimum interspecific from the maximum
intraspecific distance (Meier e al., 2008; Robe et al., 2012).
A variation of the BG, based on subtractions of the smallest
interspecific from the largest intraspecific K2P distance value
(Brown et al., 2012) was also explored instead of the overall
minimum and maximum values for the species.

Testing barcoding efficacy.  Along with an analysis to find the
threshold that would best separate hermit crab taxa, the barcoding
efficacy for the COI dataset was tested using both Meier’s best
close match (Meier et al., 2006) and the threshold-based analysis
functions threshID and threshOpt provided by the spider package in
R. Species boundary thresholds, as proposed in the literature: 3%
(Hebert e al., 2003), 1.0% (Ratnasingham & Hebert, 2007), 2%
(Ratnasingham & Hebert, 2013), and calculated for various sets of
data: 1% (10X intraspecific divergence) (Hebert ez al., 2004), 4.6%
(assumption-free statistical approach) (Lefébure et al., 2006), 3.0%
(95% rule) (Meier et al., 2006), and 1.9% (localMinima method)
(Brown et al., 2012), were tested for the highest identification success
rates. An optimal threshold range was also calculated and tested
after Brown et al. (2012).

RESULTS

COI dataset and quality

A total of 194 COI barcode sequences (> 550 bp) of 43 nom-
inal and 12 putative species from 19 genera and four fami-
lies were retrieved and analysed. The majority of these taxa
belonged to Diogenidae (39 taxa, 131 sequences), whereas the
Paguridae (nine taxa, 40 sequences) and Parapaguridae (six
taxa, 23 sequences) were less represented, and only one barcode
of Coenobita rugosus H. Milne Edwards, 1837 (Coenobitidae) was
retrieved (Table 1). Of the total 55 taxa, 16 were represented
by a single sequence. On average, each taxon was represented
by four barcode sequences. A maximum of 16 barcodes were
sequenced for the widespread Diogenes brevirostris Stimpson,
1858 (Fig. 1). Quality control detected stop codons, probably
indicating nuclear mitochondrial pseudogenes (numts), in two
sequences of Calcinus guamensis Wooster, 1984 (Fig. 2). The vast
majority of the 177 sequences consisted of the normal length
of 658 bp and had no ambiguities, but some were shorter and
only one was below 600 bp (Figs. 2—4). Three sequences were
derived from glaucothoe larvae of Sympagurus dimorphus Studer,
1883, and one of a glaucothoe of Parapagurus bouvier: Stebbing,
1910 (Fig. 4). Six sequences from three taxa (Pagurus cuanensis
Bell, 1846, Clibanarius virescens (Krauss, 1843), and Paguristes
sp.1) had > 2 (i.e., 4-7 n) ambiguous nucleotide bases (Fig. 1).
Exploratory analyses including or excluding these sequences
of lesser quality led to the same or very similar results. These
sequences were thus included in the final dataset analysed,
but respective data quality flags were retained (Figs. 2-4 and
Supplementary material Table S1).

Phylogenetic aspects

The NJ tree of the 55 taxa supported monophyly at the species
level (but see below). Paguridaec and Parapaguridae were recov-
ered as monophyletic, whereas Diogenidae was poly- or paraphy-
letic (Fig. 1). Family-level support, however, was low in this single

Table 1. Worldwide and South Africa diversity of Paguroidea; *worldwide figures after McLaughlin & Tiirkay (2018); **South African figures after
LandschofT (2018); list of genera and species in this study include some species from outside South Africa.

Genera (species) South Africa** Genera (species) this study

Family Genera (species) worldwide*
Coenobitidae Dana, 1851 2 (18)

Diogenidae Ortmann, 1892 21 (464)

Paguridae Latreille, 1802 88 (587)

Parapaguridae Smith, 1882 10 (91)

Pylochelidae Bate, 1888 10 (47)

Pylojacquesidae McLaughlin & Lemaitre, 2001 2(2)

Total 133 (1209)

1(3) 1(1)

10 (39) 10 (39)
6 (19) 5(9)
5 (10) 3(6)
1(1) 0(0)
0 (0) 0(0)

23 (72) 19 (55)
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Figure 1. Neighbour-joining tree of distance relationships between hermit crabs, predominantly from South Africa, constructed using the cytochrome ¢

oxidase I (COI) barcoding fragment and Kimura 2-parameter (K2P) distances. Bootstrap values based on 1000 replicates are indicated next to nodes, K2P

divergences are shown by scale bar (%); JV, sample size for each species. This figure is available in colour at Journal of Crustacean Biology online.

marker analysis although Parapaguridae had 93% bootstrap sup-
port. Nodal support for congeneric relationships was low within
Paguridae except for the sister-taxa relationship of P emmerson:
McLaughlin & Forest, 1999 and P liochele (Barnard, 1947), which
was well supported (100%). The polyphyly of Pagurus Fabricius,
1775 was apparent (Figs. 1, 4). Nodal support for congeneric rela-
tionships within Parapaguridae was higher, with Paragiopagurus
Lemaitre, 1996 appearing basal in this family. With only few taxa
represented, Parapagurus was recovered as monophyletic, clustering
within the poly- or paraphyletic Sympagurus Smith, 1883.

The single sequence of Coenobita rugosus (Coenobitidae) clustered
within the Diogenidae within Caleinus. Diogenes Dana, 1851 was
recovered as polyphyletic (Figs. 1, 2), forming two distinct moder-
ately (76%, D. brevirostris clade) and poorly (35%, D. costatus clade)
supported clades. The well-represented Calcinus was found to be
poly- or paraphyletic, containing a member of Coenobita, but also the
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closely-related Ciliopagurus Forest, 1995 (Figs. 1, 2). Dardanus Paul’son,
1875 was recovered as monophyletic (16%), whereas Paguristes Dana,
1851 was the only monophyletic genus with high (100%) bootstrap
support within this family. Sister to the Pagurstes clade, Areopaguristes
engyops  (Barnard, 1947) and Pseudopaguristes McLaughlin, 2002
formed a well-supported sister-taxa relationship, but the former was
notably distant from the other species of Aregpaguristes Rahayu &
McLaughlin, 2010, A. cf. jousseaumer (Bouvier, 1892). The positions
of Paguropsis Henderson, 1888 and Cancellus H. Milne Edwards, 1836
within Diogenidae had little support (Figs. 1, 2).

COI divergence analysis

Mean, minimum, and maximum intraspecific K2P distances for
all taxa represented by more than one sequence are summarised
in Supplementary material Table S2. At 0.0081 (£ 0.0016 SE),
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0 Calcinus laevimanus SEAKY1144-16IMB-A066406IBanana Beach
= Calcinus laevimanus SEAKY1133-16IMB-A066395|Pumula
Calcinus latens SEAKY1207 17IMB- A06€478Hﬂhaca Island 618bp
Paguristes,

iogenes costatus SEAKY1347-17IMB-A066758|Africana South Coast |
7£fogenes costatus SEAKY1344-17IMB-A066760IAfricana South Coast
wDrogenes costatus SEAKY1345-17IMB-A066761IAfricana South Coast
Diogenes costatus SEAKY1346-17IMB-A0667591Africana South Coast
Diogenes costatus SEAKY1445-17IMB-A066633!

Diogenes n. sp. SEAKY1091-16IMB-A066353IPumula

Diogenes sp.3 aff. pallacens ISEAKY1371-17IMB-A066740IPumula
Diogenes sp.6 SEAKY1439-17IMB-A066690IPumula

1plagernes sp.1 SEAKY1193-17IMB-A066464lInhaca Island
’gtogenes sp.1 SEAKY1195-17IMB-A066466lInhaca Island

I iogenes sp.1 SEAKY1192-17IMB-A066463lInhaca Island

iogenes sp.1 SEAKY1194-17IMB-A066465lInhaca Island 619bg
Diogenes sp.2 SEAKY1197-17IMB-A066468lIinhaca Island

L — /oo0eguristes 2, Cancellus I

0.02

BO3I0Q0~0

N 0oL —0

Figure 2. Neighbour-joining tree of distance relationships between South African hermit crabs (except where indicated), constructed using the cytochrome
¢ oxidase I (COI) barcoding fragment and Kimura 2-parameter (K2P) distances. Detail of Diogenidae 1. Bootstrap values based on 1,000 replicates are
indicated next to nodes, K2P divergences are shown by scale bar (%); *, stop codons; n, ambiguous bases. Sequence length 658 bp if not specified otherwise.

This figure is available in colour at Journal of Crustacean Biology online.
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the overall mean intraspecific distance was well below 1%, and
93.65% of the 441 intraspecific comparisons fell below 3%. The
highest maximum distance resulted from intraspecific compari-
sons within Anapagurus hendersoni Barnard, 1947 (3.5%), Diogenes
brevirostris (3.5%), Areopaguristes cf. jousseaumer (4.3%), Goreopagurus
poorer Lemaitre & MclLaughlin, 2003 (5.0%), and Pagurus cuanensis
(5.1%). Congeneric distances varied from a minimum of 3.9%,
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between Pagurus emmersont and P lochele, to maximum values of
27-28% when comparing congeneric sequences of Calcinus,
Dardanus, and Diogenes (Supplementary material Table S3). In the
1379 congeneric comparisons, 99.85% were above 4%. The over-
lap of intraspecific, congeneric interspecific, and intergeneric dis-
tances for the three main families is given in Figure 5. No overlap
(or only partial in Paguridae) was observed between intraspecific
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and interspecific (congeneric) divergences, but major overlap was
apparent between divergences from congeneric and intergeneric
comparisons in all three families; the latter being most apparent
in Diogenidae. The mean congeneric and intergeneric distances
were also notably higher for Diogenidae (about or > 20%) than
for Paguridae or Parapaguridae (< 20%).

Tollowing the BG of Brown et al. (2012), all genera exhibited
a measurable gap. When averaging intra- and interspecific dis-
tances of each genus first, however, and then subtracting the mini-
mum interspecific from the maximum intraspecific distance (Robe
et al., 2012), an overlap of 1.2% was found in the case of Pagurus
(Supplementary material Table S3). Although present, the gap
was small in Sympagurus (2.7%) and Paguristes (4.1%). It was close
to, or larger than, 10% for all other genera examined. Generally
reflecting the trends of the BG analyses, and highlighting taxo-
nomic complexities (see discussion below), the TRR values were
lowest in Areopaguristes (11.528) and Sympagurus (11.287), and high-
est in Clibanarius (113.125; Supplementary material Table S2).

T hresholds and dataset efficacy

Testing the dataset using various distance thresholds (1-8.1%)
resulted in a range of success rates (2-39 cumulative errors) in
false negative (congeneric species identified as conspecifics) or false
positive (conspecifics regarded as congeneric species) identifica-
tions (Table 2). Meier’s best close match (Meier et al., 2006) and
the spider functions threshID/threshOpt had the same results.
Sequences of the 16 species with only a single sequence present
could not be matched and hence were not positively identified
using the dataset. The lowest threshold (1%) tested resulted in 20
false positive barcoding identifications, whereas the largest thresh-
old (8.1%), corresponding to ten times the mean intraspecific
divergence, resulted in 39 false negatives. The threshold derived
from the assumption-free statistical approach of Lefébure et al.
(2006) resulted in 13 cumulative misidentifications (Fig. 6). With
only three false positive errors, the 3% threshold of Hebert et al.
(2003), which also coincided with the 95% rule of Meier et al.
(2006), was close to the optimum thresholds (3.7-3.9%) that had
a minimum of only two false positives and 192 correctly-identi-
fied sequences. Applying this optimal threshold range therefore
resulted in a barcoding efficacy of 98.96%.

DISCUSSION

Data scrutiny and study limitations

Seventy-two nominal species of hermit crab are currently
reported from South African mainland waters (Landschoff, 2018).

Of these, 39 nominal taxa (54%) are represented in this dataset,
with sequences of 12 more putative species all from South Africa.
Sequences are also included for Dardanus woodmansoni (Alcock,
1905) and two unidentified or putatively new species, Diogenes
sp.1 and sp.2, from southern Mozambique, neither of which are
represented by a current South African record. The dataset also
includes additional hermit crab specimens, regarded as a distinct
taxon, Sympagurus dimorphus lineage 2, from New Zealand and the
non-mainland South African waters of Marion Island.

Despite a few problematic sequences, the overall quality of the
sequence data can be considered high. With six sequences hav-
ing more than two ambiguous bases, two sequences having stop
codons, potentially indicating numts, and 17 sequences being
slightly shorter than the normal 658 bp, about 90% of the bar-
codes in this dataset have high sequencing quality. Future users
of the data should consider that the sequences of lower quality
might nevertheless influence barcoding identifications. Because
general aspects of homologous comparison are violated in COI-
like (i.e., numts or pseudogenes) fragments (Buhay, 2009), the two
sequences of Calcinus guamensis representing potential numts will
most likely lead to uncertain identifications, even when compared
to sequences of conspecific specimens.

Table 1 gives an overview on the representation of the genera
and species represented in this dataset compared to the known
global and South African diversity. Of the 23 genera occurring
in South African waters, 18 are represented in this study. The
dataset, however, 1s inevitably biased by unequal taxon sampling.
Some taxa are well covered, as they are common and widespread,
whereas 16 taxa are represented by a single sequence only, as only
one or a few individuals were available. The dataset is also lim-
ited in its geographic scope. While geographic coverage is gener-
ally better for taxa endemic to the South African region, almost
all species from the subtropical east coast north of Durban have
widespread Indo-West Pacific distributions. Future paguroid bar-
coding programmes in this region of the Indian Ocean should
therefore extend the geographical taxon coverage, ideally to the
maximum true occurrence of each species. The current study is,
however, valuable in that it provides records of those widespread
taxa from their southwestern-most geographical distribution in
South Africa.

Phylogenetic considerations

While many phylogenetic aspects of Paguroidea are reasonably
well-resolved at higher taxonomic levels or within the Anomura
(Mclaughlin, 1983; Tudge, 1997; McLaughlin e al., 2007; Tsang
et al., 2008, 2011; Bracken-Grissom et al, 2013), intrafamiliar
relationships of hermit crabs are generally poorly understood.

Table 2. Hermit crab COI barcoding efficacy evaluation using the threshOpt function provided in the spider package (Brown et al., 2012) in R (R Core Team,

2016). True and false positives as well as negatives tested for thresholds proposed in the literature given, and optimised for the current dataset; *values calcu-

lated for this dataset.

Source/criterion Threshold True negative True positive False negative False positive Cumulative error
BOLD species identification 1.0% 16 158 0 20 20
Ratnasingham & Hebert (2013) 2.0% 16 173 0 5 5
Hebert et al. (2003) and Meier et al. 3.0% 16 175 0 3 3
(2006) 95% rule

Hebert et al. (2004) 10x intraspecific 8.1% 15 140 39 0 39
divergence

Lefébure et al (2006) assumption-free 4.6% 16 165 12 1 13
statistical approach*

Brown et al. (2012) localMinima method* 1.9% 16 173 0

Brown et al. (2012) threshold 3.7-3.9% 16 176 0 2 2

optimisation*
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21 Paguridae

4gﬁbananl.rs virescens SEAKY522-15IMB-A065935|Sodwana Bay
alebanarius virescens SEAKY524-15IMB-A065937ISodwana Bay
mCﬁ'banarius virescens SEAKY520-15IMB-A065933|Sodwana Bay 1n
Dg:h‘banarius virescens SEAKY523-15IMB-A065936/Sodwana Bay 4n
Clibanarius virescens SEAKY521-15|MB-A065934|Sodwana Bay 6n
Clibanarius longitarsus SEAKY1205-17IMB-A066476lInhaca Island
Parapaguridae
Diogenes 1, Paguropsis
Calcinus, Ciliopagurus, Coenobita
Paguristes sp.1 aff agulhasensis SEAKY880-15IMB-A066847IAgulhas Bank 7n
meagurfs{es sp.1 aff agulhasensis SEAKY875-15IMB-A066836/Agulhas Bank 2n
50 Paguristes sp.1 aff agulhasensis SEAKY874-15IMB-A066832IAgulhas Bank 7n
.5% Paguristes sp.2 SEAKY1352-17IMB-A0667491Agulhas Bank Shelf
P 2agunl-s'res sp.3 SEAKY1432-17IMB-A066699ICoffee Bay
s.aﬁagurisres sp.3 SEAKY1433-17IMB-A066703ICoffee Bay
mi;aguristes sp.3 SEAKY1442-17IMB-A066628|Pumula
5."J%a‘gu.rfsies sp.3 SEAKY1430-17IMB-A086629IPumula 1n
Paguristes sp.3 SEAKY1431-17IMB-A066682IR southwest Port Shepstone
- 45 Paguristes barnardi SEAKY864-15IMB-A066247|Buffels Bay
12 :E’agurfs!es barnardi SEAKY867-15IMB-A066250|Buffels Bay
Sg’agurisres barnardi SEAKY866-15IMB-A066249|Buffels Bay 1n
&Paguns!es barnardi SEAKY868-15IMB-A066251IBuffels Bay
gPagunstes barnardi SEAKY1382-17IMB-A066522|Jongensfontain
7 10‘:,Pagumstes barnardi SEAKY1383-17IMB-A066523IJongensfontain
Paguristes barnardi SEAKY865-15IMB-A066248IBuffels Bay 1n
5faguristes gamianus SEAKY1396-17IMB-A0667371Sea Point 615bp
5_rPa_(;'urish'ss gamianus SEAKY1395-17IMB-A066775|Bloubergstrand
moF'aguristes gamianus SEAKY1398-17IMB-A066739ISea Point
Paguristes gamianus SEAKY1416-17IMB-A065655/Wooleys Pool False Bay
Paguristes gamianus SEAKY1397-17IMB-A066738ISea Point
Paguristes sp.4 SEAKY1429-17IMB-A066684|Pumula
3 oélreopagurf’sres engyopsISEAKY232-15IMB-A065645|Wooleys Pool False Bay
V" Areopaguristes engyops SEAKY235-15MB-A065648/Wooleys Pool False Bay 2n
|1—°°Pseudopagunstes sp. SEAKY1342-17IMB-A066747|Eastern Cape Shelf
=" Pseudopaguristes sp. SEAKY1348-17IMB-A066750IEastern Cape Shelf
Dardanus crassimanus SEAKY1163-16IMB-A066425IPumula
BsDardanus crassimanus SEAKY620-15IMB-A066033ISodwana Bay
stardanus crassimanus SEAKY1159-16IMB-A066421|Pumula
o 9Dandanus crassimanus SEAKY1162-16IMB-A066424|Pumula 644bp
s n.Dam'anus crassimanus SEAKY1427-17IMB-A066722|Sezela
|_' 0‘)D.alrdetnus crassimanus SEAKY1160-16IMB-A066422|Pumula
Dardanus crassimanus SEAKY1161-16/MB-A066423|Pumula
70 ?Qardanus lagopodes SEAKY554-15IMB-A065967ISodwana Bay
95.Dau'd:;mu.t: lagopodes SEAKY556-15IMB-A065969ISowana Bay
; wDardanus lagopodes SEAKY557-15IMB-A0659701Sodwana Bay
Dardanus lagopodes SEAKY555-15IMB-A065968|Sodwana Bay
WmDardanus cf. umbella SEAKY622-15IMB-A066035|Sodwana Bay
L— Dardanus cf. umbella SEAKY1441-17IMB-A066715|Sodwana Bay
rE’DDardanus pedunculatus SEAKY1155-16IMB-A066417IPumula

11 |

Dardanus pedunculatus SEAKY1156-16IMB-A066418IPumula
Dardanus pedunculatus SEAKY1166-16IMB-A066428|Pumula

50 Dardanus pedunculatus SEAKY1164-16IMB-A066426|Pumula

Dardanus deformis SEAKY1189-17IMB-A066470lInhaca Island

a7 rf_ Dardanus arrosor SEAKY959-15IMB-A066825|Agulhas Bank

; Dardanus arrosor SEAKY877-15IMB-A066844IAgulhas Bank
o Ileardanus arrosor SEAKY873-15IMB-A066824|Agulhas Bank
Dardanus arrosor SEAKY958-15IMB-A066842|Agulhas Bank
Dardanus jacquesi SEAKY1428-17IMB-A066710ISezela
Dardanus woodmasoni SEAKY1198-17IMB-A066469IInhaca Island

—35—— Diogenes 2

!gﬁ\reopagurfsfes cf. jousseaumei SEAKY1153-16IMB-A066415|Pumula

2 : nAurecu:ragurfsi‘es cf. jousseaumei SEAKY1154-16IMB-A066416|Pumula
100 Areopaguristes cf. jousseaumei SEAKY1152-16IMB-A066414IPumula
L 2 Areopaguristes cf. jousseaumei SEAKY1151-16|MB-A066413IPumula

Cancellus macrothrix SEAKY1184-17IUSNM1292096IFalse Bay 1n

0.02
Figure 3. Neighbour-joining tree of distance relationships between South African hermit crabs (except where indicated), constructed using the cytochrome
¢ oxidase I (COI) barcoding fragment and Kimura 2-parameter (K2P) distances. Detail of Diogenidae 2. Bootstrap values based on 1,000 replicates are
indicated next to nodes, K2P divergences are shown by scale bar (%); *, stop codons; n, ambiguous bases. Sequence length 658 bp if not specified otherwise.
This figure is available in colour at Journal of Crustacean Biology online.
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Although mitochondrial DNA alone is unsuitable to resolve evolu-
tionary relationships (Galtier ¢/ al., 2009) and phylogenies derived
from COI in Decapoda must be interpreted with caution (Chu
et al., 2009), this study may point towards some future avenues of
phylogenetic investigations on Paguroidea. Our results once more
confirm the para- or polyphyly of Pagurus, previously proposed
(McLaughlin, 1974; Komai, 1998; Bracken-Grissom et al., 2013).
The very close genetic distance of Pagurus emmersoni to P liochele,
however, is supported of their close morphological similarities
(McLaughlin and Forest, 1999). The other four genera tested in
Paguridae, and the unidentified pagurid, were only represented by
a single species and hence recovered as monophyletic. Relative to
global diversity, the typically species-rich Paguridae was the least
represented family in the study (Table 1).

The recovery of Parapaguridac as monophyletic is consistent
with other molecular studies (Tsang et al., 2011; Bracken-Grissom
et al., 2013), and the results further suggest that the monophyletic
Parapagurus could be nested within Sympagurus. Our data reveal

that Paragiopagurus and Sympagurus may not be monophyletic. This
should be explored further as both genera are rather related by
the absence of morphological characters than by synapomorphy
(Lemaitre, 1996).

Based on nuclear, protein-coding genes (ITsang et al., 2011)
or the combination of mitochondrial and nuclear markers and
morphological characters (Bracken-Grissom e/ al, 2013), non-
monophyletic relationships have been discovered for Diogenidae
that are similar to our results (Figs. 1, 2). The position with mod-
erately high support (78%) of Clibanarius between Paguridae and
Parapaguridae outside Diogenidae, however, was surprising
Previous molecular studies (Isang et al., 2011; Bracken-Grissom
et al., 2013) usually found members of Clibanarius clustering well
within Diogenidae. Our results further showed that Dardanus is
likely to be monophyletic, even if the support for incorporating
D. woodmansonz, which could be the basal generic taxon, was weak
(16%; Figs. 1, 3). As a result of high diversity combined with the
lack of species-delimiting morphological characters, Paguristes and

n Clibanarius

&1

Fagurus cuanensis SEAKY1443-17IMB-A066709IPort Shepstone 6n
mPaguru-; cuanensis SEAKYS31-15IMB-A066192IFalse Bay
Pagurus cuanensis SEAKY1444-17IMB-A086705IPort Shepstone 6n
Pagurus cuanensis SEAKY1376-17IMB-A066515ISouth Coast 655bp
unidentified pagurid SEAKY1337-17IMB-A086751IAgulhas Bank Shelf
1" unidentified pagurid SEAKY1336-17IMB-A066752|Agulhas Bank Shelf 653bp
;mpagmus deprofundis SEAKY 1338-17IMB-A0665001Agulhas Bank Shelf 623bp
1Propagurus deprofundis SEAKY1340-17IMB-A066502|Agulhas Bank Shelf
‘F Propagurus dspmfunms SEAKY1176-171ZRC2013.0541IDurban
j2] SEAKY1177-171ZRC2013.0538IDurban 2n
l Propagurus deprofundis SEAKY1423-17IMB-A066835lAgulhas Bank Shelf
mPagwus emmersoni SEAKY1138-16IMB-A0664001Pumula
mF'agums emmersoni SEAKY1139-16IMB-A066401IPumula
“f'agurus emmersoni SEAKY1141-16IMB-A066403IPumula
mP&gurus emmersoni SEAKY1142-16IMB-A066404|Pumula
Pagurus emmersoni SEAKY1140-16IMB-A066402IPumula
100 SgF’Elgufus liochele SEAKY863-15IMB-A066246|Buffels Bay
[ _Lu Pagurus liochele SEAKY879-15IMB-A066846lAlgoa Bay
‘mpﬂgl/rus liochele SEAKY1208-17IMB-A066495|Jeffreys Bay
Pagurus liochele SEAKY878-15/MB-A066845lAlgoa Bay
sla:‘agurus n.sp. SEAKY1147-16IMB-A0664091Pumula
EaPagurus n.sp. SEAKY1146-16IMB-A066408IPumula
J;S’agulus n.sp. SEAKY1145-18/MB-A068407IPumula
2 raf‘sgums n.sp. SEAKY1148-16IMB-A066410/Pumula
Pagurus n.sp. SEAKY1149-16IMB-A066411|Pumula
Anapagurus hendersoni SEAKY1330-17IMB-A086764ISouth Coast
Bz»"lnapagm’t.fs hendersoni SEAKY1334-17IMB-A066768ISouth Coast
Anapagurus hendersoni SEAKY1335-17IMB-A066768ISouth Coast
Anapagurus hendersoni SEAKY1331-17IMB-A066765/South Coast
Anapagurus hendersoni SEAKY1333-17IMB-A066767ISouth Coast
Anapagurus hendersoni SEAKY1332-17IMB-A0867661South Coast
Anapagurus _hendersoni SEAKY 1446-17IMB-A086632|Pumula 645bj

arapagurus andreui SEAKY1436-17IMB-A066788|West Coast
arapagurus andreui SEAKY1437-17IMB-A066725IValdivia Bank
Parapagurus bouvieri SEAKY1174-171ZRC2013.0548 Parap2 |Durban
bouvieri SEAKY1172-17IMB-A066785lglaucothoelAgulhas Shelf
srapagurus bouvieri SEAKY1167-17IMB-A066429IWest Coast
| arapagurus bouvieri SEAKY1169-17IMB-A066432IWest Coast
Parapagums bouvieri SEAKY1168-17IMB-A066431I1West Coast
Tios Sympsgums d;morphus linage2 SEAKY1186-17IMB-A086783IMarion Island

linage2 SEAKY1185-17IMB-A066782IMarion Island
sympagurus dimorphus linage2 GMDEC002-18INIWA94450I Tasman Sea
100 Sympagurus dimorphus linage2 GMDECO001-18INIWA40065IS New Zealand
70 = Sympagurus dimorphus SEAKY1368-17IMB-A066743IglaucothoelWest Coast
Sympagurus dimorphus SEAKY1367-17IMB-A066742IglaucothoelWest Coast 627bp 2n
‘wSympagurus dimorphus SEAKY962-15IMB-A066839|Agulhas Bank Shelf
z g Sympagurus dJmarphus SEAKY1369-17IMB-A066744IglaucothoelWest Coast

|Paguridae

|Parapaguridae

SEAKY876-15IMB:
i ||S mpagurus dofieini SEAKY1173-171ZRC2013.0548 Parapi |Durban
ympagurus doffeini SEAKY1175-171ZRC2013.0548 Parap3 |Durban

A faragmpagurus afkinsonae SEAKY1181-17IUSNM1292083IWest Coast
‘aragiopagurus atkmsrjrraeSEAKVﬂEO 17IMB-A086815/West Coast

SEAKY1183-17IMB-A066810IWest Coast
L Paragiopagurus atkinsonae SEAKY 1182-17IMB-A066809IWest Coast
Diogenes 1, Paguropsis
Calcinus, Ciliopagurus, Coenobita

gl Bank Shelf

1,

Diogenes 2

Cancellus

0.02

Dardanus

Figure 4. Neighbour-joining tree of distance relationships between South African hermit crabs (except where indicated), constructed using the cytochrome
¢ oxidase I (COI) barcoding fragment and Kimura 2-parameter (K2P) distances. Detail of Paguridae and Parapaguridae. Bootstrap values based on 1000

replicates are indicated next to nodes, K2P divergences are shown by scale bar (%); *,

stop codons; n, ambiguous bases. Sequence length 658 bp if not speci-

fied otherwise. This figure is available in colour at Journal of Crustacean Biology online.
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its allies Areopaguristes and Pseudopaguristes form a taxonomically chal-
lenging group (Landschoff, 2018). In comparison to other clades,
such as Calcinus, Dardanus, and Diogenes, branch lengths were much
shorter in Paguristes (Fig. 1) and intraspecific distances were among
the lowest (< 1% in Paguristes; Supplementary material Tables S2,
S3), suggesting recent divergence and speciation. Paguristes was also
monophyletic (100% bootstrap) and was sister-taxon to a well-sup-
ported clade formed by Areopaguristes engyops and Pseudopaguristes sp.
(Figs. 1, 3). Future research might show that this clade may require
a separate generic rank. The position of Areopaguristes cf. jousseaumer
far from A. engyops further suggests that the taxonomic placement
in this group requires detailed study. Diogenes forming two separate
clades (Figs. 1-2), one of which was moderately supported to the
exclusion of the other, is of some interest. It has been proposed
that Diogenes 1s monophyletic (Forest, 1955), but no recent stud-
ies discuss phylogenetic relationships within this genus. To poten-
tially resolve the evolutionary relationships of this genus, however,
more detailed studies are needed than the single marker approach
herein.

Species determination and taxonomic ambiguities

A main bias in assessments of divergence is incorrect or uncertain
taxonomic classification (Matzen da Silva et al., 2011; Collins &
Cruickshank, 2012). The integrated taxonomic approach of this
study led to the discovery of many unnamed, putative species in
Paguristes and Diogenes, and to the finding of the distinctive Marion
Island lineage 2 of Sympagurus dimorphus. Identifying four deep-
water glaucothoe larvae further revealed the potential of barcod-
ing to identify crustacean larval forms (Costa et al., 2007).

Sympagurus dimorphus is widely-distributed in the southern hemi-
sphere, but with considerable morphological variation (Lemaitre,
2004), and with different colour pattern (Landschoff & Lemaitre,
2017b). The two clusters of S. dimorphus herein, which were ini-
tially separated with some hesitation, were also assigned to dif-
ferent BINs in a BIN analysis (Ratnasingham & Herbert, 2013)
performed on BOLD (not shown). Considering these two line-
ages as distinct reduced intraspecific divergence rates in the over-
all analysis. At slightly below 1%, the overall K2P intraspecific
distance observed was consistent with results of other barcoding
studies within Crustacea (Lefébure et al., 2006; Costa et al., 2007,
Radulovici et al., 2009; Matzen da Silva et al., 2011; Puillandre
etal., 2011; Robe et al., 2012). It seems justified to consider the two
lineages as separate, with the taxonomy remaining to be resolved.

In contrast, a few species with taxonomic ambiguities, in which
the separation into further defined species entities was not justi-
fiable, explains notably increased maximum intraspecific diver-
gences of up to 5.1%. In particular, three problematic species are
represented in the dataset (Goreopagurus poorer, Pagurus cuanensis, and
Areopaguristes cf. jousseaumer; Supplementary material Tables S2, S3)
that potentially contain additional cryptic taxa. Even though the
BIN analysis (not shown) allocated each of these individuals to
a different BIN than its supposed conspecifics, available data are
regarded as insufficient to make this determination at this stage.
The range of G. poorer was recently extended from Tasmania to
South Africa (Landschoff & Lemaitre, 2017a). The South African
specimens were inclined to be regarded as a new species, but the
only marginal morphological differences did not justify splitting
these taxa. The maximum COI genetic distance of 5.0% between
the newly available barcode sequence from the type locality
(MOV]J61895, BOLD: GMDECO003-18) and the sequences of
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specimens from South Africa was high compared to the overall
average of < 1.0% in this dataset, and also compared to other
values from the literature (see below). This result indicates that
the two populations of G. poorei are most likely genetically dis-
tinct as well, but the high maximum distance of 2.0% among the
South African specimens leaves some doubt (Fig. 3). Zhang et al.
(2010) found that the ideal sample size for barcoding often greatly
exceeds the usual numbers of 5-10 specimens. More sequences of
G. poorei, especially from Tasmania, should be compared to con-
textualise the observed genetic variation.

A similar problem occurs in P cuanensis, with maximum intra-
specific divergences of up to 5.1%. Whether this is due to a
cryptic lineage, however, needs to be validated with more data.
Morphologically, no differences were detectable between these
specimens of P cuanensis that would fall outside levels of accept-
able intraspecific morphological variation, as the species does
show strong rates of intraspecific variation (McLaughlin & Forest,
1999; Landschoff, 2018). It therefore seems likely that P cuanensis
consists of a yet unrecognized species complex.

As a third problematic species, one sequence within 4. cf. jous-
seaumer was 4.3% distant from one of the other three sequences,
suggesting there could also be another cryptic lineage present
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(Figs. 1, 3). There are marked taxonomic difficulties in this and
related species (Landschoff, 2018), and both morphological and
molecular tools consistently fail to provide a reliable identification.
Resolving the taxonomy of this species or species complex requires
a combination of increased molecular and morphological effort.

It 1s noteworthy that, out of four species (S. dimorphus, G. poorei,
P cuanensis, and A. cf. jousseaumer) with taxonomic issues (Dechancé,
1963; McLaughlin & Forest, 1999; Lemaitre, 2004; Landschoff &
Lemaitre, 2017a; Landschoff, 2018), only the case of S. dimorphus
seems resolvable by molecular barcoding.

Sequence divergence in hermit crabs

The moderately low intraspecific divergences for this set of data
find their maxima in those sequences that involve the problem-
atic and unresolved cases. The overlaps analysis (Fig. 5) reveals
that COI DNA sequences are highly efficient in discriminating
between specific and generic divergences in hermit crabs, and
this efliciency is even increased to zero overlaps (equal to 100%
success) when these few sequences of the problematic species are
removed. These findings are consistent with the overall pattern in
Crustacea (Lefébure ef al., 2006), particularly Decapoda (Matzen
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da Silva et al., 2011). The overlaps between the genus and family
levels, which are nearly complete for Diogenidae and about half
for Paguridae and Parapaguridae (Fig. 5), show that COI diver-
gences could indicate broad patterns, but lack the resolution to be
an accurate model of evolution in hermit crabs at higher taxo-
nomic levels.

Threshold evaluation and barcoding efficacy

The thorough sorting and identification of species resulted in a
dataset with high taxonomic accuracy to be applied a prior. This
high resolution of morphological taxonomy had a positive influ-
ence on threshold and BG values, because these values could be
determined for well-defined taxonomic groups. Thresholds and
success rates were most impacted by the a priori decision to treat
the two lineages of S. dimorphus as distinct taxa. That the BG was
present when assessed using each sequence, but absent for Pagurus
when presenting the BG based on averaging intra- and interspe-
cific distances of each genus (Supplementary material Table S3),
shows that the gap was small and caused by the single problematic
sequence in Pagurus. While the other problematic sequences (see
above) decreased the barcoding gaps, they did not close them in
those taxa.

An optimal threshold range of 3.5-3.7% to separate paguroid
species in our dataset was closest to the originally-proposed bar-
coding threshold of 3.0% (Hebert et al., 2003). The assumption-
free statistical approach of Lefébure et al. (2006) had a high
(98.74%) success rate for a 4.6% threshold (Fig. 6). Testing this
threshold in the spider barcoding efficacy evaluations, however, the
4.6% value was less appropriate for this dataset (Table 2). The sp-
der in-built localMinima function (Brown e al., 2012), suggesting
a threshold of 1.9% that led to five misidentifications, was closer
to the optimal test result of only two misidentifications. It is not
surprising that the taxonomically-problematic specimens discussed
above were responsible for the two sequences that could not be
matched to their a priori species identifications. It should be men-
tioned that removing the three problematic sequences would have
resulted in an optimal threshold range of 2.7-3.7%, with a 100%
success rate. The efficacy evaluations of nearly 99% success, how-
ever, were already extremely high for the entire dataset, high-
lighting how effective barcoding can be for use in an integrated
taxonomic framework.

Prospects of DNA barcoding of southern Africa hermit crabs

The dataset analysed for South Africa marine habitats is one
of the most comprehensive barcoding libraries of hermit crabs
for any bioregion. Testing this set of data for barcoding effi-
cacy revealed that, in an integrated taxonomic framework, the
technique achieves barcoding identification rates of near 100%
success. The prospects of an automated identification pro-
cess through barcodes for paguroids nevertheless remain poor.
Molecular barcoding alone is no substitute for morphology-based
taxonomy. It has been speculated that the number of hermit crab
species in South Africa may well exceed 100 (Landschoft, 2018).
Barcoding greatly help inform morphological identifications,
including the glaucothoe larval stages of two deep-water species
and the identification of 12 putatively new species. The latter
still require additional taxonomic study, as do the other three
possible cryptic species lineages discovered. Despite considerable
species coverage of 55 taxa, the dataset remains only about 50%
complete, so that even with a near 100% identification success
rate, only every second species of hermit crab from this region
would be identifiable by matching its COI sequence to a taxon
in this molecular library. Although this study has shown the ben-
efits of barcoding for hermit crabs, the regional study design
inevitably limits geographic and taxonomic coverage. It remains
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to be tested if the findings hold true when species coverage is
extended to global species distributions.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Crustacean Biology
online.

S1 Table. Specimen information spread sheet.

S2 Table. Kimura 2-parameter (KP2) distance values (%) from
pairwise intraspecific comparisons of hermit crab species.

S3 Table. Kimura 2-parameter (KP2) distance values (%) from
pairwise intraspecific comparisons of hermit crab genera.
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