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The accurate assignment of cryptic larvae to species-level is a key aspect of marine ecological research
and can be achieved through integrated molecular and morphological studies. A combination of two
mitochondrial markers (COI and 16S) and a detailed morphological analysis was used to identify
phyllosoma larvae of slipper lobster (Scyllaridae) species collected during a survey in the SW Indian
Ocean. Two morphotypes were tentatively assigned to Acantharctus ornatus and Biarctus pumilus, both
genera for which the larval morphology was unknown. Morphological revision of an adult specimen

used to generate the putative A. ornatus sequences in GenBank revealed that it was misidentified and
corresponds to B. dubius. The final phyllosoma stage of B. pumilus and subfinal and final stages of A.
ornatus were described, clarifying prior misidentifications in the literature. Scyllarid biodiversity in the SW
Indian Ocean is underestimated and sampling of deeper water layers is recommended to complete current
knowledge of species and larval stages present in the region.
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BACKGROUND

Scyllaridae Latreille, 1825 is one of the most
speciose of all marine lobster families and contains
some 20 genera and at least 89 species (Yang et al.
2012; Chan 2019). Slipper lobsters occur in tropical
and temperate habitats, from shallow coastal to upper
slope depths, and on hard and soft substrates (Holthuis
2002). Scientific information on slipper lobsters has
increased over the past two decades but is confined to a
few species with importance to fisheries (Lavalli et al.
2019). The dispersal phase of slipper lobsters as drifting

larvae, called phyllosoma, is poorly understood beyond
descriptive information (Booth et al. 2005). Phyllosomas
are cryptic, moult through multiple developmental
stages and are widely distributed in coastal and offshore
waters (Palero et al. 2014).

Emmerson (2016) listed 15 slipper lobster species
from southern Africa, of which 13 were present as
adults along the subtropical southeast coast, a region
influenced by tropical Western Indian Ocean waters.
The phyllosomas of only six of these species have
been described: Scyllarides squammosus (H. Milne
Edwards, 1837); Ibacus novemdentatus Gibbes, 1850;
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Parribacus antarcticus (Lund, 1793); Chelarctus
cultrifer (Ortmann, 1897); Eduarctus martensii (Pfeffer,
1881) and Petrarctus rugosus (H. Milne Edwards,
1837) (von Bonde 1930; Robertson 1969; Berry
1974; Marinovic et al. 1994; Higa and Shokita 2004;
Wakabayashi et al. 2012 2017; Palero et al. 2014 2016).
Berry (1974) undertook a comprehensive study of
> 2350 phyllosomas collected off the coast of eastern
South Africa during surveys from 1970 to 1973. Based
on morphology keys, expected distribution ranges and
larval size, 95% of 1965 slipper lobster phyllosomas
were tentatively assigned to Scyllarus rugosus (now
P. rugosus) followed by 4.5% to Scyllarus martensii
(now E. martensii). Several other species (e.g., S.
squammosus, P. antarcticus and 1. novemdentatus) were
present in low numbers.

The advent of DNA barcoding has substantially
improved larval identification over the past two decades
(Palero et al. 2009b; Wakabayashi et al. 2020; Ueda
et al. 2021; Genis-Armero et al. 2022; Hidaka et al.
2022). Even so, species without barcode records,
misidentifications in barcode reference libraries, and
incomplete taxonomic information impose limitations
on DNA-based identification (Singh et al. 2021).
Molecular results have further shown that historical
larval assignments based on morphology can be
unreliable (Palero et al. 2008 2011). The phyllosoma
stages of several genera occurring in the SW Indian
Ocean remain unknown or have previously been
attributed to other genera (e.g., Biarctus Holthuis,
2002 and Acantharctus Holthuis, 2002) (Berry 1974,
Wakabayashi et al. 2020). In the present study,
an integrative taxonomy approach that combined
two mitochondrial markers COI (cytochrome ¢
oxidase subunit I) and 16S (RNA component of the
mitochondrial ribosome) and a thorough morphological
analysis is used to identify slipper lobster phyllosomas
collected during a ship-based survey off eastern South
Africa.

MATERIALS AND METHODS
Study site

A survey undertaken by the RV Dr Fridtjof
Nansen (Michalsen et al. 2018) collected phyllosomas
along the eastern coast of South Africa in January and
February 2018 (Fig. 1). Manta nets (375 um mesh,
0.19 x 0.61 m [H x W]) and ring nets (500 um mesh,
0.8 m diameter) were towed in surface waters (0—5 m
from the surface) for 5 minutes at a speed of 3 knots
at 22 sampling stations between Port St Johns in the
southwest and St Lucia in the northeast. Stations were
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located at depth isobaths between 26 and 1054 m, thus
covering the width of the continental shelf and upper
slope, and most stations were sampled with both nets.
Phyllosomas were obtained from three out of a total
of 35 tows, at neighbouring sampling stations in the
northern KwaZulu-Natal (KZN) Bight, at 32 m and
99 m depth isobaths (Fig. 1). Phyllosomas were picked
out of the tow net samples and individually preserved in
vials with 96% ethanol and stored at -20°C.

Sampling

A total of 143 phyllosomas were photographed
and tentatively classified to species and developmental
stage. Photographs of the specimens allowed one of the
authors (FP) to recognize two different morphotypes
and a pre-selection of 24 phyllosomas were sent to the
laboratory at the Cavanilles Institute of Biodiversity
and Evolutionary Biology (Valencia, Spain) for more
detailed morphological and molecular analyses (Table
1). Unfortunately, the specimen in a middle stage
(stage V) was damaged during transport and could
not be described. A preliminary investigation using
DNA barcoding found no direct match for the larvae
on GenBank, because no reference sequences were
available in public records. Based on morphological
similarities to putative phyllosomas of 4. posteli
from Mauritania (see Discussion), type material
of both 4. posteli (MNHN-IU-2013-14854 and
MNHN-IU-2013-14855) and S. paradoxus (MNHN-
1U-2013-14844 and MNHN-IU-2013-14845) was
obtained from the crustacean collections of the Muséum
national d’Histoire naturelle, Paris, for comparison.

DNA analyses

Total genomic DNA extractions were performed
on a subset of larvae and the adult type material from
MNHN (see Table 2) using the Chelex-resin method
(Palero et al. 2010). Standard universal primers for
two mitochondrial genes (COI and 16S) were used
following previous studies on lobster phylogenetics and
DNA barcoding of phyllosoma larvae (Palero et al. 2008
2009a; Bracken-Grissom et al. 2014; Genis-Armero et
al. 2019). Polymerase chain reaction amplifications used
~30 ng of genomic DNA in a reaction containing 1 U of
Taq polymerase (Amersham), 1 x buffer (Amersham),
0.2 mM of each primer and 0.12 mM dNTPs.
The thermal profile was 94°C for 4 min for initial
denaturation, followed by 30 cycles of 94°C for 30 s,
50°C for 30 s, 72°C for 30 s and a final extension at
72°C for 4 min. Sequences were obtained using the Big-
Dye Ready-Reaction kit ver. 3.1 (Applied Biosystems)
on an ABI Prism 3770 automated sequencer at the
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NHM sequencing facilities. Chromatograms for each
DNA sequence were checked with BioEdit v7.2.5
(Hall 1999) and sequence alignment was conducted
using the program Muscle v3.6 (Edgar 2004) with
default parameters. Model selection was performed
according to the BIC criterion as implemented in
MEGA X (Tamura et al. 2021). The maximum-
likelihood (ML) phylogenetic tree construction method
was applied as implemented in PhyML v.3.0 (Guindon
et al. 2010). Initial trees for the heuristic search were
obtained automatically by applying the Neighbour-
Joining algorithm to a matrix of pairwise distances
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estimated using the Maximum Composite Likelihood
approach, then selecting the topology with a superior
log-likelihood value. Nodal support was assessed using
1000 bootstrap replicates.

Morphological description

Following the developmental stage classification
of Robertson (1971), 23 specimens were assigned
to subfinal (VIII) and final (IX) stages (Table 2).
Moreover, another specimen was tentatively assigned
to an intermediate stage (VI), but it was not used for
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Fig. 1. Location of 22 stations sampled by the RV Dr Fridtjof Nansen along the KwaZulu-Natal coast in eastern South Africa. Stations where

phyllosomas were caught are indicated with a star.
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description because of its poor condition. Drawings
of larvae and their appendages were made with a
camera lucida attached to a Leica M165C high-
performance stereo microscope (Leica Microsystems,
Germany). Digitization of drawings was carried out
using an Intuous-S graphic tablet (Wacom) and Adobe
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Ilustrator (https://adobe.com/products/illustrator)
following Coleman (2003 2009). The sequence of larval
descriptions was based on the malacostraca somite plan
and described from anterior to posterior and proximal
to distal (Clark et al. 1998; Clark and Cuesta 2015).
The term biramous was considered inappropriate for the

Table 1. Phyllosoma larvae collected during the Nansen survey. Sampling information includes stage, date, station,
geographical coordinates, net deployed and number of larvae captured. Selected specimens sent to Valencia are

indicated in bold
Morphotype Stage Date Station Latitude Longitude Net N larvae
A Final 2018/2/3 56 -28.76 3221 Manta 2(2)
B Final 2018/2/2 56 -28.76 32.21 Manta 2
2018/2/3 Manta 43 (15)
Ring 7(1)
Subfinal Manta 36 (4)
Ring 39)
VII Manta 1
VI Manta 1
\Y% Ring 1(1)
Final 58 -28.8 3233 Ring 2
Subfinal Ring 9

Table 2. Morphological measurements (BL, CL, CW, TL, TW, PL, PW) and ratios (BL/CW and CW/TW) obtained
from the selected phyllosoma used for descriptions. Morphotype, most likely species assignment, voucher code, and
developmental stage are also shown. *DNA barcoded phyllosoma

Most likely identification =~ Morphotype ~ Voucher Code  Stage BL CL CwW TL TW PL PW BL/CW CW/TW
Biarctus pumilus A Manta_1.39* Final 12.1 6.7 6.6 33 4.1 2.8 2.8 1.8 1.6
Biarctus pumilus A Manta_L80* Final 13.0 75 72 4.0 4.5 32 29 1.8 1.6
Acantharctus ornatus B Ring_L32%* \% 6.3 4.4 4.5 2.1 22 0.6 0.6 1.4 2.0
Acantharctus ornatus B Manta_L30* Subfinal 9.1 59 6.1 2.9 3.0 1.4 1.4 1.5 2.1
Acantharctus ornatus B Manta 131  Subfinal 11.0 7.2 7.1 3.6 3.8 1.8 2.0 1.5 1.9
Acantharctus ornatus B Ring_L08*  Subfinal 11.3 7.2 7.5 3.4 3.6 2.0 22 1.5 2.1
Acantharctus ornatus B Manta 152  Subfinal 11.7 7.5 7.6 4.0 3.8 2.1 2.1 1.5 2.0
Acantharctus ornatus B Manta_LO01* Subfinal 119 7.9 8.3 2.8 32 1.8 1.9 1.4 2.6
Acantharctus ornatus B Manta_L79 Final 13.7 7.6 - 4.1 4.9 3.7 32 - -
Acantharctus ornatus B Manta_ L82 Final 139 82 8.2 3.6 4.5 3.8 3.1 1.7 1.8
Acantharctus ornatus B Manta_133 Final 144 85 8.8 42 4.7 3.6 32 1.6 1.9
Acantharctus ornatus B Manta_143 Final 145 8.6 8.8 42 4.8 3.7 33 1.6 1.9
Acantharctus ornatus B Manta_L76 Final 147 8.8 8.6 3.9 4.8 3.7 3.1 1.7 1.8
Acantharctus ornatus B Manta_L62* Final 147 8.7 8.9 4.0 4.8 3.5 33 1.7 1.9
Acantharctus ornatus B Manta 144 Final 149 87 8.9 4.0 4.8 3.9 33 1.7 1.8
Acantharctus ornatus B Manta_L70 Final 152 9.0 9.5 43 5.1 3.6 33 1.6 1.9
Acantharctus ornatus B Manta 173 Final 152 9.0 9.3 4.0 4.9 3.7 33 1.6 1.9
Acantharctus ornatus B Manta_1L69 Final 154 9.1 9.1 44 5.0 3.8 3.6 1.7 1.8
Acantharctus ornatus B Manta_1.72 Final 155 9.0 9.3 4.4 5.1 4.0 35 1.7 1.8
Acantharctus ornatus B Manta_L48 Final 157 9.5 9.4 4.4 52 3.8 3.5 1.7 1.8
Acantharctus ornatus B Manta 140 Final 157 9.2 9.2 4.7 5.1 3.8 34 1.7 1.8
Acantharctus ornatus B Manta_L41* Final 16.0 93 9.6 4.2 52 4.0 34 1.7 1.8
Acantharctus ornatus B Ring 1031 Final 16.5 9.2 9.9 4.7 5.1 43 3.7 1.7 1.9
Acantharctus ornatus B Manta_L65* Final 17.8 104 102 43 59 4.6 4.0 1.7 1.7
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antennule, and instead of exopod and endopod, primary
and accessory flagella were adopted (see Boxshall 2004,
Boxshall et al. 2010).

Body length (BL) was measured from the anterior
margin of the cephalic shield (between the eyes) to the
posterior margin of the telson; cephalic length (CL)
from the anterior to posterior margin of the cephalic
shield; cephalic width (CW) across the widest part of
cephalic shield; thorax length (TL) from the anterior
to posterior margin of the thorax; thorax width (TW)
across the widest part of the thorax shield; pleon length
(PL) from the anterior to posterior margin of the pleon;
and pleon width (PW) between the fifth pereiopod (P5)
coxae. All morphometric measurements were obtained
using the software Image J (Schneider et al. 2012).
Finally, morphological ratios were obtained for BL/CW,
CW/TW and the eyestalk length/antenna length (ES/
A2) ratio following previous studies (McWilliam 1995;
Lindley et al. 2004; Inoue and Sekiguchi 2006; Genis-
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Armero et al. 2022).

RESULTS
Molecular analyses

New sequences obtained from the phyllosoma
larvae and MNHN adult material have been deposited
in GenBank under accession numbers ON964534—
ON964541 (COI) and ON960165—ON960178 (16S).
The lengths of the gene alignments were 649bp for
COI and 511 bp for 16S rDNA. The DNA substitution
model selected for the COI alignment was HKY+G+I
(InL = -6130.62), with Gamma parameter (G) of 0.72
and 52% invariant sites, and for the 16S alignment it
was TN93+G (InL = -4012.69) with G of 0.26. The two
phylogenetic trees obtained by Maximum Likelihood for
COI and 168 (Fig. 2) clustered the most abundant larval
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95! Ring LO8
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Fig. 2. Maximum likelihood phylogenetic trees obtained from COI (A, left) and 16S (B, right) gene alignments. Only significant bootstrap values
(> 70) are shown.
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morphotype (see morphotype B in the morphological
analysis section below) with A. posteli, indicating that
they most likely belong to 4. ornatus (Holthuis, 1960).
Moreover, the results obtained also suggested that the
putative 4. ornatus sequences available in GenBank
must be misidentified (see below). The sequences of the
two other specimens clustered with Biarctus COI and
16S rDNA genes, and with sequences of morphotype A
in the present study (Fig. 2), although bootstrap support
was low.

Correcting the misidentified A. ornatus from
GenBank

The pre-existing COI sequences for a putative A4.
ornatus on GenBank (accession numbers JN701667
and MK113916) belong to an adult scyllarid (voucher
code WAM C27134) from Dampier Islands (Western
Australia) and an undescribed phyllosoma (AO_01
L) from eastern South Africa (Govender et al. 2019).
Both were confirmed here to be misidentifications
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after morphological comparison of the adult museum
specimen (WAM C27134) used to produce the sequence
in GenBank with 4. ornatus syntypes (NHMUK
1967.10.2.1-3) and specimens identified by Holthuis
(Voucher codes: WAM C8845 and WAM C8846). The
latter were collected from Australia but preserved in
formaldehyde (Fig. 3). True A. ornatus from Australia
and syntypes from the Arabian Peninsula (Oman)
present a series of diagnostic characters, shared with
other Acantharctus species (i.e., A. posteli), such as
the strong spine on the last somite of the thoracic
sternum, sharp and pointed teeth on the fourth antennal
article and a strong dorsal carina. The WAM C27134
specimen does not present any of these characters and
it should be tentatively assigned to B. dubius based
on the well-developed cardiac and gastric teeth, and a
strong anterior submedian carina reaching beyond the
gastric tooth. Based on 100% COI sequence similarity
to IN701667 on GenBank, the undescribed phyllosoma
from eastern South Africa (MK113916; see Govender et
al. 2019) was also a Biarctus.

Fig. 3. Morphology comparison of the adult slipper lobster labelled as A. ornatus in GenBank and true Acantharctus. Carapace dorsal view (A—
D) and sternum (E-H) for A. ornatus from Australia identified by Holthuis (A: WAM C8845, E: WAM C8846); GenBank specimen labelled
as A. ornatus but being in fact Biarctus dubius (B, F: WAM C27134); A. ornatus syntype (C, G: 1967.10.1.1-3) and A. posteli (D, H: MNHN-
1U-2013-14853). The diagnostic characters used to differentiate Acantharctus and Biarctus (strong dorsal carina and strong spine on the last somite of
the thoracic sternum) are indicated with a circle. Scale bars = 5 mm.
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Morphological descriptions of phyllosomas

Morphotype A — Biarctus sp. (probably
Biarctus pumilus)
Stage IX (Final)
(Figs. 4-5)

Material examined: Manta_1.39; Manta_L80.

Morphometrics: N = 2; BL = 12.09-13.02 mm;
CL =6.71-7.53 mm; CW = 6.63-7.16 mm; TL
= 3.25-4.00 mm; TW = 4.47-4.08 mm; PL =
2.84-3.15 mm; PW = 2.94-2.84 mm; BL/CW = 1.8;
CW/TW = 1.6; ES/A2<0.5.

Cephalic shield (Fig. 4A): Rounded shape (CL/
CW=1.0-1.1).

Eyestalk (Figs. 4A, 5A): Short (ES/A2 <0.7).

Antennule (Figs. 4A, 5A): Slightly longer than
antenna. 3-articled peduncle, article 3 with 3 setae.
Primary flagellum with 11-12 rows of sensory setae.
Accessory flagellum not articulated, without setae.

Antenna (Figs. 4A, 5A): Uniramous and not
articulated; slightly shorter than antennule. External
lateral margin of endopod expanded medially; distal
margin lobated with setae in both margins. Exopod
absent.

Mandibles (Fig. 5B—C): Asymmetrical dentition,
left mandible longer than right. Both mandibles with
several small teeth distributed over surface and molar
process crowned with many denticles. Right mandible
teeth curved towards molar, incisor process with 3 teeth;
left mandible teeth elongated, incisor process with 3
teeth. Palp absent.

Maxillule (Fig. 5D): Coxal endite with 7 setae, 3
plumidenticulate, 2 long and 1 short; basial endite with
9 setae, 3 serrated. Endopod and exopod absent.

Maxilla (Figs. 4A, 5E): Uniramous. Endites
and endopod undifferentiated with 2 setae on superior
margin of lateral process; exopod (scaphognathite)
flattened and expanded, without marginal setae.

First maxilliped (Fig. 5E): Uniramous. Endites
undifferentiated; endopod present and unarticulated.
Exopod absent.

Second maxilliped (Figs. 4A, 5F): Biramous.
Coxa without setae; basis delimited by exopod bud
and 1 seta; endopod with 4 articles, ischium-merus
(undifferentiated), carpus, propodus, dactylus with 0, 1,
8—10 and 4-5 setae respectively. Exopod (bud) present.

Third maxilliped (Fig. 4A): Uniramous. Gills
buds present; 1 pleurobranch, 1 arthrobranch and 2
podobranchs. Coxa without setae, small distal ventral
spine present, basis delimitated by small exopod bud
and not articulated; endopod with 4 articles, ischium-
merus (undifferentiated), carpus, propodus and dactylus
with 5, 3, 18, 23 setae (several setac missing in Manta_
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L08) respectively. Setae on inner margin longer than
outer margin. Exopod absent.

Pereiopods (Figs. 4A-E, 5G): P1-4 biramous.
Coxa without setae, small distal ventral spine present;
basis delimited by distal spine with 4, 5, 5, 7 sctae
respectively. Endopod with 4 articles, ischium-merus
undifferentiated with 2 distal spines (or 3 in P4) and
0, 5, 7, 12 setae, carpus with 1 distal spine and 5, 5,
4, 4 setae, propodus with 70, 75, 30 and 10 small
setae scattered over the surface, dactylus with 7, 6, 2,
2 setae respectively. Exopods with 17, 16, 16 and 16
annulations respectively. P5 uniramous. Coxa without
setae, small distal ventral spine present; basis not
differentiated, delimited by 1 seta; endopod with 4
articles, ischium-merus undifferentiated with distal seta,
carpus with 1 distal setae propodus and dactylus without
setae.

Gills (Fig. 4A, F): Gill buds present. P1 with 1
pleurobranch, 1 arthrobranch and 2 podobranchs. P2-P4
with 2 pleurobranchs, 1 arthrobranch, 2 podobranchs.
P5 with 1 pleurobranch.

Thorax (Fig. 4A, F): Without dorsal thoracic
spines.

Pleon (Figs. 4A, 5G): Pleopod 1 absent. Pleopods
2-5 and uropods biramous and well-developed. Small
setae along inner margin of uropods.

Telson (Figs. 4A, 5G): 3 paired dorsal setae
(not appreciated in Manta L.08). Two short terminal
processes with one seta in outer margin. Setae along
margin.

Morphotype B — Acantharctus ornatus
(Holthuis, 1960)
Stage VIII (Subfinal)
(Figs. 6-7)

Material examined: Manta L30; Manta L31;
Ring L.08.

Morphometrics: N = 5; BL = 9.06-11.88 mm;
CL = 5.89-7.88 mm; CW = 6.15-8.25 mm; TL
=2.83-3.97 mm; TW = 2.97-3.84 mm; PL =
1.42-2.10 mm; PW = 1.43-2.17 mm; BL/CW =1.4-1.5;
CW/TW =1.9-2.6; ES/A2>0.9.

Cephalic shield (Fig. 6A): Rounded shape (CL/
CW =1.0).

Eyestalk (Figs. 6A, 7A): As long as antenna (ES/
A2=1).

Antennule (Figs. 6A, 7A): Longer than antenna;
3-articled peduncle, articles with 1 seta each one.
Primary flagellum with 11 rows of sensory setae.
Accessory flagellum not articulated, with 1 proximal
and 2 distal setae.

Antenna (Figs. 6A, 7A): Uniramous and not
articulated; shorter than antennule. Endopod slender
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Fig. 4. Biarctus pumilus (Nobili, 1906), phyllosoma stage IX (Final) (Manta 1.39). A, ventral (right) and dorsal (left) view; B, dactylus of first
pereiopod; C, dactylus of second pereiopod; D, dactylus of third pereiopod; E, dactylus of fourth pereiopod; F, thorax. Scale bars: A and F =2 mm; B—
E =200 pm.
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Fig. 5. Biarctus pumilus (Nobili, 1906), phyllosoma stage IX (Final) (Manta_L39). A, stalked eye, antennule and antenna; B, C, left and right
mandibles (ventral view); D, maxillule; E, maxilla and first maxilliped; F, second maxilliped; G, pleon, fifth pereiopod, pleopods 2—5 and uropods,
ventral (right) and dorsal (left) view. Scale bars: A= 500 pm, B-D = 100 pm; E-G = 200 pm.
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Fig. 6. Acantharctus ornatus (Holthuis, 1960), phyllosoma stage VIII (subfinal). A, ventral (right) and dorsal (left) view (Ring_L08); B, dactylus
of first pereiopod (Manta_L31); C, dactylus of second pereiopod (Manta_L301); D, dactylus of third pereiopod (Manta_L31); E, dactylus of fourth
pereiopod (Ring_L08). Scale bars: A= 2 mm; B-E =200 pm.
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Fig. 7. Acantharctus ornatus (Holthuis, 1960), phyllosoma stage VIII (Subfinal). A, stalked eye, antennule and antenna (Ring_LO08); B, C, left (Ring_
L08) and right (Manta_L.30) mandibles (ventral view); D, maxillule; E, maxilla and first maxilliped (Ring_L08); F, second maxilliped (Ring_L08); G,
fifth pereiopod, pleopods 2—5 and uropods (ventral view) (Ring_LO08). Scale bars: A and G = 500 um; B-D = 100 pm; E and F =200 pm.
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with a small medio-lateral expansion. Exopod absent.

Mandibles (Fig. 7B—C): Incisor process in left
mandible with 2 teeth (probably 2 teeth missing). Right
mandible with more curved teeth (damaged, teeth
present in dashed line). Palp absent.

Maxillule (Fig. 7D): Coxal endite with 7 setae, 2
plumidenticulate; basial endite with 8 setae, 3 serrated,
long and strong.

Maxilla (Fig. 7E): Uniramous and not articulated.
Endites and endopod not differentiated with 2 sctae
on superior margin; exopod (scaphognathite) present,
slightly developed and rectangular, without marginal
setae.

First maxilliped (Fig. 7E): Uniramous. Coxal and
basial endites and endopod undifferentiated. Exopod
absent.

Second maxilliped (Figs. 6A, 7F): Biramous. Coxa
differentiated; basis delimited by 1 seta and exopod bud
(missing in Ring L.08); endopod 4-article, ischium-
merus (undifferentiated), carpus, propodus, dactylus
with 0, 1, 7 (one missing) and 3 setae respectively.
Exopod (bud) present.

Third maxilliped (Fig. 6A): Uniramous. Coxa with
1 minute ventral distal spine; basis delimitated by small
exopod bud; endopod with 4 articles, ischium-merus
(undifferentiated), carpus, propodus and dactylus with
4-6, 2, 19 (2 distal serrated) and ~30 setae, respectively.
Setae on inner margin longer than outer margin.

Pereiopods (Figs. 6A—E, 7G): P1-4 biramous.
Coxa without setae, small distal ventral spine present;
basis delimited by distal spine; endopod 4-articled,
ischium-merus undifferentiated with 2 distal spines and
3, 2, 2, 4 setae, carpus with 1 distal spine, propodus
with 66, 74, 44 and 11 small setae scattered over article
surface, dactylus with 8, 8, 4, 1 setae respectively.
Exopod with 16-18, 15-16, 14, 12—15 annulations
respectively. P5 uniramous. Coxa with small ventral
distal spine; endopod 2-articled, ischium-merus
undifferentiated with 1 distal spine, proximal articles
incomplete.

Thorax (Fig. 6A): Without dorsal thoracic spines.

Pleon (Figs. 6A, 7G): Pleopod 1 absent, pleopods
2-5 and uropods biramous.

Telson (Figs. 6A, 7G): Margin distinctly more
convex, 5—6 pairs of dorsal setac. Two processes with
one inner seta each one.

Stage IX (Final)
(Figs. 8-9)

Material examined: Manta 1L33; Manta 162;
Manta L65; Manta L.70; Manta L73.

Morphometrics: N = 16; BL = 13.87-17.83 mm;
CL = 8.22-10.35 mm; CW = 8.19-10.22 mm;

© 2023 Academia Sinica, Taiwan

page 12 of 18

TL = 3.59-4.68 mm; TW = 4.53-5.87 mm; PL =
3.54-4.57 mm; PW = 3.10-3.96 mm; BL/CW = 1.6-1.7;
CW/TW =1.7-1.9; ES/A2 > 0.8.

Cephalic shield (Fig. 8A): Unchanged.

Eyestalk (Figs. 8A, 9A): Longer than antenna (ES/
A2)>1.0.

Antennule (Figs. 8A, 9A): Slightly longer than
antenna. Second article with 2 setae, 1 medial and 1
distal. Primary flagellum with 12—13 rows of setae.
Otherwise, unchanged.

Antenna (Figs. 8A, 9A): Uniramous and not
articulated; slightly shorter than antennule. Endopod
external medio-lateral margin expanded and lobated;
distal margin lobated with setae. Exopod absent.

Mandibles (Fig. 9B—C): Both mandibles with
more teeth than previous stage. Otherwise unchanged.

Maxillule (Fig. 9D): Basial endite with 9 setae.
Otherwise unchanged.

Maxilla (Figs. 8A, 9E): Uniramous. Endites and
endopod undifferentiated with 2-3 setae on superior
margin of lateral process; exopod (scaphognathite) more
flattened and expanded. Otherwise unchanged.

First maxilliped (Figs. 8A, 9E): More developed.
Endopod elongated. Otherwise unchanged.

Second maxilliped (Figs. 8A, 9F): Endopod with
4 articles, ischium-merus (undifferentiated), carpus,
propodus, dactylus with 0, 1, 9 and 4 setae respectively.
Otherwise unchanged.

Third maxilliped (Fig. 8A): Gills buds present; 1
pleurobranch, 1 arthrobranch and 2 podobranchs. More
densely setose than previous stage. Basis delimited by
small exopod bud; endopod with 4 articles, ischium-
merus (undifferentiated), carpus, propodus and dactylus
with 4-10, 4-8, 50 (2 distally serrated) and ~100 setae
respectively. Otherwise unchanged.

Pereiopods (Figs. 8A-E, 9G): P1-4 biramous.
Propodus with 80-90, 80-90, 40 and 10-20 small setae
scattered over the surface, dactylus with 7-8, 6, 4, 1
setae respectively. Exopods with 18-19, 18, 1618
and 15-16 annulations respectively. PS5 uniramous.
Coxa with dorsal small setae; basis not differentiated;
endopod with 4 articles, ischium-merus undifferentiated
with distal seta, carpus propodus and dactylus without
setae.

Gills (Fig. 8A, F): Gill buds present. P1 with 1
pleurobranch, 1 arthrobranch and 2 podobranchs. P2-P4
with 2 pleurobranchs, 1 arthrobranch, 2 podobranchs.
PS5 with 1 pleurobranch.

Thorax (Fig. 8A, F): Unchanged.

Pleon (Figs. 8A, 9G): Pleopods and uropods well-
developed. Otherwise unchanged.

Telson (Figs. 8A, 9G): 4-5 paired dorsal setae.
Two short terminal processes.
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Fig. 8. Acantharctus ornatus (Holthuis, 1960), phyllosoma stage IX (Final). A, ventral (right) and dorsal (left) view (Manta_L73); B, dactylus of first
pereiopod (Manta_L70); C, dactylus of second pereiopod (Manta_L73); D, dactylus of third pereiopod (Manta_L62); E, dactylus of fourth pereiopod
(Manta_ L62); F, thorax (Manta_L73); G, detail of subexopodal seta (Manta_L73). Scale bars: A and F-G = 2 mm; B-E =200 pm.
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Fig. 9. Acantharctus ornatus (Holthuis, 1960), phyllosoma stage IX (Final). A, stalked eye, antennule and antenna (Manta_1L73); B, C, left (Manta_
L62) and right (Manta_L65) mandibles (ventral view); D, maxillule (Manta_L43); E, maxilla and first maxilliped (Manta_ L62); F, second maxilliped
(Manta_L73); G, pleon, fifth pereiopod and pleopods 2—5 and uropods (ventral view) (Manta_L73). Scale bars: A and G = 500 um; B-D = 100 um; E—
F=200 pm.
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Key of final stage phyllosomas for SW Indian
Ocean Scyllaridae genera (excl. Scammarctus
Holthuis, 2002)

la. Large larvae (BL > 30 mm); P3 dactyl long; posterior margin of

thOTAX COMNCAVE .....onviiviniiieiiieieieieteictreetee et 2
1b. Smaller larvae (BL < 30 mm); dactyls of similar length; posterior
margin of thorax straight ..........c.cccoceeoniiinniiiniccce 3

2a. (la) ES/A2 > 1.5x%; dorsal spines on pleonites 4 and 5 .................
..................................................................................... Scyllarides
Gill, 1898 (Robertson 1969; Johnson 1977; Palero et al. 2016)
2b. (la) ES/A2 < 1.5%; Pleon well-developed, without dorsal spines
.................................. Parribacus Dana, 1852 (Palero et al. 2014)
3a. (1b) Cephalon margin reaching P3; P5 exopod plumose ..............
................................................................................. Ibacus Leach,
1815 (Atkinson and Boustead 1982; Marinovic et al. 1994)
3b. (1b) Cephalon margin not exceeding P2; P5 without exopod .... 4
4a. (3b) Pleopods uniramous; P5 longer than pleon and densely

SELOSE .veevrerrerrreeierenieenns Thenus Leach, 1816 (Barnett et al. 1984)
4b. (3b) Pleopods biramous; P5 shorter than pleon and smooth or
WiIth FEW SELAC ....c.eovieiiirieiciicec e 5

Sa. Cephalon narrow (CW/TW < 1.5); pleon straight
Petrarctus Holthuis, 2002 (Kumar et al. 2009; Wakabayashi et al. 2020)
5b. Cephalon wider (CW/TW > 1.6); pleon conic, wider at the base

6a. (5b) Dorsal thoracic spines in P2-P4 or P3—P4; Crp/Prd > 0.9; P5
3-articled ..o 7
6b. (5b) Dorsal thoracic spines in P1-P4 or absent; Crp/Prd < 0.8; P5
4 or S-articled ... 8
7a. (6a) Cephalon kidney-shaped or pentagonal and covering P2; BL/
CW =1.0-114 oo
................. Chelarctus Holthuis, 2002 (Genis-Armero et al. 2022)
7b. (6a) Cephalon round and narrower, and covers P1; BL/CW =
1.5-1.8 e Galearctus Holthuis, 2002 (Higa et al. 2005)
8a. (6b) Dorsal thoracic spines in P1-P4; telson spines exceed
PLEOPOA I ..o
................ Crenarctus Holthuis, 2002 (Genis-Armero et al. 2022)
8b. (6b) Dorsal thoracic spines absent; telson spines do not exceed
PLEOPOMS .t 9
9a. (8b) Cephalon trapezoidal; pleopods sharply pointed; large coxal
SPINES ON PEICIOPOUS ...vevviuiiiiriieieiirieieceeeie ettt
................... Eduarctus Holthuis, 2002 (Wakabayashi et al. 2017)
9b. (8b) Cephalon rounded or oval; pleopods leaf-shaped; minute
coxal Spines on Pereiopods ...........ceceveveueririererireneenneerenenene 10
10a. (9b) Eyestalk short (ES/A2 < 0.5); cephalon shield oval and
narrow (CW/TW = 1.6); uropods leaf-shaped ...........cccoceverennne
........................................ Biarctus Holthuis, 2002 (Present study)
10b. (9b) Eyestalk longer (ES/A2 > 0.9); cephalon shield round and
wider (CW/TW > 1.7); uropod rounded ..........cccceveveirinenencnnene
................................ Acantharctus Holthuis, 2002 (Present study)

*Crp/prd = third maxilliped carpus length/propodus length ratio.

DISCUSSION

New molecular and morphological analyses of
phyllosomas collected during the RV Dr Fridtjof Nansen
survey in 2018 have allowed the assignment of two
phyllosoma morphotypes to Biarctus and Acantharctus.
Previous DNA barcoding analyses of phyllosoma
larvae of eastern South Africa (Govender et al. 2019)
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had incorrectly identified specimens corresponding to
our morphotype A as 4. ornatus and those similar to
our morphotype B as P. rugosus, based on reference
sequences on BOLD and GenBank at the time. A
morphological revision of A. ornatus type material
revealed that the putative 4. ornatus from GenBank
(WAM C27134) was misidentified, and it likely belongs
to Biarctus dubius instead. The molecular results of
this study also indicate that morphotype A should be
assigned to Biarctus, together with the undescribed
phyllosoma (GenBank accession: MK113916) in
Govender et al. (2019). We suggest that morphotype A
belongs to B. pumilus (Nobili, 1906) given that it is the
only known species from the Western Indian Ocean,
originally described from the Red Sea (Nobili 1906).

DNA sequences from morphotype B larvae
significantly clustered with sequences of 4. posteli, and
they must correspond to 4. ornatus, the only species
of the genus known from SE Africa (Berry 1974,
Holthuis 2002; Genis-Armero et al. 2020). Although no
DNA sequence data could be obtained from A. ornatus
adults, the new evidence allows for assignment of larval
morphotypes A and B at least to genus level, providing
further insights on the identity of phyllosomas from the
historical literature.

The phyllosomas assigned to P. rugosus and
S. ornatus by Berry (1974), named as sp. A and sp.
C, correspond in fact to 4. ornatus and B. pumilus,
respectively. Moreover, the relative abundances of
both species in Berry (1974) were consistent with our
observations. Unassigned Biarctus phyllosoma were
described as Scyllarus sp. C from Australian Pacific
waters by Barnett (1989) and as Scyllarus sp. F and
H from the eastern Indian Ocean by McWilliam et al.
(1995). Those larvae could well belong to B. dubius
since they share key traits with Biarctus phyllosomas
described here, such as a particularly short eyestalk, wide
lateral antennal process, and leaf-shaped uropods. As for
morphotype B, it is closest in morphology to Scyllarus
larva “type A-B” described from the Mauritanian Coast
by Maigret (1975 1978) and tentatively assigned to
A. posteli. Indeed, A. posteli and morphotype B (4.
ornatus) phyllosomas share many morphological traits,
such us the round cephalic shield, long eyestalks,
S-articled P5 and telson spines not exceeding the
rounded uropods. Finally, Acantharctus phyllosomas are
distinct from the Pacific Ocean phyllosoma assigned to
A. delfini (Johnson 1971; Baez 1973), providing further
morphological evidence for the polyphyletic origin of
the genus sensu Holthuis (2002), as supported by adult
morphology and molecular results (Bracken-Grissom et
al. 2014; Genis-Armero et al. 2020).

Surprisingly, no adult A. ornatus, by far the most
abundant species in historical and recent phyllosoma
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collections, have been reported from South African
waters (pers. obs. JCG). Alternative hypotheses are
that adults inhabit nearby seafloor habitats that have
not previously been sampled, or that phyllosomas that
originate from upstream adult populations in the SW
Indian Ocean are advected southwards along the African
coast by predominant currents. The presence of tropical
Western Indian Ocean decapod species in zooplankton
collected off eastern South Africa (Govender et al.
2022a) strongly supports the advection hypothesis.
Nevertheless, similar cases have been reported in the
Mediterranean Sea, where the most abundant larvae
belong to S. pygmaeus Bate, 1888, confused with
juveniles of S. arctus (Linnaeus, 1758), and unreported
in the area until the 1960s (Palero et al. 2008 2011).

The relative abundance and distribution of
Biarctus and Acantharctus phyllosomas are potentially
affected by reproductive cycles and larval transport
by water movements (Phillips et al. 2006; Singh et al.
2018 2019). Nearly all phyllosomas collected during
the RV Dr Fridtjof Nansen survey originated from the
northern KZN Bight, similar to the results of Berry
(1974). Subsequent sampling also identified phyllosoma
concentrations over the southern KZN Bight (pers. obs.
JCG). The interaction of the nearshore Agulhas Current
edge and topography of the KZN Bight is known to
produce eddies and counter currents (Roberts et al.
2016), which retain drifting larvae in a sheltered nursery
area (Hutchings et al. 2002; Govender et al. 2022b).
Even so, offshore larval development is well described
in Palinuridae (Griffin et al. 2001; Jeffs et al. 2005) and
some Scyllaridae (Booth et al. 2005; Genis-Armero et
al. 2019). Therefore, the alternative explanation that
higher phyllosoma concentrations over the KZN Bight
is related to shelf-edge upwelling cells (Meyer et al.
2002; Omarjee 2012) cannot be discarded. Available
samples were restricted to surface waters, and given
that scyllarid phyllosomas undertake daily vertical
migrations (Griffin et al. 2001; Minami et al. 2001;
Booth et al. 2005) and have been reported below 200 m
depth (Palero et al. 2008 2011; Genis-Armero et al.
2017), it is not unlikely that they also occur in deeper
layers of the KZN Bight and beyond.

CONCLUSIONS

An integrated taxonomy approach coupled with
a revision of misidentified museum specimens allowed
the assignment of two phyllosoma morphotypes to
Biarctus and Acantharctus, genera for which the larval
morphology was unknown or incorrectly attributed
until now. Scyllarid biodiversity in eastern South
Africa is potentially underestimated, with phyllosoma
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larvae from the Western Indian Ocean species also
present in the zooplankton. Sampling of deeper water
layers is required to collect and describe phyllosomas
in all developmental stages, thus allowing for detailed
biodiversity and ecological research. Improving
the Scyllaridae reference sequences in BOLD and
GenBank databases is a key step in future species-level
identification of phyllosomas.
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