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Abstract. Southern Australian waters feature remarkably diverse assemblages of the sea spider family Callipallenidae
Hilton, 1942. The most speciose of the three Australian-endemic genera currently recognised has been known as
Meridionale Staples, 2014, but is here reinstated under the name Pallenella Schimkewitsch, 1909 based on its type
species Pallenella laevis (Hoek, 1881). This genus includes several brightly coloured forms that occur in high abundance on
arborescent bryozoans. However, considerable similarity of congeners and scarcity of diagnostic characters continue to
render species delineation in this genus challenging. Using an integrative taxonomic approach, we combine detailed
morphological investigation with analysis of two genetic markers (mitochondrial cytochrome ¢ oxidase subunit I, and
nuclear rDNA including internal transcribed spacers 1 and 2) to explore the extraordinary species richness of the genus
Pallenella in south-east Tasmania. In agreement with our morphology-based segregation of different species and
morphotypes, we recovered well-supported corresponding clades in the genetic analyses. Strong mito-nuclear
concordance in the two markers supports the inference of sustained reproductive isolation between the sympatrically
occurring forms. Based on these findings, we distinguish a total of 13 Tasmanian congeners, representing the most diverse
assemblage of sympatric species in the same microhabitat reported for a single pycnogonid genus. Within this assemblage,
we (1) record the type species P. laevis for the first time after almost 150 years, (2) delineate the two Tasmanian
morphotypes of the provisional ‘variabilis’ complex, and (3) describe two species new to science (P. karenae, sp. nov.,
P. baroni, sp. nov.). Despite considerable genetic divergences between most congeners, only few and often subtle
characters are found to be suitable for morphology-based delineation. Notably, colouration of living specimens is
suggested to be informative in some cases. For morphology-based species identification of preserved specimens, a key
relying on combinations of characters rather than single diagnostic features is proposed.
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Introduction

Pycnogonida, or sea spiders, is a group of marine, epibenthic
arthropods with a cosmopolitan distribution in the world’s
oceans (Arnaud and Bamber 1987). The phylogenetic position
of sea spiders has been contested (Dunlop and Arango 2005),
but presently they are securely placed in the Chelicerata, where
they form the sister group to all remaining extant taxa (Legg
et al. 2013; Ballesteros et al. 2019; Lozano-Fernandez et al.
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2019). Owing to their unique body architecture, sea spiders
are readily recognisable, being characterised by a very small
body that bears an anterior proboscis and four pairs of long
legs (in a few genera even five or six pairs).

Pycnogonids are often well camouflaged in their natural
habitats, where they prey on sessile or slow-moving
invertebrates. Owing to this and the comparably small size of
many shallow-water species, they are among the most
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understudied taxa of the benthic fauna. To date, ~1350 species
have been formally described (Bamber et al. 2020), but new
species continue to be discovered in various marine habitats
worldwide (e.g. Arango and Linse 2015; Cano-Sanchez and
Lopez-Gonzalez 2019; Lucena et al. 2019; Staples 2019).
Beyond this, the use of genetic markers in conjunction with
morphological reinvestigation has revealed previously
unrecognised species diversity and continues to clarify
taxonomy and biogeography of morphologically variable
species complexes, especially in sub-Antarctic and Antarctic
waters (Arango et al. 2011; Dietz et al. 2015a, 2015b; Domel
et al. 2015, 2017, 2019, 2020; Soler-Membrives et al. 2017,
Collins et al. 2018). Outside of the Southern Ocean region,
however, such integrative taxonomic approaches are still rare
in Pycnogonida (Stevenson 2003; Arango and Brenneis 2013;
Sabroux et al. 2019).

The cosmopolitan sea spider family Callipallenidae Hilton,
1942 currently includes 18 genera and ~150 species (Bamber
et al. 2020; Staples 2020). All of them are characterised by
functional cheliphores, comprising (1) a one-articled scape and
(2) the two-articled chela that is being formed by the palm with
its protruding immovable finger and the moveable finger. The
palps on the other hand are only weakly developed, if present
at all. In most genera, female palps are lacking completely, but
some exceptions exist, e.g. in Pseudopallene Wilson, 1878 and
Bradypallene Kim & Hong, 1987 with vestigial ‘one-articled’
palp buds and three-articled palps respectively (Kim and Hong
1987; Staples 2014a). In males, palp presence and structure
ranges from complete lack to, at most, four articles (Bamber
2010; Staples 2014a). In contrast to the palps, oviger structure
is significantly more conserved. In most genera, they are
10-articled in both sexes, but exceptional six-articled
ovigers occur, e.g. in males of Cheilopallene Stock, 1955
(Staples 2015). Further, all callipallenid genera for which
developmental data are available share a (partly)
embryonised development with an advanced postlarval
hatching stage instead of the widespread pycnogonid
protonymphon larva (for recent overview see Brenneis et al.
2017). Beyond this, however, commonalities between genera
are scarce and a review of the family is underway (Staples
2014a, 2014b, 2015, 2020), which has become even more
relevant given strong indications for non-monophyly of
Callipallenidae (Ballesteros et al. 2020).

Australian ~ waters  harbour  exceptionally  diverse
callipallenid assemblages, which encompass the three
endemic genera Bamberene Staples, 2014, Stylopallene
Clark, 1963 and Pallenella Schimkewitsch, 1909. The latter
two genera include several species with unusually conspicuous
colouration patterns (e.g. Arango and Brenneis 2013; Staples
1997, 2014a, 2014b) and in particular in Pallenella, this
colouration may contrast with the arborescent bryozoans to
which they cling and on which they prey. Notably, all members
of the genus Pallenella had only been recently separated from
the genus Pseudopallene Wilson, 1878 under the new
genus name Meridionale, with M. laevis (Hoek, 1881) as
type species (Staples 2014a). However, owing to the
introduction of the genus Pallenella for the same type
species more than a century ago (Schimkewitsch 1909), this
genus name has been reinstated here (see Discussion). The
known distribution of Pallenella ranges from north-western

G. Brenneis et al.

Australia along the entire western and southern coastline and
Tasmania up to Queensland in the north-east (Staples 2014a).
To date, the genus encompasses 15 recognised species
(Bamber et al. 2020), but species delimitation is quite
challenging, as there are only a few diagnostic
morphological characters to rely on (Staples 2005, 2007,
2008) and the extent of intraspecific variation is largely
unexplored.

In south-east Tasmania, Pallenella is very abundant and
relatively easy to access by SCUBA diving, which has been
taken advantage of in recent studies of pycnogonid
development and neuroanatomy (Brenneis and Scholtz
2014; Brenneis et al. 201la, 2011h, 2013, 2018).
Unfortunately, these works were still faced with uncertain
and incomplete documentation of the identity of local species
(see Stevenson 2003). This was partially resolved by a
taxonomic study that pioneered the use of a nuclear TDNA
fragment (including internal transcribed spacer regions 1 and
2) in combination with mitochondrial cytochrome ¢ oxidase
subunit I (COI) for species delineation in pycnogonids
(Arango and Brenneis 2013). As a result, no less than seven
sympatric congeners could be reliably distinguished in the
area. However, the status of two additional, very similar
morphotypes remained equivocal, and they were provisionally
placed in an unresolved ‘variabilis’ complex with genetically
close congeners from Victoria and New South Wales. Notably,
the two ‘variabilis’ complex morphotypes from Tasmania can be
easily segregated when live, due to distinctive colouration
patterns (Arango and Brenneis 2013). One of them is plain
yellow, with proboscis and chela fingers typically covered by a
dark crust (‘black tips’: Fig. 14—C) and the other features red
longitudinal lines along body and appendage articles (‘stripes’:
Fig. 1D—F) similar to marks reported for Pallenella chevron
(Staples, 2007) from South Australia.

The current study builds on the previous results. Using
newly collected material, we combine detailed morphological
investigation and analysis of the two genetic markers to
further disentangle the extraordinary diversity of Tasmanian
Pallenella. Based on this approach, we distinguish a total of
13 congeners in the study area. This is the first well
documented case of such high sympatric species richness in
a single sea spider genus, with members concentrated in a very
small area in exceedingly similar microhabitats. The diverse
assemblage includes two species new to science and the first
record of the genus’ type species after 140 years.

Material and methods
Study area and specimen collection

A subset of the specimens studied was previously analysed in
Arango and Brenneis (2013). Except for Pallenella harrisi
(Arango & Brenneis, 2013) from New South Wales, this
material had been collected between 2007 and 2009 in
shallow waters along a 15-km stretch of coastline near
Eaglehawk Neck, south-east Tasmania, between Deep
Glen Bay (42°58'18"S, 147°59'22"E) and Waterfall Bay
(43°03/35"S, 147°56'55"E).  Single individuals were
collected further south in Fortescue Bay (43°08'15"S,
147°58'05”E). In October and November 2015, additional
animals were collected from the same area by SCUBA



New Tasmanian sea spider species

Invertebrate Systematics 839

Fig.1. Live specimens of Tasmanian P. baroni, sp. nov. (‘black tips’) and P. cf. chevron (‘stripes’). (4—C) P. baroni, sp. nov. Arrows and
arrowheads highlight dark crust on proboscis and chela fingers respectively. (4) Anteroventral view of female (EN25). (B) Dorsal view of
male (ENO5). (C) Ventral aspect of male. Note limited extension and low intensity of dark crust. (D-F) P. cf. chevron, ovigerous males.
Arrows highlight distal margins of leg articles with or without red rings. Arrowheads mark broad red bands on tibia 2. (D) Dorsal view of
specimen 11b. ', Dorsal view of specimen EN18. D", Dorsal view of male with low intensity of stripes. (£) Ventral aspect of specimen EN138.

(F) Ventral aspect of specimen EN19.

diving in 5- to 25-m depth. Specimens were picked by hand
from arborescent bryozoans, predominantly of the genus
Orthoscuticella (Cheilostomata, Catenicellidae) on which
pycnogonids prey (Fig. 24). Live animals were
photographed before fixation and either directly transferred
into absolute ethanol for genetic analyses or preserved in 4%
PFA/SW (16% formaldehyde [methanol-free, Electron
Microscopy Sciences, CAS # 30525-89-4] diluted 1:4 in
filtered natural sea water) for morphological investigation.
For morphological comparison, a major part of the material
from Arango and Brenneis (2013) as well as additional
specimens from the 2007-09 collection trips were studied
(see Systematics section for individual specimens sorted by
species). Further, the male holotype of Pallenella ambigua
(Stock, 1956) (Zoologisches Museum Hamburg, K17680) was
re-examined and photographs of the holotype of Pallenella
chevron (Staples, 2007) (South Australian Museum, E3681)
were consulted. New holotypes have been deposited at the
Tasmanian Museum and Art Gallery (TMAG J6267-J6269);
all other new specimens studied are housed at the Queensland
Museum (QM S111240-111258).

Terminology

Based on its anatomy, the cheliphore (=homologue of the
chelicera in other chelicerate taxa) is described as three-articled
(scape, palm with immoveable finger, moveable finger). The

penultimate and ultimate articles form the chela, which
represents one functional unit. To capture the three
dimensions of the chela in the morphometric analyses, we
distinguish chela length and height, as well as palm depth
(Fig. S1B of the Supplementary material).

In the present study, the term ‘anal tubercle’ is given
preference over ‘abdomen’ (widely used in taxonomic
literature). This neutral descriptive designation was chosen
in order to differentiate the anus-bearing protrusion of
pycnogonids from the posterior tagma of hexapods and
some crustacean taxa (e.g. Sars 1891 or Brusca and Brusca
2003 for similar use of neutral terminology). Further, it avoids
direct homologisation with the opisthosoma of other
chelicerate taxa, which would be only partially correct as
complete correspondence of the two body regions is
challenged by the presence of at least one additional limb-
bearing trunk segment in sea spiders (see Dunlop and Lamsdell
2017 for tagmosis in Chelicerata).

Species identification and documentation of
external morphology

Identification of species was based on the original descriptions
and subsequent taxonomic revisions and keys (Hoek 1881;
Haswell 1884; Flynn 1919; Stock 1956, 1973; Staples 1997,
2005, 2007, 2008, 2014a; Arango 2009; Arango and Brenneis
2013).
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Brightfield and epifluorescence images were taken with a
Nikon SMZ25 stereomicroscope, equipped with a Nikon DS-
Ri2 camera. Z-stacks were generated with the complementary
NIS Elements AR software (ver. 4.51, Nikon Corporation,
Tokyo, Japan) and (1) either directly combined into an image
with extended depth of field, or (2) exported as tiff-files and
subsequently merged using Helicon Focus software (ver. 6.7.1,
Helicon Soft, Kharkiv, Ukraine).

A Leica DMI 6000 CS fluorescence microscope equipped
with Leica TCS SP5 II scan unit was used to document the oviger
compound spines and terminal claw in high resolution. For this
purpose, cuticular autofluorescence was elicited with UV and
argon laser lines (405- and 488-nm wavelength respectively).
Virtual 3D stacks of both signals were edited with the 3-D
reconstruction software Imaris (ver. 7.0.0, Bitplane AG,
Zurich, Switzerland). Combination of both channels resulted
in the best depiction of the structures of interest. All images
were processed in Adobe Photoshop (ver. 12.1, Adobe Systems
Incorporated, San Jose, CA, USA), applied changes including
transformation into greyscale images, cropping, and adjustment
of global brightness and contrast. Figures were assembled in
Adobe Illustrator (ver. 15.1, Adobe Systems Incorporated).

Measurements and counts

Measurements were performed on images of fixed specimens
using the measurement function in NIS Elements AR. Body
length was measured dorsally from the anterior margin of the
cephalon to the posterior margin of the lateral process of leg 4
(Fig. S14). Body width was measured dorsally across trunk
segment 2. Articles of leg 3 were measured from the proximal
to the distal joints, with the exception of the tarsus, which was
measured along its ventral side. If both legs 3 were missing or
in a regenerative state (i.e. distinctly smaller than the other
legs), leg 2 was used instead. Addition of leg article
measurements resulted in total leg length. We refrained
from calculating the leg span for specimens, as an
unambiguous definition for this value is lacking (Bamber
2010). Palm depth was measured on dissected chelae
positioned so that the articulation plane of the moveable finger
pointed upward (i.e. posterior view: Fig. S1B). Counts of
propodus heel spines and oviger compound spines were
performed using epifluorescence stereomicroscopy. The
denticulation along the margins of the oviger claw was studied
incLSM scans. For calculation of the average number of propodus
heel spines (only for ‘variabilis’ morphotypes) only the unpaired
major spines were considered (i.e. exclusion of distalmost pair of
smaller heel spines). Propodi of legs that were obviously
regenerating were excluded, as they almost always bear
distinctly fewer spines.

Morphometric analysis of Tasmanian ‘variabilis’
morphotypes

To account for size differences between specimens,
measurements are expressed in proportion to overall size. As
proxy for the latter, the two variables ‘body length’ and ‘leg
length’ were considered. Correlation of both variables was tested
using the open-source statistical analysis platform R (ver. 3.6.2,
see https://www.r-project.org/). Shapiro—-Wilk tests were
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performed to exclude significant deviations from normality in
the sample distributions. In both morphotypes, subsequent
Pearson correlation testing recovered a strong positive
correlation that is well explained by a linear relationship
(‘black tips’: » = 0.91, P < 0.00001; ‘stripes’: » = 0.98,
P < 0.00001) (Fig. S1C), indicating that both variables are
equally suited for the purpose. In concordance with previous
studies on pycnogonids (Dietz et al. 2015b; Démel et al. 2019),
we calculated relative values as a proportion of ‘body length’
(Table S1 of the Supplementary material).

Principal component analysis of relative values was
performed with the prcomp() function of the default stats
package in R. Analyses were run separately for subadult and
adult specimens, once with the full set of measurements and
another time with a reduced set (20 v. 11 variables respectively).
In the latter, several measurements were excluded that were
either (1) known to show sex-specific differences (e.g. length
of coxa 2), (2) suspected to be less reliable because of its very
small size (e.g. tarsus length), (3) found to be inconsistently
preserved (e.g. proboscis length varies with pro-/retraction of
arthrodial membrane), or (4) showed very strong correlation (»
> 0.9) with other variables (e.g. palm and moveable finger
lengths are both strongly correlated with overall chela length).

DNA sequences

For species identification based on molecular data, DNA
fragments targeted were the widely used mitochondrial
cytochrome ¢ oxidase subunit I (COI), or ‘barcoding’ gene
(Hebert et al. 2003), and a nuclear rDNA stretch containing
18S rRNA (partial), internal transcribed spacer 1 (I7S1), 58S
rRNA, internal transcribed spacer 2 (/7S2) and 28S rRNA
(partial). This nuclear locus is hereafter referred to as ‘I7S’.
Sequences were generated for selected specimens collected
in 2015 (Table 1). DNA was extracted from one leg using a
DNeasy Blood & Tissue Kit (Qiagen, #69504) according to the
manufacturer’s protocol (elution in 100-150 puL of elution
buffer or ddH,O). Prior to extraction, midgut and gonad
diverticula spanning through the leg were manually
removed to avoid potential contamination by gut contents.
Both DNA fragments were amplified by polymerase chain
reaction (PCR) using Phusion High-Fidelity DNA polymerase
and the 5x HF PCR buffer provided by the manufacturer
(ThermoFisher Scientific; #FS530L). COI was amplified
using the LCO1490 and HCO2198 primer pair (Folmer
et al. 1994) (Table 2) under the following conditions: 3 min
of denaturation at 98°C; 38 cycles of 98°C for 30 s, 48°C for
30 s and 72°C for 30 s; final extension at 72°C for 5 min. For
ITS amplification the ITSRA2 and ITS2.2 primer pair was
used (Worheide 1998) (Table 2) with the following PCR
settings: 3 min denaturation at 98°C; 38 cycles of 98°C for
30 s, 55°C for 30 s and 72°C for 50 s; final extension at 72°C
for 5 min. PCR products were checked by gel electrophoresis
and either cleaned directly (Monarch PCR & DNA Cleanup
Kit; New England Biolabs, #T1030S) or by gel purification
of the target band (Monarch DNA Gel Extraction Kit, New
England Biolabs, #T1020S). Bidirectional Sanger sequencing
of purified products was performed at Genewiz (South
Plainfield, NJ, USA). COIl and ITS raw sequences were
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Table 1. List of specimens used in the genetic analyses, including specimen labels, collection year, museum voucher numbers, as well as GenBank
accession numbers for each DNA fragment
Specimens for which sequences were newly generated or previously unpublished are highlighted in bold. Missing data are indicated by an ‘x’. QM, Queensland
Museum; TMAG, Tasmanian Museum and Art Gallery; AM, Australian Museum

Species (field label) Specimen Locality Collection Voucher COI GenBank ITS GenBank
label year number number number
Pallenella
cf. ambigua ENO07 Tasmania 2015 X X MT302591
EN10 Tasmania 2015 QM S111247 MT303088 MT302592
EN11 Tasmania 2015 QM S111247 MT303089 MT302593
EN27 Tasmania 2015 QM S111248 MT303090 MT302594
baroni, sp. nov. (black tips) PSE3 Tasmania 2009 QM S92303 MT303106 MT302612
PSE3b Tasmania 2009 QM $92303 X JX196731
PSE3c Tasmania 2009 QM S111258 JX196717 X
ENO05 Tasmania 2015 TMAG J6268 MT303091 MT302595
EN25 Tasmania 2015 TMAG J6269 MT303092 MT302596
brevicephala PSE7 Tasmania 2009 QM $92219 HQ970318 I1X196744
PSE7a Tasmania 2009 QM §92219 JX196720 JX196742
PSE7b Tasmania 2009 QM $92219 JX196719 I1X196741
PSEI2 Tasmania 2009 QM §92219 JX196725 I1X196746
TAS28 Tasmania 2007 QM $92219 HM432444 X
cf. chevron (stripes) ENO03 Tasmania 2015 QM S111245 MT303093 MT302597
EN18 Tasmania 2015 QM S111244 MT303094 MT302598
EN19 Tasmania 2015 QM S111245 MT303095 MT302599
TAS17 Tasmania 2007 QM J92224 JX484741 X
TAS30a Tasmania 2007 QM J92224 HM432447 X
constricta PSE2 Tasmania 2009 TMAG J4519 HQ970314 X
PSE2a Tasmania 2009 QM §92223 IX196715 JX196739
PSE2b Tasmania 2009 QM $§92223 JX196723 J1X196740
flava PSEI1 Tasmania 2009 TMAG J4520 HQ970313 X
PSEla Tasmania 2009 QM $92301 IX196714 JX196733
PSElb Tasmania 2009 QM S92301 IX196716 J1X196732
GBTAS Tasmania 2008 QM $92302 HM381682 X
EN14 Tasmania 2015 X MT303096 MT302600
karenae, sp. nov. (conc. bands) EN15 Tasmania 2015 TMAG J6267 MT303097 MT302601
gracilis PSE6 Tasmania 2009 TMAG J4518 HQ970317 JX196751
TAS30 Tasmania 2007 QM S111251 X MT302602
harrisi SHEO010 NSwW 2009 AM P.90044 HM381709 IX196755
inflata TAS 35 Tasmania 2007 QM S111241 MT303098 X
laevis (pale green) EN31 Tasmania 2015 QM S111240 MT303099 MT302603
17a Tasmania 2015 QM S111240 MT303100 MT302604
17b Tasmania 2015 QM S111240 MT303101 MT302605
pachycheira TAS21 Tasmania 2007 QM S92222 X JX196753
PSES8 Tasmania 2009 QM $92220 X JX196752
PSElla Tasmania 2009 QM $92220 X I1X196754
ENO1 Tasmania 2015 X X MT302606
EN21 Tasmania 2015 QM S111253 MT303102 MT302607
EN35 Tasmania 2015 QM S111254 MT303103 MT302608
reflexa PSES5a Tasmania 2009 QM S92218 X JX196736
PSESb Tasmania 2009 QM $92218 X I1X196737
PSEI1 Tasmania 2009 QM §92218 X JX196734
EN29 Tasmania 2015 QM S111255 MT303104 MT302609
EN33 Tasmania 2015 QM S111256 X MT302610
tasmania PSE4 Tasmania 2009 QM S92216 HM970316 J1X196748
PSE4a Tasmania 2009 TMAG J4517 JX196718 JX196749
PSE4b Tasmania 2009 QM S92216 X JX196750
TAS21a Tasmania 2007 QM §92217 HM432446 X
TAS35a Tasmania 2007 QM $92217 HM432456 X
EN28 Tasmania 2015 QM S111252 MT303105 MT302611
Austropallene cornigera POLS56 Antarctica ZSMA20080571 DQ390077.1 JX196727
Nymphon australe CEA133 Antarctica in queue for QM GU566140.1 JX196726

registration
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Table 2. Primer pairs used for the amplification of the two target DNA fragments

DNA fragment Primer Primer sequence Source

col LCO1490 5'-GGT CAA CAA ATC ATA AAG ATA TTG G-3’ Folmer et al. (1994)
HCO2198 5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3’

col COI_for2 5'-ATY TTT GGD TTN KGA KCH GC-3’ Present study
COL_rev2 5'-TGT TGR TAH ARR ATW GGR TCH CC-3'

ITS ITSRA2 5'-GTC CCT GCC CTT TGT ACA CA-3’ Woérheide (1998)
ITS2.2 5'-CCT GGT TAG TTT CTT TTC CTC CG-3’

checked and edited in Geneious R10 (ver. 10.2.6, Biomatters,
Ltd, Auckland, New Zealand). COI nucleotide sequences were
translated to protein sequences (invertebrate mitochondrial
code, translation table 5) to confirm absence of stop codons.
Sequences were additionally checked by BLASTn search
against GenBank to identify and exclude contaminations.

If only contaminated or poor-quality COI sequences were
obtained with the standard PCR or by gradient PCR (48-52°C
annealing temperatures), low-quality amplicons were cloned
with a Zero Blunt TOPO PCR Cloning Kit with chemically
competent TOP10 OneShot cells (ThermoFisher Scientific,
Invitrogen, #K2875-20). After inoculation on LB/ampicillin
agar plates at 37°C, up to 10 clones were picked and
amplified using the M13 primers which flank the inserts on
the vector (53°C annealing temperature). If neither cloning
nor repetition of DNA extraction resulted in clean
sequences, nested primers (COI_for2, COI_rev2; based on
alignment of all COI sequences available at this point:
Table 2) were used (49°C annealing temperature).

The ITS sequence of a single specimen (EN07) was generated
in the context of a separate study (Ballesteros et al. 2020).

Sequencing raw reads and chromatograms of COI and ITS
generated for our previous study (Arango and Brenneis 2013)
were reassessed using Geneious R10 and consensus sequences
refined and republished in GenBank (7 x COI, 10 x ITS).

All new sequences have been deposited in GenBank.
Accession numbers as well as specimen labels and voucher
numbers at the Tasmanian Museum and Art Gallery and
Queensland Museum are listed in Table 1.

Molecular analyses

Both gene fragments were individually aligned using MAFFT
(ver. 7.402, see https://mafft.cbrc.jp/alignment/software/; Katoh
and Standley 2013) under the L-INS-I criterion. Alignments
were conducted twice, once with all available sequences and
once including only those specimens for which both gene
fragments are available. The full /7S alignment features large,
poorly aligned regions with extensive indels owing to the two
markedly variable /7S and I7S2 regions. Ambiguously aligned
regions were masked with Zorro (Wu et al. 2012) and removed
using a custom python script (Supplementary file 1) with
threshold values of ‘2” or ‘5’ respectively. Lower thresholds
are less strict and remove fewer nucleotides.

To delimit putative species, we employed a combination of
phylogenetic analyses and genetic distance analyses (i.e.
automated barcoding gap discovery (ABGD): Puillandre et al.
2012). Phylogenetic analyses were performed with a maximum
likelihood approach (ML) (RAXML, ver. 8.2.12, see https://

github.com/stamatak/standard-RAxML; Stamatakis 2014) and
with Bayesian inference (BI) (MrBayes ver. 3.2.7, see https://
nbisweden.github.io/MrBayes/download.html; Ronquist et al.
2012). Nymphon australe and Austropallene cornigera were
chosen as outgroups, as both genera have been found to be
closely related to Pallenella (Ballesteros et al. 2020). Their
sequences were downloaded from GenBank (Table 1).

Seven different matrices were analysed with both
approaches: COl-only, ITS-only without masking, /7S-only
with masking using threshold ‘2’, ITS-only with masking using
threshold ‘5°, COI+ITS-combined without masking, COI+ITS-
combined with masking using threshold 2°, and COI+ITS-
combined with masking using threshold ‘5’. Combined
matrices were always portioned by gene fragment. Bayesian
analyses were run for 50 x 10° generations with ‘nruns = 4’
and ‘nchains = 6°, saving every 5000th tree, the first 10% of
retained trees were discarded as burn-in. The best-fitting
evolutionary model had been determined in MEGA (ver.
10, see https://www.megasoftware.net/; Kumar et al. 2018)
following the AIC criterion. GTR+I+I" was suggested and
employed as the evolutionary model. In the /7S-only analyses,
the ingroup was forced to be monophyletic to ascertain that
the two outgroup sequences were not placed within the
ingroup. RAXML was run under the GTR+I" model (—m
GTRGAMMA), as inclusion of the invariant sites correction
I is discouraged in combination with T" in RAXML. Tree
searching and bootstrapping was performed in a single run
(—fa), using 1000 bootstrap replicates. The resulting trees were
visualised with FigTree (ver. 1.4.3, see http://tree.bio.ed.ac.uk/
software/figtree/) and their layout further modified in Adobe
Illustrator. All phylogenetic analyses were computed on the
CIPRES Science Gateway.

The ABGD analysis with COI was performed on the
ABGD  website  (https://bioinfo.mnhn.fr/abi/public/abgd/
abgdweb.html). In other studies on pycnogonids, ABGD has
proved the most conservative of several distance-based
approaches to species delimitation (Dietz ef al. 2015a; Harder
etal.2016; Domel et al. 2017) and was thus given preference to
prevent overestimation of separate lineages. P ,,;, and Py, were
setto 0.01 and 0.1 respectively, whereas the number of steps was
set to 100 and the relative gap width to 0.5. P, and Ppax
represent the lowest and highest p-distance thresholds
considered in the analysis (i.e. 1 and 10% respectively)
whereas the relative gap width defines the minimum gap
width percentage between putative species. Uncorrected
p-distances, computed with MEGA (ver. 10) by pairwise
deletion of gaps, were used as input. In the case of the /TS
fragment, several poorly aligned regions with many indels


https://mafft.cbrc.jp/alignment/software/
https://github.com/stamatak/standard-RAxML
https://github.com/stamatak/standard-RAxML
https://nbisweden.github.io/MrBayes/download.html
https://nbisweden.github.io/MrBayes/download.html
https://www.megasoftware.net/
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html
https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html
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impeded assessing meaningful genetic distances. Masking and
removing these indel-rich stretches removes the most variable
regions, which would greatly distort any derived genetic
distances, as only the more conserved regions are retained. To
circumvent this problem, we computed /7S alignments for two
groups of particularly closely related Pallenella forms, which
were in the focus of our species delimitation efforts. The
resulting alignments feature only few, well defined indels so
that meaningful uncorrected p-distances could be calculated.
Indels are considered neither in the distance calculation nor in
the phylogenetic analyses; however, they account for part of the
observed genetic differences between the different forms
studied. To visualise these, we computed a median-joining
haplotype network based on the 7S alignment for the
‘variabilis’ complex morphotypes + P. flava with Network
(ver. 5.0.1.1, Fluxus Technologies), which treats indels as
mutational events.

Results
Collection success and assignment of field labels

Preliminary sorting in the field indicated that the 2015 material
included five Pallenella species previously reported from the
same locality. In addition, specimens of the two ‘variabilis’
complex morphotypes ‘black tips” and ‘stripes’ were recollected
(Fig. 1) and three previously unknown Pallenella forms were
segregated under field labels based on their size, live colouration
and first inspection with low-magnification stereomicroscopy
(Fig. 2). One of the new forms was provisionally designated as
Pallenella cf. ambigua (Fig. 2B, C), owing to its resemblance to
Pallenella ambigua (Stock, 1956), a large and predominantly
yellow species (Staples 1997, 2014a). The two other new forms
could not be assigned to a species based on field observation
alone and were labelled ‘pale green’ and ‘concentric bands’
according to their colouration patterns (Fig. 2D-/).

Analysis of the mitochondrial COI fragment

The COI fragment could be successfully amplified for 17 of
20 Pallenella specimens selected from the 2015 material
(Table 1). The fragment has a length of 657 bp in all cases
except for specimens of P. cf. ambigua (n = 3), which feature a
12-bp insert (i.e. fragment length 669 bp: Supplementary file 2).
As in our previous study (Arango and Brenneis 2013),
amplification of COI for Pallenella reflexa (Stock, 1968) and
Pallenella pachycheira (Haswell, 1884) proved challenging and
was similarly difficult for P. cf. ambigua. For the latter two forms,
clean sequences were obtained after cloning (n = 2 and 3
respectively). For P. reflexa, a clean COI fragment of 595 bp
length was amplified with specifically designed nested primers
(n = 1) (Table 2). In total, COI sequences of 40 Pallenella
specimens comprised the final dataset (Table 1).

The COI analyses confirmed the morphological segregation
performed in the field. Uncorrected pairwise p-distances
between different forms range from minimally 3.3-3.7% to
maximally 16.6—-17.7%, whereas ingroup distances (for forms
represented by more than one individual) are with 0-0.9%
consistently low (Table 3). Analysis of the COI alignment
by ABGD resulted in a step-wise decreasing number of
groups with increasing threshold setting for the ingroup

Table 3. Uncorrected p-distances for the COI sequences of all Pallenella specimens studied

In-group distances are shown in bold. n, number of specimens per species

laevis
(pale green)

karenae
(conc. bands)

constricta baroni tasmania reflexa gracilis brevicephala  pachycheira  cf. chevron harrisi cf. ambigua inflata
(black tips)

fava

n

Pallenella species
(field label)

flava

(stripes)

0.0-0.9
10.8-11.4

5
3

0.0-0.2

constricta

0.0-0.8

10.8-11.7

9.1-9.7

baroni, sp. nov.

(black tips)

tasmania
reflexa
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0.0-0.2

12.9-13.2
14.9-15.1

14.5-14.6
13.2-13.5

16.6-16.7

0.0-0.2
10.7-10.8
11.6-12.8

4.7-5.9

13.1 12.9-13.7

11.6
12.5

14.9-15.7 9.3

14.6

—_ = =

11.7-11.9

13.6-13.8

13.7
14.0-14.6

13.5
14.6-15.4

14.1-15.0

10.8 11.6-11.7

12.9

15.6

11.3-11.4

— e = =

—_ = —

—_— = —

—_ - = = —

—_ o = —

— = —

— = —

gracilis

brevicephala
pachycheira

5

cf. chevron (stripes)

harrisi

cf. ambigua

inflata

12.9-13.1

1
1

13.4-13.7

karenae, sp. nov.

(concentric bands)
laevis (pale green)

0.5-0.8

15.1-15.2 16.3-16.6 16.3-17.2 15.8-16.3 14.9-15.1

6.9

16.4-1

15.1-154

14.5-14.8

3.7 15

3.5-1

14.2-15.2 15.4-15.7 1

16.6-17.7

3
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Fig.2. Live specimens of new Tasmanian Pallenella forms. (4) Sample of various yellow as well as light orange Pallenella forms among
arborescent bryozoans. Arrow points at a larger and more robust P. cf. ambigua specimen. (B, C) P. cf. ambigua, male. Arrowheads highlight
regions and bands of more intense yellow colour. (B) Dorsal view. (C) Anterior aspect. (D—F) P. laevis (‘pale green’ morphotype). (D) Dorsal
view of a female (17a). (£) Dorsal aspect of male (EN31). (F) Anterodorsal aspect of female (17a). Arrowheads point at white marks on
cephalon and trunk. (G—/) P. karenae, sp. nov. (‘concentric rings’ morphotype), subadult female (EN15). (G) Dorsal view. (H) Dorsal aspect

of trunk and proximal leg articles. (/) Anterolateral aspect.

distance p. Fourteen Pallenella groups are recovered under 0.2%
< p < 3.4%, corresponding to all morphologically segregated
species and morphotypes. In the range of 3.4% < p <4.7%, the
two morphotypes ‘black tips’ and ‘stripes’ collapse into one
group, whereas further increase of p leads to merging of P. harrisi
with P. cf. ambigua.

Concurrent with the distance-based approaches, ML-
and Bl-based phylogenetic analyses resulted in congruent
topologies in which the different species and morphotypes
are recovered as separate clades with unambiguous support

(Fig. 3). The two pairings that proved threshold-sensitive
in the ABGD analysis are here recovered as sister taxa
respectively, with the shortest between-group branch lengths.

Analysis of the nuclear 1TS fragment and comparison
to COl results

The ITS fragment could be amplified for all 20 Pallenella
individuals selected from the 2015 material (Table 1). Its
length varies from 1058 to 1148 bp between the different
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Fig.3. Phylogenetic analysis of the mitochondrial CO! fragment. The phylogram is based on the ML analysis; BI resulted in the same tree topology.
Bootstrap support (BS) and posterior probability (PP) are shown for each node. Previously described Pallenella species are shown on light grey

background. New forms are highlighted in colour. For interpretation of the references to colour in this figure legend, the reader is referred to the online
version of this article.

species and morphotypes. These differences are due to the
considerably variable /7S] and ITS2 regions (Supplementary

files 3-5). In total, 42 Pallenella specimens were included in the
final /7S dataset (Table 1).

Similar to COI, phylogenetic analyses of the nuclear I7S
fragment resulted in congruent topologies under ML and BI
approaches, showing strong support for monophyletic species
and morphotypes regardless of masking regime (Fig. 4). The
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only cases in which masking-induced changes of support occur
are (1) a clade comprising P. harrisi and P. cf. ambigua and
(2) a clade containing the two ‘variabilis’ morphotypes (see
boxes I and IT in Fig. 4). Both cases are evaluated separately
(see below).

Beyond the good agreement of the COI and ITS results at
species and morphotype level, the overall topologies for both
gene fragments are also remarkably similar, indicative of a
largely concurrent phylogenetic signal in both markers for the
genus Pallenella (compare Fig. 3 and 4; but note deterioration of
support at deeper nodes). Only Pallenella tasmania (Arango &
Brenneis, 2013) is unstable when comparing COI and ITS
topologies (sister clade to Pallenella constricta (Arango &
Brenneis, 2013) in COI v. sister clade to ‘pale green’
morphotype in I7S). Accordingly, combined analyses of COI
and /TS also recovered a largely congruent topology in which all
13 Pallenella forms included receive unambiguous support
across all settings (Fig. S2). P. tasmania is here consistently
recovered in a lineage together with P. reflexa and the ‘pale
green” morphotype, but interrelationships of the three taxa and
their support differ depending on masking and reconstruction
method. In general, the combined analyses point to four major
lineages within Pallenella, which had also been recovered in the
ITS-only analyses. These lineages are: (A) reflexa + tasmania +
‘pale green’, (B) gracilis + pachycheira + brevicephala +
‘concentric bands’, (C) constricta + harrisi + cf. ambigua,
and (D) flava + ‘black tips’ + ‘stripes’. Whereas support for a
clade comprising lineages C and D is strong, its relationship to
lineages A and B is unstable (Fig. S2).

Genetic and morphological delineation of ‘pale green’
and ‘concentric bands’ morphotypes

Based on COI p-distances (Table 3), ABGD analysis and
phylogenetic analyses of COI and ITS (Fig. 3, 4), the new
morphotype ‘pale green’ is found to belong to a species
previously undocumented from the area. In line with this,
detailed morphological investigation of the three individuals
revealed a unique combination of traits that distinguish them
from all congeners from Tasmanian waters. These include
moderately inflated trunk segments and a short, upward-
inclined anal tubercle, a markedly bulbous chela palm with
relatively delicate and sharply pointed fingers and a curved
propodus with characteristic heel spine pattern (Fig. 7).
Notably, all of these features show a striking resemblance to
those observed in Pallenella laevis (Hoek 1881), the type species
of the genus. Accordingly, the three ‘pale green’ specimens are
assigned to this species.

Moreover, the ‘concentric bands’ specimen is clearly set
apart from all other Pallenella forms in the COI and ITS
analyses (Table 3; Fig. 3, 4). In addition to its distinctive live
colouration (Fig. 2G—/), its morphology differs from that of all
congeners previously recorded in Tasmanian waters or any
other locality (Fig. 8). Morphologically closest to ‘concentric
bands’ is Pallenella inflata (Staples 2005) (Fig. 9), which is
also reflected in their reciprocally lowest COI p-distance
(9.3%) in support of a relatively close relationship (Fig. 3).
Both forms share inflated trunk segments and a semierect anal
tubercle with P. laevis, but can be distinguished from the latter
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by their pronounced preocular mound with distinct cuticular
division line as well as deviating proboscis, chela and
propodus shapes. Delineation of P. inflata from ‘concentric
bands’ is possible based on (1) the much more inflated
segments of P. inflata (Fig. 9D v. 8D) and its taller ocular
tubercle, (2) the lack of dorsal setae on the trunk segments of
P. inflata (Fig. 9E, F) as opposed to a single mid-dorsal seta on
trunk segments 2 and 3 (Fig. 8B, B’), and (3) a higher number
of teeth along the margins of the elongate oviger claw in
P. inflata (Fig. 9G) combined with an often rounded, scoop-
shaped tip (Staples 2005, 2008), contrasting with the more
acute tip of ‘concentric bands’ (Fig. 8F"). Further, the live
Tasmanian P. inflata specimen studied here has not been
reported to feature a conspicuous pattern of coloured
bands, and also Staples (2005) does not report a striking
colour pattern for his collected speci