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Abstract

Black corals (Anthozoa: Antipatharia) occur in all the world’s oceans in a wide range of habitats from shallow-water coral
reefs to the deep-sea. However, the taxonomy of black corals is poorly known compared to many other anthozoan groups.
This knowledge gap is particularly acute for the deep-sea, where collecting specimens is logistically difficult and costly.
Here, we identify 21 black coral specimens collected from the western Coral Sea adjacent to north-east Australia. The
specimens represent five nominal species from five genera and two families. All species represent new records for the
region, including the first record for the family Cladopathidae Brook, 1889. We describe the morphology of these speci-
mens, note geographic and bathymetric range expansions, and provide evidence to support the hypothesis that Bathy-
pathes seculata Opresko, 2005 is the juvenile stage of Bathypathes patula Brook, 1889, thus warranting synonymization.
Our findings demonstrate that deep-sea antipatharians in this region are much more diverse than previously reported. Fur-
thermore, this study highlights the importance of museum collections in terms of increasing our understanding of taxon-
omy and patterns of biodiversity, particularly for poorly-studied habitats such as the deep-sea.

Key words: Biodiversity, Bathypathes, Schizopathes, Parantipathes, Abyssopathes, Heteropathes, Museum collections,
CIDARIS expedition

Introduction

Deep-sea corals (>200 m deep) play important ecological roles by providing three-dimensionality to deep-sea
habitats (Roberts & Cairns 2014) and preserving diversity during extreme temperature and sea level changes
(Paulay 1990; Pellissier et al. 2014). However, deep-sea diversity and ecosystem functions are threatened by
trawling (Pusceddu et al. 2014), mining (Sharma 2015), pollution (Van Cauwenberghe et al. 2013), ocean warming
(Roberts & Cairns 2014), and acidification (Roberts & Cairns 2014), and recovery from disturbance is slow
(Althaus et al. 2009). Deep-sea corals therefore require adequate protection, but knowledge gaps regarding the
distribution of species in deep-sea ecosystems (Danovaro et al. 2010; Woolley et al. 2016) can inhibit effective
conservation actions (Bridge et al. 2016; Mace 2004; Ponder et al. 2001).

Black corals are found in every ocean and in all marine habitat types at depths from 2 m to 8,600 m (Wagner et
al. 2012). Black corals provide important three-dimensional habitat structure and host a rich associated fauna, and
are therefore an important component of many benthic ecosystems (Bo et al. 2012; Sanchez 1999; Wagner et al.
2012). However, over 75% of known black coral species occur deeper than 50 m (Cairns 2007), resulting in this
group being relatively understudied (Brugler et al. 2013). Acquiring new information to better understand deep-sea
black corals is difficult due to depth limitations associated with SCUBA (Bridge et al. 2013), and because
expeditions that use unmanned survey technology (e.g., remotely operated vehicles or autonomous underwater
vehicles) take years to organize and are expensive to execute (Brandt et al. 2016).

Specimens housed in museum collections provide an inexpensive alternative to in-situ surveys of deep-sea
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habitats, and can provide a valuable source of information on global biodiversity, particularly for poorly-known
invertebrate taxa (Ponder et al. 2001). Museum collections have been utilized to examine species geographic
distributions (Skelton et al.1995; Véisanen et al. 1994), including species range expansions (Drinkrow & Cherry
1995; Wernberg et al. 2011), and also to inform conservation actions (Prendergast et al. 1993; Vane-Wright et al.
1994). Given the logistical difficulties associated with studying black corals in the deep-sea, museum records
present a unique opportunity to provide information on biodiversity at depth.

The western Coral Sea is a global hotspot for marine biodiversity (Tittensor et al. 2010). While the diversity of
the continental shelf off north-east Australia, particularly the shallow reefs of the Great Barrier Reef (GBR) is well
established, the vast majority of the Coral Sea consists of deep-sea habitats in depths of 1,000 m-5,000 m. The
biodiversity associated with deep-sea habitats in the western Coral Sea remain poorly known compared to the
continental shelf (Beaman et al. 2016). For example, only one antipatharian species, Abyssopathes lyra Brook,
1889, has been recorded from the western Coral Sea below 700 m depth (OBIS 2017). This is surprising given that
the region lies within the Indo-West Pacific hotspot of marine biodiversity and is known to support a diverse fauna
of shallow-water anthozoans, including antipatharians.

The CIDARIS project, conducted by the Queensland Museum from 1986 to 1992, collected specimens from
the western Coral Sea, and remains one of the few studies of the deep-sea benthos in the region (Davie 2006).
Specimens collected during this project led to numerous new species and range expansions of known species
(Ahyong 2012; Baba 1994; Crowther et al. 2011). However, the black corals collected during these expeditions
were never identified beyond the order level due to a lack of appropriate taxonomic expertise.

To address gaps in our understanding of the diversity of deep-sea antipatharians in the region, we used
morphological characteristics to identify 21 antipatharian colonies collected during the CIDARIS expeditions from
depths of 916 m to 2,542 m. We identified and expanded the ranges of three nominal species including Bathypathes
patula Brook, 1889, Schizopathes affinis Brook, 1889, and Abyssopathes lyriformis Opresko, 2002. We also
cautiously identified two additional nominal species Parantipathes cf. hirondelle Molodtsova, 2006, and
Heteropathes cf. americana Opresko, 2003, although these identifications could not be confirmed conclusively
because the specimens lacked polyps and/or stems required to confirm species-level identification. Assuming these
identifications are correct, our records would also represent range expansions for P. hirondelle and H. americana.
In addition, we developed a growth profile for specimens identified as B. seculata and B. patula to investigate the
boundary between these two species.

Materials and methods

Species identification. We examined 21 specimens collected on CIDARIS expeditions |-l between 1986 and
1992, which are housed in the collections of the Museum of Tropical Queensland (MTQ) (Table 1). Each specimen
was identified to the species level based on corallum and skeletal spine attributes as defined in the literature.
Corallum attributes examined were branching pattern, stem length, pinnule and subpinnule length and
arrangement, and skeletal spine attributes were size, density, morphology and ornamentation (Brook 1889; de
Matos et al. 2014, Braga-Henriques et al. 2014; Molodtsova 2006; Opresko 2002; Opresko 2005). Morphological
information regarding polyps was included wherever possible, but in most cases, specimens were lacking soft
tissue. Skeletal images of specimens were taken using JEOL 5410 LV and Hitachi TM1000 scanning electron
microscopes. To prepare specimens for imaging, ~5 cm fragments were cut from the pinnules and/or subpinnules of
each specimen. Fragments were immersed in bleach for one to ten minutes (depending on the amount of tissue) to
remove the soft tissue and expose the skeleton. Fragments were periodically immersed in 90% ethanol towards the
end of the bleaching process to inspect the skeleton, determine if all of the tissue was removed, and ensure that the
bleach did not erode the skeleton. Specimens were then dried for 24 hours before being coated with gold. When
using the Hitachi TM1000, specimens were imaged without being coated due to time limitations associated with
the microscope. Lower magnification images were taken to measure spine density, and higher magnification
images were taken to measure spine size, morphology, and ornamentation.

Species ranges. Known species ranges were calculated based on occurrence records in the Ocean
Biogeographic Information System (OBIS 2017). We then compared the geographic location (latitude/longitude)
of each of our specimens to all other occurrence records in OBIS to identify range extensions using ArcGIS™.
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TABLE 1. Species identifications and station data for CIDARIS specimens.

Species ID Museum Number Station Number  Latitude  Longitude Depth (m) Date
Abyssopathes lyriformis MTQ G62078 15.1 -13.484 147.211 2,542 5-Sep-88
Bathypathes patula MTQ G35428 9-4 -18.157 148.368 1,122 5-Jul-86
Bathypathes patula MTQ G35430 11-4 -18.167 148.54 1,121 5-Aug-86
Bathypathes patula MTQ G61917 16.3 -17.785  148.224 1,141 9-May-86
Bathypathes patula MTQ G61948 3.3 -11.39 144.603 1,999 9-Feb-92
Bathypathes patula MTQ G61966 6.1 -10.013  145.004 1,777 10-Feb-92
Bathypathes patula MTQ G61967 3.2 -11.364 144,583 2,016 9-Feb-92
Bathypathes patula MTQ G61977 7.2 -9.791 145.263 1,764 11-Feb-92
Bathypathes patula MTQ G61978 7.1 -9.784 145.269 1,764 11-Feb-92
Bathypathes patula MTQ G61979 11.1 -13.825 147.531 2,019 3-Sep-88
Bathypathes patula MTQ G61980 10.1 -14.001  147.28 1,560 3-Sep-88
Bathypathes patula MTQ G61981 6.3 -10.02 145.017 1,779 11-Feb-92
Bathypathes patula MTQ G62049 20.3 -17.775  147.813 1,224 10-May-86
Bathypathes patula MTQ G73228 10.1 -10.525 146.115 1,576 14-Feb-92
Heteropathes cf. americana  MTQ G73229 3.2 -11.364 144,583 2,016 9-Feb-92
Parantipathes cf. hirondelle MTQ G35429 49-2 -17.851 147.164 916 17-May-86
Parantipathes cf. hirondelle MTQ G62019 49.3 -17.861 147.163 920 17-May-86
Schizopathes affinis MTQ G61837 3.2 -11.364 144.583 2,016 9-Feb-92
Schizopathes affinis MTQ G61944 10.1 -10.525 146.115 1,576 13-Feb-92
Schizopathes affinis MTQ G61951 14.2 -11.776 146.354 2,474 15-Feb-92
Schizopathes affinis MTQ G73230 11.1 -13.825  147.531 2,019 4-Sep-88

Growth profiles for Bathypathes patula and Bathypathes seculata. There has been uncertainty surrounding
the taxonomic status of B. seculata and its boundary with the morphologically similar B. patula. Bathypathes
patula was first described by Brook, 1889, and the species is known from many specimens (Brook 1889, Cooper
1909, Molodtsova 2006, Pasternak 1977, Roule 1905, Thomson 1905, van Pesh 1914). B. seculata was described,
and is only known, from one specimen with similar morphological features to B. patula (see Opresko 2005). They
are currently differentiated based on the ratio of the longest pinnule compared to the total colony height (Opresko
2005); however, the low number of occurrences of B. seculata compared to B. patula and the many similarities
between the two species descriptions led us to question whether B. seculata might be a juvenile form of B. patula.
We created growth profiles of specimens from our collection identified as B. seculata (n=11) and B. patula (n=2)
based on ratio differences between the species described by Opresko (2005), which allowed us to address the issue
for the first time. In addition to these 13 specimens, we also included the holotypes of B. seculata and B. patula
(Brook 1889; Opresko 2005), and eight B. patula specimens from the literature (Cooper 1909, Pasternak 1977, van
Pesh 1914). Growth profiles consisted of the following measurements: (1) total colony size (cm); (2) length of the
longest pinnule (cm); (3) length of the pinnulated portion of the stem (cm); (4) ratio of the length of the longest
pinnule to the length of the pinnulated stem; (5) position of the longest pinnule; (6) pinnule density per 3 cm per
side; (7) length of striatum on the stem (cm); (8) number of ridges on striatum from one view; (9) striatum
description; (10) spine density per one view; (11) spine height (nm); (12) spine shape; (13) spine surface features;
and, (14) spine orientation. We compared morphological characters among our specimens, the type specimens, and
B. patula specimens from the literature to investigate whether the criteria that define the taxonomic boundary
between the two species can be explained by colony size.
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FIGURE 1. a, Map of collection sites for the specimens in this study and other locations globally where the same species have
been collected; b, view of the Central and Eastern Indo-Pacific region; ¢, new black coral records from the Coral Sea.
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Results

The 21 specimens examined represented five nominal species (Bathypathes patula, Schizopathes affinis,
Abyssopathes lyriformis, Parantipathes cf. hirondelle, and Heteropathes cf. americana) from five genera and two
families (Table 1). All five species represented new species ranges for the western Coral Sea (Figure 1). The
occurrences of these species expand their known geographic ranges from 1,000 km to > 15,000 km, and the known
bathymetric ranges for some species by up to ~1,000 m (Figure 1). Morphometric analysis of growth profiles for B.
seculata and B. patula revealed that the main taxonomic boundary can be explained by colony size, and therefore
B. seculata represents a juvenile form of B. patula, and the two species should be synonymized. A summary of the
specimens examined is presented below.

Order Antipatharia
Family Schizopathidae Brook, 1889
Genus Abyssopathes Brook, 1889

Abyssopathes lyriformis, Opresko (2002)
(Figs. 1and 2)

Abyssopathes lyriformis, Opresko (2002): 421; Molodtsova & Opresko (2017): 355.

Material examined: MTQ material (preserved in ethyl alcohol): G62078 (Station data in Table 1).

Diagnosis (after Opresko 2002): Corallum monopodial and pinnulate. Pinnules arranged in two lateral or
anterolateral rows and one multiple anterior row containing two to three times the number of pinnules in either
lateral row. Lateral pinnules simple; anterior pinnules usually with one, rarely two, secondary pinnules. Tertiary
pinnules very rarely present on some secondary anterior pinnules. Basal lateral pinnules curved posteriorly (away
from side with anterior pinnules), with distal ends of those in one row directed towards those in opposite row, thus
forming a somewhat open funnel-like structure. Distal lateral pinnules only slightly curved or straight. Pinnulated
section of corallum inclined to substrate due to ~45° bend in stem near base. Lateral pinnules 4 mm to 5 mm apart,
resulting in 14 pinnules total per 3 cm. Density of anterior pinnules up to 13 per 2 cm. Spines on the lateral pinnules
conical, compressed, 0.02 mm to 0.04 mm long; those on anterior pinnules and subpinnules up to 0.06 mm long
and often inclined distally. Three to four rows of spines seen in lateral view; with three to 11 spines per 1 mm in
each row. Polyps unknown.

Description of the CIDARIS Specimen: The CIDARIS specimen is like the type in both the ~45° angle made
between the pinnulated section of corallum and the substrate (Figure 2a) and in the arrangement of and distance
between primary pinnules. For example, the lowest set of lateral pinnules are nearly opposite with the rest
alternating up the stem with distances of ~4 mm between each on one side of the stem, resulting in two to three
pinnules per 1 cm (Figure 2b). Lateral pinnule density is like the type in that 14 pinnules can be counted per 3 cm
proximally to 12 per 3 cm apically (counting pinnules on both sides of the stem) (Figure 2b). Three rows of spines
on lateral pinnules can be seen from one aspect (Figure 2c) with about three to four spines per 1 mm in each row.
Spines are triangular or rounded, compressed, and 0.01 mm to 0.03 mm tall (Figure 2c). Anterior pinnules are
present in association with more than half of the lateral pinnules, range between 0.05 mm and 3 mm in length, and
have either none or one secondary pinnule. The maximum density of the anterior pinnules is 7 per 2 cm which is
less than the 13 per 2 cm reported for the type (Figure 2a). Spines on anterior pinnules are irregularly angled, with
most spines elongated and inclined distally and some less inclined/ triangular, all of which are 0.03 mm to 0.04 mm
tall (Figure 2d).

Remarks: Abyssopathes lyriformis is closely related to A. lyra, however A. lyriformis has secondary pinnules
while A. lyra does not (or only rarely). A. lyriformis also has: 1) a higher density of lateral pinnules (14 per 3 cm
versus 8 per 3 cm; 2) a higher density of anterior pinnules (13 per 2 cm versus <8 per 2 cm); and, 3) larger spines
on the anterior pinnules than on lateral pinnules, whereas A. lyra has subequal spine sizes on lateral and anterior
pinnules. Lateral pinnule density of the CIDARIS specimen is like A. lyriformis, however the anterior pinnule
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density is lower than the type (seven pinnules per 2 cm). A lower density of anterior pinnules was also found in a
specimen identified as A. lyriformis described in Molodtsova & Opresko (2017) (eight to 12 per 2 cm). Also, like
the CIDARIS specimen, Molodtsova & Opresko (2017) reported anterior pinnules with smaller spines than the
type. This either reveals plasticity among these features or potentially two different species, warranting genetic
tests for confirmation.

Distribution: This species has been reported from the Central Pacific, Southern, West Indian, and West
Atlantic Oceans from depths of 3,475 m to 4,892 m, and this study expands the distribution to the Coral Sea,
Australia at 2,542 m (Figure 1c), a range expansion of > 4,000 km and depth range expansion of > 1,000 m.

FIGURE 2. Abyssopathes lyriformis: a, G62078, lateral view of corallum showing 45° bend in stem near base and density and
size of anterior pinnules; b, G62078, top view showing pinnule density; ¢, G62078, spines on a section of a lateral pinnule; d,
G62078, single spine on anterior pinnule.

Genus Bathypathes Brook, 1889

Bathypathes patula Brook, 1889
(Figs. 1, 3-4)

Bathypathes patula, Molodtsova (2006): 141-142 (complete synonymy).
Bathypathes seculata Opresko (2005): 130-133.

Material examined: MTQ material (preserved in ethyl alcohol): G35428, G35430, G61917, G73228, G61948,
G61966, G61967, G61977, G61978, G61979, G61980, G61981, and G62049 (station data in Table 1).

Diagnosis (after Molodtsova 2006-emended): Colony monopodial, pinnulate; sickle-shaped stems. Pinnules
simple; arranged along the stem in two lateral or anterolateral rows, ranging from 7 mm to 9 mm apart in each row.
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Pinnules increase in length from the lowest pair of pinnules, reach maximum length at about the mid-pair to just
above the mid-pair, and then decrease in length towards the apex.

Spines simple, smooth with blunt tips, triangular or slightly compressed or elongated, 0.03 mm to 0.075 mm
tall, either at 90° to the surface of the pinnule or slightly slanted distally, with bifurcation of a few spines; three to
five rows visible in lateral view with about three spines per 1 mm. Polyps up to 9 mm in transverse diameter,
arranged in a single row.

In addition to the above diagnosis, we add the following: ratio of the length of the longest pinnule to length of
the pinnulated portion of the stem largest among young colonies (1.5 to 2 for colonies with pinnulated portion of
stem lengths less than 10 cm) and decreasing with age (<1 for colonies with pinnulated portions of the stem greater
than 15 cm). The equation relating this ratio (y) to length of the pinnulated portion of the stem in cm [x] is y= 2.081
- 0.059x.

Description of the CIDARIS Specimens: Two colonies resemble B. patula and 11 colonies resemble B.
seculata based on the description of the holotypes. These specimens have curved to sickle-shaped stems when
viewed from the side (Figures 3a—b) that range from 3.3 cm to 24 cm in total length. The length of the longest
pinnule ranges from 1.6 cm to 10.5 cm and this pinnule is positioned at, or just above, the mid pair of pinnules
(Figures 3a—b). The length of the unpinnulated stem ranges from 2.2 cm to 7.9 cm and the length of the pinnulated
stem ranges from 1.1 cm to 16.1 cm. The ratio of the length of the longest pinnule to the total colony size ranges
between 0.32 and 1.15. Two colonies have ratios close to, or less than, 0.5 and 11 colonies have ratios close to, or
greater than, 0.9, identifying them as either B. patula or B. seculata, respectively. The ratio of the length of the
longest pinnule to the length of the pinnulated portion of the stem ranges between 0.48 and 1.94. The pinnule
density on each side of the stem ranges between three and five pinnules per 3 cm; however, this range might be as
much as six pinnules per 3 cm as one specimen has a pinnulated portion 2 cm in length with four pinnules on each
side of the stem. Stem thickness just above the basal plate ranges between 0.1 mm and 0.9 mm. The striatum on the
stem varies in position and length, starting anywhere between the lowest point of the stem to midway up the
unpinnulated portion of the stem, and ending anywhere from midway up the unpinnulated portion of the stem to the
apex of the colony. The number of ridges on the striatum ranges between two and six from one view, and the
distinctiveness of the striatum ranges from not distinct to very distinct. Three to seven rows of spines can be
counted in one view on the pinnules, and the spines are arranged irregularly in either spirals or in axial rows
(Figures 3c—d). The difference between polypar and abpolypar spines are visible in some specimens, where polypar
spines are ~0.07 mm and abpolypar spines are ~0.03 mm (Figure 3d). Spines are smooth with blunt tips, elongated,
and are either at 90° to the surface of the pinnule or slightly slanted distally (Figure 3e), with one specimen
showing some bifurcation of the spines (Figure 3f). Among the few specimens that have well preserved polyps, the
transverse diameter is ~6 mm, the tentacles reach a maximum length of 3 mm, and the interpolypar space is ~2 mm.
Polyp density is ~1.5 per 1 cm (Figure 3g).

Remarks: The discovery of 11 specimens identified as B. seculata based on similarities with the type
specimen allows us to investigate whether the primary morphometric character that defines the taxonomic
boundary between B. seculata and B. patula (ratio of pinnule length to stem length) can be explained by colony
age, using length of the pinnulated portion of the stem as a proxy for age. Prior to this publication, B. seculata was
defined as having a length of longest pinnule to stem length ratio of 0.9, and B. patula ~ 0.3 to 0.5. When
comparing the length of the longest pinnule to the pinnulated portion of the stem (this is a modified ratio to account
for variations in the length of the unpinnulated portion of the stem) among the 11 B. seculata and two B. patula
specimens in our collection, the B. seculata and B. patula holotype specimens, and 8 B. patula specimens described
in the literature, results show a significant relationship between this ratio and colony size (F ,,, = 51.87, P<0.001).
The equation relating ratio (y) to colony size (i.e., total length of the pinnulated portion of the stem) in cm [x] is y=
2.081 - 0.059x. This equation successfully explains approximately 70% of the total variation in the pinnule to
colony size ratio. The type specimen of B. seculata has a total colony size of 9 cm and a ratio of 1.5, and B. patula
specimens in the literature have total colony sizes that range from 6 cm to 25 cm and ratios ranging from 1.6 to
0.48. Prior to this study, the different ratios and colony sizes between the B. seculata type specimen and B. patula
specimens suggested potentially different species. However, when considering specimens from our collection
(Table 2), there is a strong negative correlation between ratio and colony size (Figure 4), which means that the ratio
decreases with increasing colony size and B. seculata is therefore a juvenile B. patula. We propose that the negative
correlation between ratio and colony size is due to pinnules having slower growth rates than the stem,
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FIGURE 3. Bathypathes patula: a, G61948; b, G35430, anterolateral views of corallums showing curvature of stem and
pinnule lengths; ¢, G61917; d, G61978, spines on sections of pinnules where ¢ shows longer polypar spines (topside of pinnule
in image) than abpolypar spines (bottomside of pinnule in image); e, G61978, single spine on pinnule; f, G61917, single spine
showing bifurcation; g, G61978, polyps on section of pinnule.
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FIGURE 4. Ratio of the longest pinnule and length of the pinnulated section of stem against length of pinnulated section of
stem.

which is why as colony size gets larger, the ratio of the pinnule to colony size decreases. Allometric growth among
corals has been shown to maximize their chances of survival and reproduction (Dornelas et al. 2017), and has
previously been documented in the black coral Leiopathes (Antipatharia: Leiopathidae) (Lartaud et al. 2016). The
advantage that our Bathypathes specimens have by growing allometrically can relate to a law of modular
organisms, where proportional growth rates decrease with size due to geometric, structural, and energetic
constraints (Dornelas et al. 2017).

Another feature that was thought to be different between the two species is the position of the longest pinnule,
where the longest pinnule for B. patula is positioned mid-way up the pinnulated portion of the stem (Brook 1889)
while the longest pinnule for B. seculata is positioned at the apex (Opresko 2005). However, the majority of
specimens identified as B. seculata and B. patula have their longest pair of pinnules near the mid-pair or just above
the mid-pair of pinnules. Other morphological features similar among these specimens include: pinnule density
(three to five per 3 cm on one side of the stem), spine density (~3 spines per 1 mm), spine height (0.03 mm to 0.075
mm), spine shape (blunt tip, elongated, and triangular or slanted), and spine arrangement (three to five axial rows
per view, sometimes irregular or spiral) (Table 2).

One difference between these 13 specimens that can not be explained by colony size is the position,
distinctiveness, and length of the striatum. For example, the smallest specimen (G35430) has an indistinct striatum
that covers the whole stem, the second smallest specimen (G61917) has very distinct striatum that is about 1.6 cm
in length and starts at the base and ends midway-up the unpinnulated portion of the stem, and a mid-sized specimen
(G61948) has very distinct striatum 6 cm in length that starts about 0.5 cm from the base and extends to the first set
of pinnules (Table 2). Another unexplainable difference among these specimens is the length of the unpinnulated
portion of the stem. Although there seems to be a general decrease in the ratio between the length of the
unpinnulated portion of the stem and total stem length, where the smallest sized specimen has a ratio of ~0.66, and
the largest sized specimen (G61980) has a ratio of ~0.33, the change in ratio with colony size does not seem to be
consistent among all the specimens. For example, specimens G61917, G62049, G61979, G61978, and G61948
have total stem lengths of 5.8 cm, 7.5 cm, 7.75 cm, 8.6 cm, and 11 cm, respectively, with ratios ranging from 0.46
to 0.41; however, one specimen from Siboga Station 74A (van Pesch 1914) and G61966 have total stem lengths of
6 cm and 7 cm and ratios of 0.58 and 0.35, respectively. Given that striatum characteristics and length of the
unpinnulated portion of the stem seem to be highly variable characteristics, and no other distinct differences can be
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found between our B. seculata and B. patula specimens, the holotype specimens, and B. patula specimens
described in the literature, we hereby synonymize B. seculata with B. patula.

Distribution: Specimens assigned to this species have been reported from the Pacific, Atlantic, and Indian
Oceans from depths of 100 m to 5,500 m. This study expands the known distribution to the Coral Sea, Australia
(Figure 1c). Despite the many records of Bathypathes patula listed in OBIS, most are based on in-situ observations
without the specimens having been collected. Given that it is difficult to identify this species based on in situ
observation alone, we are unable to confidently calculate the distance of the range expansion.

Genus Parantipathes Brook, 1889

Parantipathes cf. hirondelle Molodtsova, 2006
(Figs. 1 and 5)

Parantipathes hirondelle Molodtsova, (2006): 142-143 (complete synonymy).

Material examined: MTQ material (preserved in ethyl alcohol): G35429 and G62019 (Station data in Table 1).

Diagnosis (after Molodtsova 2006): Corallum monopodial or very sparsely branched, pinnulate. Pinnules up
to 2 cm in length, forming distinct bilateral and alternating semispiral groups, with three to four pinnules per group,
33 to 40 pinnules (total for all groups) per 1 cm. Spines simple, smooth, rounded at the apex, triangular and
compressed; 0.02 mm to 0.06 mm tall; arranged in longitudinal rows, four to five of which are visible in lateral
view, with six to seven spines per 1 mm in each row. Polyps elongated, 0.9 mm to 1.7 mm in transverse diameter,
with 6 to 6.5 per 1 cm.

Description of the CIDARIS Specimens: The CIDARIS specimens are similar to the type of P. hirondelle in
both the density and orientation of pinnules where 38 pinnules (total for all groups) can be counted per 1 cm
compared with 33 to 40 per 1 cm in the type, and in having, on average, six rows of pinnules that form distinct
semispiral alternating groups (Figure 5a-5b). The number of pinnules per group increases from one and two
pinnules per group (corresponding to a total of three rows) basally on the stem to three and five pinnules per group
(total of 8 rows) distally near the apex. In contrast, the type of P. hirondelle has no more than four pinnules per
group. The CIDARIS specimens are like the type of P. hirondelle by also having longer posterior pinnules than
anterior pinnules. For example, the length of the longest posterior pinnules for specimens G35429 and G62019 are
~2 cm and 0.5 cm, and the maximum length of anterior pinnules are ~1 cm and 0.3 cm, respectively (Figures 5a
and 5c¢). The spines of the CIDARIS specimens are smooth, simple, triangular, sometimes inclined distally, with
polypar spine heights being ~0.05 mm and abpolypar spine heights being ~0.03 mm from mid-base to tip (Figure
5d). Three to four axial rows of spines can be seen from one aspect (Figure 5d) with ~0.25 mm between adjacent
spines, resulting in five to six spines per 1 mm (Figure 5b).

Remarks: Currently there are nine nominal species in the genus Parantipathes: P. larix (Esper 1790), P.
tetrasticha (Pourtales 1868), P. laricides (van Pesh 1914), P. euantha (Pasternak 1958), P. wolffi (Pasternak 1977),
P. helicosticha (Opresko 1998), P. hirondelle (Molodtsova 2006), P. dodecasticha (Opresko 2015), and P. robusta
(Opresko 2015). The taxonomic characters of the first seven species have been thoroughly summarized by
Molodtsova (2006), and the last two have been described and compared to the former by Opresko (2015). G35429
and G62019 have pinnules that form distinct semispiral groups with their longest pinnules being 2 cm and 0.5 cm,
respectively. The longest pinnule length is relatively small for Parantipathes spp., but could potentially be any of
the nine species except for P. larix and P. tetrasticha, which have much larger maximum pinnule lengths (6 cm to
12 cm and 4 cm, respectively). However, the ratio of the longer posterior pinnules compared to anterior pinnules is
similar to P. hirondelle, and when considering pinnule arrangement, the remaining pinnule characteristics fit best
with the description of P. hirondelle because the CIDARIS specimens form distinct semi spiral groups that do not
arise from the same point for a given group as with P. laricides and P. wolfi. Five to six spines can be counted per 1
mm (Figure 5b) and three to four rows of spines can be counted from one aspect (Figure 5d), which falls between P.
hirondelle (6 to 7 spines per 1 mm and four to five rows of spines per one aspect) and P. helicosticha (2 to 3.5
spines per 1 mm and 3 to 4 rows of spines per one aspect). However, P. helicosticha is reported to have ~25
pinnules per 1 cm (counting pinnules around the stem) while the CIDARIS specimens have ~38 pinnules, like the
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type of P. hirondelle (33-40 pinnules per 1 cm). The spines in the CIDARIS specimens range from 0.03 mm to 0.05
mm in height from mid-base to tip (Figure 6d), which fits with P. hirondelle (0.02 mm to 0.06 mm) and excludes
the CIDARIS specimens from being P. dodecasticha and P. helicosticha because the latter two have spine heights
as large as 0.18 mm and 0.22 mm, respectively. Additionally, the CIDARIS specimens are unlikely to be P.
dodecasticha because P. dodecasticha has about twice the number of pinnule rows as the CIDARIS specimens (12
in P. dodecasticha compared to six in the CIDARIS specimens), and a higher average number of pinnules per
group (five to six pinnules per group in P. dodecasticha compared to three to four pinnules per group in the
CIDARIS specimens). Lastly, the CIDARIS specimens are unlike the type of P. robusta because P. robusta
characteristically has forked spines not found in the CIDARIS specimens.

Polyps are not present on either of the CIDARIS specimens, therefore, we cannot compare polyp size and
density with these features in the other species.

Distribution: Parantipathes hirondelle has been reported from the North Atlantic Ocean from depths of 305 m
to 1,401 m, and this study potentially expands the distribution to the Coral Sea, Australia (Figure 1c), a range
expansion of > 15,000 km.

FIGURE 5. Parantipathes cf. hirondelle: a, G62019, side-view showing pinnule density along the stem; b, G35429, section of
corallum showing pinnule orientation and density; ¢, G35429, cross-sectional view of the pinnules; d, G35429, spines on a
section of pinnule.

Genus Schizopathes Brook, 1889

Schizopathes affinis Brook, 1889
(Figs. 1 and 6)

Schizopathes affinis, Molodtsova & Opresko (2017): 360-361 (complete synonymy).

Material examined: MTQ material (preserved in ethyl alcohol): G61837, G61944, G61951, and G73230 (Station
data in Table 1).

Diagnosis: Colony monopodial, unbranched, pinnulate. Pinnules simple, arranged alternately in two lateral
rows along stem; decreasing in length toward apex of corallum and inclined distally. Pinnules 8 mm to 10 mm apart
proximally, 5 mm to 6 mm apart near the top of corallum (approximately seven pinnules total per 3 cm on lower
part of corallum and about ten per 3 cm on upper part in holotype). Polypar spines small, triangular, and
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compressed; mostly 0.03 mm to 0.05 mm tall (up to 0.08 mm near distal end of pinnules); four to five rows visible
in lateral view; with about six spines per 1 mm. Abpolypar spines usually smaller than polypar spines, about 0.03
mm or absent. Polyps 3 mm to 4.5 mm in transverse diameter, with about three polyps per 1 cm.

Description of the CIDARIS Specimens: The CIDARIS specimens of S. affinis are similar to the type in both
the density of the pinnules (increasing from about 4.5 pinnules in total per 3 cm and ~7 mm of distance between
pinnules proximally to 8 per 3 cm and ~5 mm of distance between pinnules towards the apex of the corallum)
(Figure 6a), and the size of the polypar spines (~0.06 mm) being larger than abpolypar spines (~0.04 mm) (Figure
6b). The colony also resembles the type specimen by having a distinct triangular shape and ratios of the longest and
lowermost pinnule compared to the pinnulated portion of the stem being between 1 to 1.3, similar to the type
specimen with a ratio of ~0.95. (Figure 6a). Four rows of spines can be seen from one aspect (Figure 6b) and spines
are mostly simple (Figure 6c), with two specimens showing bifurcation of some polypar spines (Figure 6b).

Distribution: This species has been reported from the Northwestern Atlantic, Western Pacific, and Indian
Oceans, and South China Sea, from depths of 1,900 m to 8,460 m, and this study expands the distribution to the
Coral Sea, Australia (Figure 1c) at 1,576 m (Figure 1c), a range expansion of > 1,000 km, and depth range
expansion of 333 m.

FIGURE 6. Schizopthes affinis: a, G61837, anterolateral view of corallum showing pinnule density, triangular corallum shape,
and curved hook at basal end b, G61978, spines on a pinnule shows bifucation of some polypar spines (seen on left side of
image) and larger polypar spines than abpolypar spines; ¢, G61837, spine on a section of a pinnule.
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Family Cladopathidae Brook, 1889
Genus Heteropathes Opresko, 2011

Heteropathes cf. americana, Opresko (2003)
(Figs.1and 7)

Heteropathes americana Opresko (2003): 531-536

Material examined: MTQ material (preserved in ethyl alcohol): G73229 (Station data in Table 1).

Diagnosis (after Opresko 2003): Corallum monopodial and pinnulate; pinnules arranged in two lateral rows
and one or two irregular anterior rows. Lateral pinnules simple, elongate, arranged alternately and inclined and
curved distally and extending to the top of the corallum; anterior pinnules short, subpinnulate, and extending out
nearly perpendicular to the plane containing the stem and lateral pinnules. Anterior pinnules with one to three
secondary pinnules, the lowermost two usually arranged bilaterally. Secondary pinnules may be subpinnulate, with
the tertiary pinnules usually arising from upper and/or lower surface of secondaries. Spines on lateral pinnules
small (about 0.05 mm or less), triangular, acute, compressed. Spines on anterior pinnules larger on one side of axis
(up to 0.13 mm) and inclined distally. Polyps 5 mm to 6 mm in transverse diameter (from distal edge of distal
lateral tentacles to the proximal edge of the proximal lateral tentacles).

Description of MTQ specimen: Monopodial with pinnules arranged in two lateral rows and one irregular row
of anterior pinnules. Total stem length is 4 cm; however, the stem tip is broken. Lateral pinnules are simple,
elongate, arranged alternately, except for the first set of lateral pinnules, which are nearly opposite, with 3 mm
spaces between pinnules on one side of the stem, and are curved distally (Figure 7a). Anterior pinnules range
between 0.8 cm and 1 cm length, are spaced 0.1 cm to 0.2 cm apart and have one to two orders of subpinnules
(Figure 7b). Four to five rows of spines can be seen from one aspect on lateral pinnules (Figure 7c) and two rows of
spines can be seen from one aspect on anterior pinnules (Figure 7d). Spines on lateral pinnules are smooth, simple,
0.045 mm in height, and are triangular, acute and compressed (Figure 7c¢). Spines on anterior pinnules are less
uniformly shaped, ranging from triangular to extremely distally inclined, varying in height from 0.04 mm to 0.08
mm, and are generally larger than spines on lateral pinnules, especially on the outer convex side (Figure 7e).

Remarks: Four nominal species are currently recognized in the genus: H. heterorhodzos (Forster Cooper,
1909), H. americana Opresko, 2003, H. pacifica Opresko, 2005, and H. opreski de Matos, 2014. Species in the
genus Heteropathes are identified based on the relative size of spines on anterior pinnules and subpinnules and
differences in the subpinnulation of the anterior pinnules. The CIDARIS specimen is least similar with H. opreski
because H. opreski has shorter pinnules compared to the stem, has secondary pinnules on lateral primary pinnules,
and much higher orders of subpinnulation on the anterior primary pinnules (“heavily subpinnulated” compared to
one to two orders of subpinnulation for the CIDARIS specimen). The CIDARIS specimen is also unlike H.
heterorhodzos because H. heterorhodzos has five to six secondary pinnules arising from one point on anterior
primary pinnules with no evidence of tertiary pinnules. Therefore, the CIDARIS specimen is likely to be either H.
americana or H. pacifica because both species have one to two orders of anterior subpinnules, like G73229. These
two species differ based on the length of the distal end of the stem above the pinnulated section where H.
americana has a pinnulated section of ~1 cm followed distally by >7 cm without pinnulation while H. pacifica has
pinnules extending to near the distal end of the stem. Although G73229 has long eyelash-shaped lateral pinnules,
like H. americana, the stem tip of the MTQ specimen is broken which makes it difficult to identify the species
based on the length of the uppermost unpinnulated section of the stem. These two species also differ in the relative
size of spines between lateral and anterior pinnules where, like the CIDARIS specimen, H. americana colonies
have significantly larger spines on outer convex sides of anterior pinnules while H. pacifica has generally equal
spine heights between pinnule types. Although this specimen most resembles H. americana, the stem tip is broken,
and the colony lacks polyps, which are features that would allow our species identification to be more definitive.
Also, the CIDARIS specimen has four to five rows of spines visible in one view of lateral pinnules and two rows of
spines visible in one view of anterior pinnules, which is more in line with H. pacifica (the H. pacifica type has four
to five and three rows of spines in one view of lateral and anterior pinnules, respectively), but not too different than
H. americana that it couldn’t reveal plasticity for the characteristic (the H. americana type has five to eight and two
to three rows of spines in one view of lateral and anterior pinnules, respectively).
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FIGURE 7. Heteropathes cf. americana: a, G73229, entire corallum; b, G61967, section of an anterior pinnule with
subpinnules; ¢, G61967, section of lateral pinnule with spines; d—e, G73229, spines on sections of anterior pinnules.

Distribution: This species is known to occur in the Northwest Atlantic Ocean and Caribbean Sea between the
depths of 895 m to 2200 m and this study potentially expands the distribution to the Coral Sea, Australia (Figure
1c), a range expansion of >15,000 km. This study also potentially expands the genus (Heteropathes) and the family
(Cladopathidae) to the Coral Sea, Australia, with range expansions of > 8,000 km and ~2,000 km, respectively.
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CONCLUSION

Our results demonstrate that the diversity of black corals in the deep Coral Sea is higher than the single record of
Abyssopathes lyra Brook (1889) recorded previously. All five species identified in our collection represent new
records for the region. The large range expansions (> 15,000 km) highlight the lack of sampling in the deep-sea,
and we could reasonably expect species ranges to continue to expand as more deep-sea habitats are surveyed. Our
results show that the species reported here have much larger geographic ranges than recorded previously, and
provide further evidence that many black corals are cosmopolitan. However, it is important to remember that these
species were identified based on traditional morphological taxonomy, and that genetic studies are needed to verify
whether morphological species are comprised of multiple cryptic species complexes that are difficult to
differentiate morphologically.

This study also demonstrates the utility of museum collections for documenting the occurrence of poorly-
known species. The specimens reported here were housed, along with other material collected on the CIDARIS
expeditions, in the MTQ collection for almost 30 years. The CIDARIS expeditions remain the most complete
sampling of biodiversity in the deep western Coral Sea, but much of the material still awaits examination from
researchers with sufficient taxonomic expertise. Despite receiving little attention for 30 years, these specimens
have now provided new insights into the diversity and taxonomy of black corals in the deep sea. Therefore, our
results demonstrate the value of museum collections for documenting biodiversity, particularly in poorly-known
habitats such as the deep sea. Such knowledge can provide important insights into the consequences of rapid
environmental change on species distributions, and provide valuable information to inform conservation and
management.
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